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CVD is associated with a cellular inflammatory/immune response. n-3 PUFA and moderate aerobic exercise independently alter cytokine
production and leucocyte function. There is limited evidence for the combined effect of these treatments on immune function, particularly in
patients with risk factors for CVD. We hypothesised that exercise would enhance the anti-inflammatory effects of n-3 PUFA. In a randomised,
placebo-controlled study, fifty volunteers were allocated double-blind to consume either sunflower oil (6 g/d, placebo) or DHA-rich fish oil
(6 g/d; about 2 g n-3 PUFA; 1-6 g DHA /d) for 12 weeks. Volunteers were further randomised to undertake regular exercise (walking 3 d/week
for 45 min at 75 % of maximum heart rate) or maintain their usual physical activity for 12 weeks. Immune functions were assessed in blood
taken initially and after 12 weeks. There was no effect on cytokine production by T cells and monocytes. Superoxide anion production from stimu-
lated blood neutrophils was decreased by fish oil (19-5 (SEM 8-5) %, P=0-016) but not by exercise, and this change was negatively correlated with
the incorporation of DHA into erythrocytes (r—0-385, P=0-047). Participation in regular exercise maintained neutrophil bactericidal activity,
which decreased in non-exercising subjects (2:9 (SEM 0-7) %, P=0-013). Neutrophil chemotaxis and adherence were not significantly affected
by exercise, oil, or the combination of the two. Thus the combination of moderate exercise and fish-oil supplementation, which reduces

cardiovascular risk, may also help to counteract inflammation.

n-3 PUFA: Exercise: Neutrophils: T cells: Monocytes: Cytokines

Fish oils, which are rich in n-3 PUFA, particularly DHA
(22:6n-3) and EPA (20:5n-3), have been shown to suppress
a range of components of inflammatory/immune reaction’.
The anti-inflammatory nature of n-3 PUFA has generally
been attributed to the inhibitory effects of EPA on the
synthesis of eicosanoids from the n-6 PUFA, arachidonic
acid (AA). EPA prevents the mobilisation of AA from cell
membranes by phospholipase A% and competitively inhibits
the oxygenation of AA by cyclo-oxygenase and 5-lipoxygen-
ase®. Eicosanoids synthesised from EPA have substantially
less inflammatory activity than those derived from AA®.
Furthermore, supplementation with dietary fish oil has been
reported to reduce the production of inflammatory cytokines
such as IL-1, IL-6, and TNF—aS_g, and to suppress the
expression of vascular cell adhesion molecule-1°. n-3 PUFA
may exert their effects on immune cells by altering membrane
ﬂuiditym, or cell signalling pathways1 and this may also
explain the ability of fish oil to alter the function of
leucocytes, particularly neutrophils'®.

While neutrophils are important mediators of host defences,
they also contribute to tissue damage'' and have been

implicated as a cause of injury during myocardial ischemia-
reperfusionlz. Previous studies have reported decreases in
neutrophil chemotaxis™!3, adhesion'*!>, and superoxide
anion production with n-3 supplementation'®~'°, but other
reports have found no effect on any of these measures of
neutrophil function’~2*. It is possible that this disparity is
due to differences in fish-oil dose and the relative concen-
trations of EPA and DHA. Most studies have evaluated the
effects of supplementation with EPA-rich oils rather than
DHA-rich oils**.

The anti-inflammatory effects of exercise have also been
investigated and several studies have shown a reduction in
inflammatory markers involved in the pathogenesis of athero-
sclerosis, including C-reactive protein, interferon y (IFNvy),
TNF-a, IL-1 and IL-6*~%7. Furthermore, population studies
demonstrate an inverse relationship between physical activ-
ity and fitness, and markers of inflammation, particularly
C-reactive protein®® . The effect of exercise on neutrophil
function is less clear®' and limited to the effects of an acute
exercise bout; however these reports are inconsistent and
likely to be confounded by factors such as training status,

Abbreviations: AA, arachidonic acid; FO, fish oil-consuming group; FOX, fish oil and exercise group; IFNv, interferon y; MNL, mononuclear leucocytes; PKC,
protein kinase C; SO, sunflower oil-consuming group; SOX, sunflower oil and exercise group.
* Corresponding author: Professor Peter RC Howe, fax +618 8302 2178, email peter.howe@unisa.edu.au
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exercise intensity and population differences®'*?. Fewer

studies have investigated the effect of regular exercise training
on neutrophil function, although there is some evidence to
suggest that it may reduce neutrophil respiratory burst activity.
In light of these findings, exercise may have important impli-
cations in the prevention of vascular and inflammatory
diseases.

Only two studies have investigated the combined effect of
regular exercise and n-3 PUFA supplementation on inflam-
mation or immune function. Using a rat model, Robinson &
Field*” observed an increase in splenic natural killer cell
cytotoxicity in sedentary but not exercise-trained animals
supplemented with n-3 PUFA. In trained runners, n-3 PUFA
supplementation failed to attenuate plasma levels of TNFa,
IL-6 and transforming growth factor-f8 compared to placebo,
following a strenuous exercise session’*. Given the potential
for n-3 PUFA and exercise to independently influence leuco-
cyte function, we hypothesised that n-3 PUFA would enhance
the anti-inflammatory effects of regular moderate exercise.
Consequently, this 12-week intervention study evaluated the
independent and combined effects of supplementation with a
DHA-rich tuna fish oil and regular moderate exercise, on
neutrophil function in overweight adults exhibiting cardio-
vascular risk factors.

Materials and methods

This study focused on changes in immune response as part of
a larger trial investigating the effects of supplementation with
DHA-rich tuna fish oil and regular aerobic exercise on cardi-
ovascular and metabolic outcomes.

Subjects

Overweight and obese (BMI >25kg/m?) adult (25-65 years
of age) subjects who exhibited at least one of the following
cardiovascular risk factors: mild hypertension (systolic
blood pressure 140—160 mmHg or diastolic blood pressure
90-100 mmHg), elevated plasma TAG > 1-6 mmol/l or elev-
ated total cholesterol >5-5mmol/l were recruited for a
12-week randomised, double-blind, parallel, placebo-con-
trolled 2 X 2 factorial trial. Volunteers completed a diet and
lifestyle questionnaire to determine initial suitability for the
study. Exclusion criteria included smoking, lipid or blood
pressure-lowering medications, diagnosed CVD or kidney dis-
ease, diabetes, prior consumption of fish-oil supplements and/
or consuming two or more servings of oily fish per week, and
regular participation in more than one physical activity session
per week. To confirm eligibility, subjects attended a screening
appointment to assess height, weight, blood pressure, and fast-
ing TAG and total cholesterol concentrations in venous blood.
Subjects also completed a medical screening, which included
electrocardiogram monitoring (Nihon Kohden, Tokyo, Japan)
during a graded exercise test to confirm their suitability for
exercise training.

Fifty subjects, fourteen male and thirty-six female (age 50
(SEM 1) years), were enrolled in the study in two intakes,
one in winter and one in summer, thus countering any
potential seasonal variation in immune function. Ethics
approval was obtained from both the University of South
Australia and the University of Adelaide and written informed

consent was obtained from all subjects prior to their
participation.

Study design

Subjects were assigned to one of four intervention groups,
which were matched for sex, BMI and TAG. These groups
were then randomly allocated to consume six 1 g capsules of
either DHA-rich tuna fish oil (Hi-DHA®; Nu-Mega Ingredients
Pty Ltd, Brisbane, Australia), which provided 260 mg DHA
and 60mg EPA in each 1g capsule, or sunflower oil, daily
for 12 weeks. All capsules were identical in colour and
shape. Peppermint essence was added to each capsule to
ensure blinding to taste. Half of each of the fish oil and sun-
flower oil groups were further randomised to undertake
exercise (FOX, SOX) or maintain their usual physical activity
(FO, SO).

Subjects allocated to an exercise group (FOX and SOX)
were required to run or walk for 45 minutes, three times per
week at a heart rate corresponding to 75 % of their age-pre-
dicted maximum (208—(0-7 X age)35 , i.e. a moderate exercise
intensity. Subjects were asked to maintain their usual physical
activity and diet with the exception of the exercise interven-
tion and supplementation. Fasting blood samples were col-
lected at Baseline (week 0), week 6 and week 12 of the
intervention period. Subjects completed a 3-d physical activity
diary (adapted from Bouchard®®) and a weighed food record
(analysed using Foodworks Professional Edition, Xyris
Software, Version 3.02; Highgate Hill, Australia) on two
weekdays and one weekend day prior to attending their sched-
uled clinic visits at weeks 0, 6 and 12.

Erythrocyte fatty acids

Erythrocyte fatty acid composition was determined at weeks 0,
6 and 12. Erythrocytes were isolated, washed with isotonic
saline (0-9 %), frozen, thawed then lysed in hypotonic 0-01m
Tris EDTA buffer, pH 7-4 and the membrane lipids were
extracted and transmethylated according to the method of
Lepage & Roy’’. Fatty acid methyl esters were analysed
using a Shimadzu gas chromatograph 20A (Shimadzu Corpor-
ation, Kyoto, Japan) fitted with a flame ionisation detector and
a 50m BPX70 column (0-32mm internal diameter and
0-25 wm film thickness; SGE Analytical Science, Ringwood,
Australia). Individual fatty acids were identified by compari-
son with known fatty acid methyl ester standards (Nuchek
Prep Inc., Elysian, USA) and expressed as a percentage of
total fatty acids.

Leucocyte preparation

Blood samples were collected in heparinised tubes at weeks 0
and 12, and separated into mononuclear leucocytes (MNL)
and neutrophils, >96 % purity and >99 % viable, by centrifu-
gation on Hypaque-Ficoll of density 1-44%®. This was prepared
by mixing Ficoll 400 (Amersham Pharmacia, Uppsala,
Sweden) with sodium diatrozoate (Sigma Aldrich, St Louis,
USA) and Angiografin (Schering pty Ltd, Sydney, Australia).
Leucocyte functions were conducted under conditions accre-
dited by the National Association of Testing Authorities of
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Australia (NATA). This ensures a limited degree of variability
between testing conducted at different times.

Neutrophil functions

Superoxide anion production was measured spectrophotome-
trically using the nitroblue tetrazolium reduction test®.
Briefly, 100wl neutrophils (5 X 10°/ml) in Hanks’ balanced
salt solution (HBSS) were treated with 250 .1 phorbol myris-
tate acetate (PMA) (0-4 pg/ml), or diluent (250 w1l HBSS).
500 ul nitroblue tetrazolium solution (Sigma Aldrich,
St Louis, USA) was added to each tube and allowed to incu-
bate for 20min at 37°C. The tubes were then centrifuged
(600g for 5min) and neutrophils resuspended in 200 pl of
ethanol-PBS (1:1, v/v) to lyse cells. Following incubating
at room temperature for 30 min, the 200 wl suspensions were
transferred to wells in a microtitre tray. Absorbance was
measured at 570 nm using a Dynatech MR 7000 plate reader
(Dynatech Laboratories, Chantilly, USA).

Neutrophil chemotaxis was determined by measuring neu-
trophil migration under agarose using the chemotactic agent
f-met-leu-phe (Sigma), as previously described*’. Bactericidal
activity was assessed by determining viability of bacteria at 0
and 60 min, following incubation of neutrophils with comp-
lement treated Staphylococcus aureus (strain 6571; National
Collection of Type Cultures, Oxford, England), as described
previously*!. Neutrophil adherence was measured by adher-
ence to plasma-coated plates, according to the method of
Powell*%.

Cytokine production from stimulated mononuclear leucocytes

MNL were cultured in the presence or absence of the T lym-
phocyte mitogens, phytohaemagglutinin (2 wg/ml; Murex
Diagnostics, Dartford, England) or Concanavalin A (40 ng/
ml; Sigma)43 for 72h at 37°C in CO,—air (5%, v/v) and
high humidity. Cytokine production (lymphotoxin, IFNvy and
IL-2) was measured in the culture supernatants by ELISA
using cytokine-specific monoclonal antibodies, as described
by Costabile*. Cytokine production by monocytes (TNFa,
IL-1pB, IL-6) was examined by stimulating MNL with bacterial
lipopolysaccharide (1 pg/ml) for 24 h as above**. Absorbance
at 450/750nm was read using a Dynatech MR 7000 plate

Table 1. Baseline (week 0) characteristics of study participants
(Mean values with their standard errors)

A. M. Hill et al.

reader (Dynatech Laboratories). The limit of detection for
all cytokines was approximately 0-02ng/ml. The inter-assay
CV were <8 % for lymphotoxin, IL-1$, IL-2 and IL-6, and
<16% for IFNy and TNFa. The intra-assay CV were
<6 % for all cytokine assays.

Statistical analysis

This study was a sub-study of a larger trial where sample size
was determined based on a metabolic-related primary outcome
measure. Data were analysed using Statistica for Windows
(Version 5-1, StatSoft Inc., Tulsa, USA). Differences at baseline
(week 0) were determined by one-way ANOVA. Treatment
effects and their interactions over time were assessed by 3-
factor ANOVA with repeated measures with oil treatment
(fish oil or sunflower oil) and exercise treatment (exercise or
non-exercise) being the between-group factors and time
(weeks 0 and 12) being the within-subject repeated measure-
ment. Where a significant difference was detected at baseline,
data were analysed by 3-factor ANCOVA (oil X exercise X
time), which assessed changes in select parameters with the
baseline values included as a covariate. Where ANOVA
showed a significant main effect, differences between means
were identified post hoc using Tukey’s procedure. Pearson pro-
duct-moment correlation coefficients were used to describe the
relationship between two different variables. A probability
value of P<(0-05 was considered statistically significant.
Values are expressed as means with their standard errors.

Results
Subjects and protocol compliance

Of the fifty subjects initially enrolled, five withdrew prior to
beginning or during the trial : three subjects had a change in
work or family circumstances, one did not consume the
required number of daily capsules, and another was lost to
follow up. Five subjects failed to comply with the exercise
requirements and were excluded. None of the subjects experi-
enced adverse effects of the treatment. Baseline (week 0)
characteristics for subjects who completed the 12-week inter-
vention (forty subjects) are listed according to treatment
group in Table 1. There were no differences between groups

Treatment group

FO (n11) FOX (n 10) SO (n11) SOX (n 8)

Mean SEM Mean SEM Mean SEM Mean SEM P
Sex (male: female) 3:8 2:8 4:7 2:6 0-88
Age (years) 52 2 49 2 50 3 51 2 0-84
BMI (kg/m?) 35 2 34 2 35 1 34 1 0-99
Body fat (%) 45 1 46 2 45 2 45 3 0-95
Systolic blood pressure (mmHg) 128 5 132 5 128 3 133 3 0-75
Diastolic blood pressure (mmHg) 70 3 77 3 72 2 78 3 0-17
TC (mmol/l) 6-8 0-5 6-1 0-5 6-3 0-6 6-9 0-6 0-70
TAG (mmol/l) 1.6 0-3 1.5 0-2 1.5 0-2 1-8 0-3 0-79

FO, fish oil; FOX, fish oil and exercise; SO, sunflower oil; SOX, sunflower oil and exercise; TC, total cholesterol.

*There were no significant differences for any variable.
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at baseline. Analysis of physical activity and diet diaries
showed good compliance with the dietary and physical
activity requirements for the trial (data not shown). There
was no change in energy intake (assessed by weighed food
records) in any of the treatment groups and > 85 % of exercis-
ing subjects completed the required number of exercise train-
ing sessions.

Effects on erythrocyte fatty acid concentrations

Due to mishandling of blood samples, some data were lost to
analysis and consequently fatty acid profiles of erythrocyte
membranes were only obtained from 27 subjects at weeks 0,
6 and 12 (Table 2). However, the data show little variation
and therefore appear to be representative of the total sample.
There were no differences in EPA or DHA concentrations
between groups at week 0 (one-way ANOVA, P=0-13 and
P=0-57, respectively). However, DPA concentration was sig-
nificantly greater in the SOX v. FOX group at week 0
(Tukey’s test, P=0-019). One-way ANOVA also detected a
significant difference between groups for total n-3 concen-
trations at week 0, and post hoc analysis indicated that the
total long chain n-3 PUFA concentration in SOX was signifi-
cantly greater than SO (P=0-033).

The percentage of total long chain n-3 PUFA in erythro-
cytes rose progressively in the FO and FOX groups during
the 12-week supplementation period: from 10-2 to 13 % in
the FO group and from 10 to 13-3 % in the FOX group. This
increase was statistically significant (ANCOVA oil X time
interaction for total long chain »n-3 PUFA, P<0-002) and
entirely attributed to the change in DHA, which increased by
80 % in FO and 85 % in FOX (ANOVA oil X time interaction
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for DHA, P<0-001). Total long chain n-3 PUFA and DHA
content remained unchanged in the SO and SOX groups.
Post hoc analysis detected a marginal reduction in EPA for
all subjects during the intervention (main effect of time,
P<0-013).

Effects on neutrophil functions

There were no significant differences between groups for any
measure of neutrophil function at baseline (Table 3). ANOVA
did not detect any 3-factor interactions for any of these
measures. However, a significant 2-factor oil X time inter-
action was detected for superoxide production (P=0-016).
There was a significant decrease in superoxide production in
the combined fish oil group (—19:5 (SEM 8:5)%, P=0-041)
with no change in the combined sunflower oil group (10-7
(SEM 14)%, P=0-82). Superoxide production was negatively
correlated with DHA concentration in erythrocyte membranes
(r —0-385, P=0-047). A significant 2-factor exercise X time
interaction was detected for bactericidal activity (P=0-013).
Subjects who did not participate in the exercise programme
had a significant reduction in bactericidal activity by week
12 (Tukey’s test, P=0-002), while the exercise group
remained unchanged (P=0-99). For all subjects, there was a
main effect of time on adherence, which increased during
the intervention (Table 2, P<<0-05).

Effect on T cell and monocyte function

Concanavalin A and phytohaemagglutanin were used to
examine any effects on the ability of T cells in the MNL
fraction to produce cytokines (lymphotoxin, IFN-vy, IL-2)

Table 2. Erythrocyte fatty acid composition (% of total fatty acids) at week 0 and after 6 and 12 weeks of intervention with fish oil (FO) and exercise

(FOX) or sunflower oil (SO) and exercise (SOX)
(Mean values with their standard errors)

Treatment group

FOX FOX SO SOX
Mean SEM Mean SEM Mean SEM Mean SEM
EPA*t week 0 1.75 0.07 1.57 0.07 1.46 0-11 1.73 0-11
week 6 1.71 0-05 1.49 0-05 1-39 0-11 1.62 0-06
week 12 1.62 0.07 1.49 0-06 1.36 0-12 1.63 0-07
n 7 9 4 7
DPAt week 0 4.66 0-15 4.50? 0-11 4.49 0-11 5.30° 0-30
week 6 4.49 0-12 4.33 0-13 4.11 0-28 4.92 0-12
week 12 4.48 0-13 4.48 0-10 4-00 0-24 4.99 0-16
n 7 9 4 7
DHA*f week 0 3-83 0-19 3.97 0-34 3-40 0-15 3-53 0-32
week 6 6-12 0-16 6-30 0-29 3-53 0-33 419 0-22
week 12 6-89 0-17 7-35 0-33 3-62 0-14 4.20 0-17
n 7 9 4 7
Total n-3 PUFA*t week 0 10-24 0-25 10-04 0-27 9.342 0-16 10-56° 0-20
week 6 12.32 0.22 1213 0-32 9.02 0-52 10.73 0-35
week 12 13-00 0-22 13-33 0-33 8-98 0-38 10-82 0-34
n 7 9 4 7

DPA, docosapentaenoic acid.

Mean values within a row with different superscript letters are significantly different (1-factor ANOVA, P<0-05). No 3-factor interactions were detected.

* Significant main effect of time, P<0-05.
1 Significant 2-factor oil X exercise interaction, P<0-05.
1 Significant 2-factor oil X time interaction, P<0-05.
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Table 3. Neutrophil functions at weeks 0 and 12 of intervention*
(Mean values with their standard errors)

Treatment group

FO FOX SO SOX
Mean SEM Mean SEM Mean SEM Mean SEM
Superoxide production} week 0 0-14 0.02 0-15 0-02 0-12 0.02 0-13 0-01
(ODs70nm) week 12 0-11 0-02 0-10 0-02 0-14 0-03 013 0-02
change -0-03 0-02 —0-05 0-02 0-02 0-02 0-01 0-02
n 11 10 11 8
Bactericidal activity§ week 0 96 1 96 1 96 1 93 1
(% killing) week 12 93 1 95 1 94 1 96 1
change -3 1 -1 1 -1 2 2 2
n 10 10 10 7ll
Chemotaxis week 0 2-15 0-05 217 0-07 2-16 0-06 2-07 0-07
(mm/90min) week 12 2.03 0-08 2.23 0-07 1.98 0-09 211 0-10
change -0-13 0-11 0-06 0-11 -0-18 0-11 0-04 0-12
n 11 10 11 8
Adherencet week 0 017 0-04 0-23 0-05 0-25 0-04 0-21 0-02
(ODs70nm) week 12 0-31 0-05 0-32 0-04 0-26 0-04 0-27 0-03
change 0-15 0-06 0-09 0-05 0-01 0-06 0-06 0-02
n 10l 10 10l 8

FO, fish oil; FOX, fish oil and exercise; SO, sunflower oil; SOX, sunflower oil and exercise; TC, OD, optical density.
*Data were analysed with a 3-factor repeated measures ANOVA with interaction for oil, exercise and time, with P<0-05 considered significant. No 3-factor interactions were

detected.
1 Significant main effect of time, P<0-05.
1 Significant oil X time interaction, P<0-05.
§ Significant exercise X time interaction, P<0-05.

|| Subjects excluded due to insufficient harvesting of cells or technical problem with assay.

and lipopolysaccharide to stimulate monocyte cytokines
(IL-1B, TNF and IL-6) in the MNL. The production of cyto-
kines from concanavalin A, phytohaemagglutanin and lipopo-
lysaccharide stimulated MNL did not differ between groups at
baseline, and remained unchanged following the 12-week
intervention, although ANOVA detected a significant main
effect of time for several of these cytokines (Table 4).

Discussion

The data presented demonstrate that there is no interactive
effect of regular aerobic exercise training and n-3 PUFA
supplementation on T cell and monocyte responses to phyto-
haemagglutanin/Concanavalin A and lipopolysaccharide
respectively, in an overweight population with risk factors
for CVD. The T cell responses were measured in terms of pro-
duction of the T helper 1 cytokines, lymphotoxin, IFN-y and
IL-2, while for monocytes, IL-13, TNF and IL-6 production
was assessed. While the combined effects of these treatments
on inflammation and immunological parameters have not pre-
viously been investigated, others have shown that both n-3
PUFA and regular exercise independently reduce risk factors
for CVD and mortality*>*® and modulate inflammatory mar-
ker526’47, but these differences may be related to variations
in dose and type of n-3 PUFA used*®.

In this study, subjects were supplemented with DHA-rich
fish oil, providing a total n-3 PUFA intake of about 2.0 g/d,
of which about 1-6 g/d was DHA. As expected, the concen-
tration of total long chain n-3 PUFA in erythrocyte mem-
branes increased progressively during the 12-week
intervention. This change was entirely attributable to a sub-
stantial increase in DHA, the incorporation of which into

erythrocyte membranes may have displaced EPA and could
account for the observed reduction in EPA during the inter-
vention. Additionally subjects may have reduced their con-
sumption of fish and EPA from other sources, although it
should be emphasised that baseline fish consumption was
less than two servings of oily fish per week, and subjects
taking fish- oil capsules were excluded. There is good evi-
dence that the incorporation of n-3 PUFA into erythrocytes
mimics the incorporation into other tissues™’. Supplementation
resulted in a near doubling of DHA in erythrocyte membranes.
Comparable changes have been observed in platelets, mono-
nuclear cells’®®! and neutrophils®?, although there is some
degree of variability in the time course for incorporati0n50.
Unlike DHA, EPA competes directly with AA as a substrate
for cyclo-oxygenase and 5—1ip0xygenaseS3, which leads to the
production of less potent inflammatory eicosanoids than are
produced from AA. In comparison, DHA may exert anti-
inflammatory effects by (i) inhibiting gene expression of
enzymes involved in eicosanoid synthesi554;(ii) conversion
into highly anti-inflammatory compounds®”; or (iii) inhibiting
expression of inflammatory mediators'*>®. There is however
limited data directly comparing the immunomodulatory prop-
erties of DHA and EPA. Supplementation with DHA but not
EPA has been reported to suppress T lymphocyte activation®?,
although neither EPA nor DHA affected neutrophil function,
cytokine production by MNL or adhesion molecule
expression. Howe®’ investigated the effect of EPA v. DHA-
rich fish oils on inflammatory mediators during a 16-week
double-blind crossover trial. They suggest that EPA-rich fish
oil may be more effective than DHA-rich oil in suppressing
IL-1B production, but this reduction was not significantly
different from DHA. In an earlier trial, Meydani® reported a
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Table 4. Cytokine production from stimulated neutrophils at baseline and following intervention with fish oil (FO) and exercise (FOX) or sunflower oil
(SO) and exercise (SOX)*

(Mean values with their standard errors)

Treatment group

FO FOX SO SOX

Cytokine production

(ng/ml) Stimulant Mean SEM Mean SEM Mean SEM Mean SEM

LTt Con A week 0 8.52 213 13-41 6-62 7-28 1.00 10-43 2.26
week 12 5-91 1.54 5.39 0-81 591 1.22 5.58 0-99
change —2-61 1-41 -210 1.36 -1.36 1.78 —4.85 2:24
n 7 5% 7 6

LTt PHA week 0 30-26 4.30 30-04 6-53 36-71 6-96 32.37 7.27
week 12 2424 5-65 15.95 2.94 23.46 4.54 17.93 4.83
change —6-02 4-61 -14.10 615 —7-76 2.84 —14.44 8-01
n 7 6 6° 6

IFNy Con A week 0 23-46 5.92 26-39 7-53 18-38 3.78 23-96 6-03
week 12 21.52 5-80 31.52 113 23-31 6-04 26-59 6-47
change -1.94 2.95 5.14 8:10 4.93 6-01 2.63 6-59
n 7 6 7 6

IFNy PHA week 0 17-50 5.32 24.66 10-25 15-64 6-38 14.09 3.57
week 12 16-56 3.03 18-26 5-44 14.77 5-88 15-83 6-19
change —0-94 3-60 —6-41 773 —0-88 718 1.74 4.55
n 7 6 7 6

IL-21 PHA week 0 0-80 0-40 0-71 0-28 1.88 0-78 0-63 0-33
week 12 0-45 0-25 0-24 0-08 0-51 0-16 0-18 0-05
change -0-35 0-36 —0-45 0-23 -1.29 0-80 —0-58 0-35
n 7 5% 61 5%

IL-1Bt LPS week 0 0-37 0-19 0-44 0-20 0-65 0-35 0-46 0-20
week 12 1.30 0-30 1-16 0-35 1.00 0-15 1.56 0-33
change 0-67 0-34 0-73 0-28 0-36 0-37 110 0-34
n 6% 6 7 6

IL-61 LPS week 0 3-00 0-85 5.80 2:34 4.97 228 4.55 212
week 12 822 1-60 7-25 0-65 7-54 1-81 11.33 1-63
change 5.22 2.22 1.45 1.83 2.57 274 6-78 2:44
n 7 6 7 6

TNFat LPS week 0 0-42 0-16 0-32 0-08 0-56 0-16 0-60 0-23
week 12 2.08 0-37 1.53 0-52 1.82 0-39 2.15 0-60
change 1.67 0-45 1.21 0-50 1.26 0-35 1.54 0-61
n 7 6 7 6

LT, lymphotoxin; Con A, concanavalin A; PHA, phytohaemagglutinin; IFNvy, interferon v; LPS, lipopolysaccharide.

*Data were analysed with a 3-factor repeated measures ANOVA with interaction for oil, exercise and time, with P<0-05 considered significant. No 3-or 2-factor interactions
were detected.

1 Significant main effect of time, P<0-05.

1 Subject excluded due to insufficient specimen.

reduction in TNFa IL-18 and IL-6 following 12 weeks of
supplementation with 2-4 g/d of EPA-rich fish oil; however
they did not evaluate the effects of DHA.

Varying doses of fatty acids may also account for inconsis-
tencies between reports of anti-inflammatory effects of n-3
PUFA. Trebble®® found a U-shaped dose—response relation-
ship between EPA intake and cytokine production, wherein
maximum inhibition occurred with 1g EPA-rich oil/d.
However, a dose—response curve for DHA is yet to be
established. In studies using subjects characterised by elevated
cytokine production5 9-61 decreases in IL-1B, TNFa, IL-2 and
IFN+y production by stimulated MNL have been elicited by
comparable or lower doses of n-3 PUFA than used in the
present study. The supplementation in this trial may have
been of insufficient dose to produce changes in cytokine pro-
duction, as although exhibiting some risk factors for CVD,
participants in this trial were generally healthy and did not
present with raised serum cytokines at baseline. With high
doses of n-3 PUFA, several studies have shown a reduction
in both cytokine production and neutrophil function'®'#31,

Regular moderate exercise (2-5h/week) has been shown to
decrease MNL production of TNFa and IFNvy in subjects
with risk factors for CVD?® and to reduce the pro-inflamma-
tory cytokines, C-reactive protein, IL-1, IL-6 and IFNvy in
patients with coronary artery disease®. Much research has
focused on the independent effect of exercise in populations
with elevated inflammatory markers, and data from random-
ised controlled trials are conflicting®”. Variations in protocol
may partially explain the differences in cytokine production
as investigators have used a range of MNL stimulants includ-
ing lipopolysaccharide®® and phytohaemagglutinin®. Fur-
thermore, the small sample size and large inter-individual
subject variation may have limited our ability to detect effects
of intervention (fish oil or exercise) compared to controls.

While several studies have investigated the effect of an
acute exercise bout on neutrophil respiratory burst, chemotaxis
and adherence, these reports are inconsistent and likely to be
confounded by factors such as training status, exercise inten-
sity and population differences®'?. Fewer studies have
investigated the effect of regular exercise training on



306 A. M. Hill et al.

neutrophil function, although there is some evidence to
suggest that it may reduce neutrophil respiratory burst
activity31. While we observed no effect of regular aerobic
training on superoxide production, we did observe a protective
effect of exercise on bactericidal activity. As for other
measures of neutrophil function, there is limited data on the
effect of aerobic exercise training on this parameter. Lewicki®®
reported that bactericidal activity of trained sportsmen was
significantly reduced compared to untrained individuals. Con-
versely, Benoni®® observed an increase in bactericidal activity
during the sports season of elite basketball players, which
returned to baseline levels at the end of the season. Although
significant, the change in bactericidal activity observed in this
trial was marginal and unlikely to be of clinical significance.

In this study, supplementation with DHA-rich tuna fish oil
resulted in a significant reduction in superoxide production
by stimulated neutrophils. This finding gives support to
previous studies which have found decreases in superoxide
production of 14-64 % following 4—6 weeks of supplemen-
tation with EPA-rich oil providing >4 g n-3 PUFA/d'®!'?%,
which was substantially more than that provided in the pre-
sent study. Although differences in the methods by which
the reactive oxygen species are measured may explain
some of the variation in the magnitude of change in
superoxide production, it is more likely to be a function
of the neutrophil stimulus used. Fisher® and Varming'®
used particles acting on neutrophil surfaces while we and
others who found a smaller effect used the soluble stimulus
PMA which acts on intracellular protein kinase C (PKC)16.
Conversely, lower doses of n-3 PUFA (0-27-2-25 g/d) have
not been shown to influence superoxide production by
neutrophils®'.

The importance of modifying superoxide production is
linked to its role in CVD, particularly in the pathogenesis of
atherosclerosis. Reactive oxygen species, including superox-
ide, induce endothelial expression of cell adhesion
molecules®, increase microvessel permeability®’ and oxidised
LDL®. Within the endothelium, excess reactive oxygen
species can lead to a decrease in nitric oxide bioavailability®®,
and this can impact negatively on vascular function. Moreover
reactive oxygen species play a role in the activation of nuclear
factor-k[3, a transcription factor that regulates the production
and expression of numerous inflammatory cytokines and cell
adhesion molecules’. The mechanism by which n-3 PUFA,
particularly DHA, decreases superoxide production may be
related to its incorporation into neutrophil membrane lipids.
While we did not measure the fatty acid composition of
neutrophil membranes, it is reasonable to assume that DHA
incorporation into these cells would have mirrored the
increase seen in erythrocyte membranes. Evidence for this
relationship may be seen in the negative correlation between
superoxide production and the increased incorporation of
DHA in erythrocyte membranes.

While DHA as a NEFA has been shown to directly and
strongly activate the neutrophil respiratory burst’', increasing
the n-3 PUFA concentration of neutrophil membrane phospho-
lipids, such as phosphatidylcholine and phosphatidylinositol,
may alter the ability to activate signaling molecules such as
PKC, which are involved in oxidase stimulation. DHA, by
replacing AA in the sn-2 position of the phospholipid, leads
to the generation of DHA-containing diacylglycerol, possibly

compromising PKC translocation and/or activation. The
stimulus used in our studies, PMA, directly interacts with
PKC to activate the NADPH oxidase. However as we and
others have previously shown, PUFA act via phosphatidic
acid which is involved in the generation of diacylglycerol, a
process stimulated by PMA”>~"* 1t is therefore not surprising
that DHA supplementation suppresses T cell PKC® lipid raft
recruitment””. Indeed Madani’® reported that DHA-containing
diacylglycerol and AA-containing diacylglycerol activated
different PKC isozymes differently in vitro. Finally intracellu-
lar AA is considered to promote the activation of small guano-
sine 5'-triphosphate binding protein Rac, a component of the
neutrophil oxidase’’. Replacing AA with DHA in the phos-
pholipids may hinder this part of the oxidase activation
process.

Our findings demonstrate that under these conditions, n-3
supplementation had no effect on ex vivo cytokine production
by MNL and emphasises the controversies in this field. While
we would have expected that this type of treatment should
have resulted in reduced cytokine production®®861.7879
several studies have demonstrated either no
effect??23-925980=85 o1 even increased production of cyto-
kines®®. These discrepancies are difficult to explain and
cannot be simply due to the dose of n-3. Other factors are
likely to be the type of n-3 PUFA used, and the individual’s
health status, sex and age. Whether or not technical factors
contribute to this difference needs to be given consideration.
Our studies were conducted under NATA accredited con-
ditions, ensuring a high level of standardisation and reprodu-
cibility in conducting cellular tests at different time
intervals. Interestingly, contributing to these variations is the
finding that polymorphism in the TNF gene and promoter
can influence the effects of fish-oil supplement on the pro-
duction of this cytokine®’. Similarly, studies addressing n-3
supplementation and neutrophil functions have produced con-
flicting results, reporting either a decrease®'>~'"'°, no
effect'>*! 233284 or increase® in neutrophil function.
Again, while more careful consideration of experimental con-
ditions needs to be given, it is evident that doses, n-3 fatty acid
type and the neutrophil stimulus used may give rise to these
differences.

In summary, the present study found that supplementation
with DHA-rich fish oil reduces superoxide production from
stimulated neutrophils, while regular moderate exercise
training protects bactericidal activity. Neither of these
functions was enhanced by the combination of interventions.
However it is unclear whether these changes are of biologi-
cal significance. Other neutrophil functions (chemotaxis,
adherence and cytokine production) were unaffected by
intervention. Supplementation with about 2g n-3 PUFA/d
therefore did not inhibit immune function in this study.
Differences between this and other studies investigating
the effect of n-3 PUFA on markers of inflammation may
be due to variations in either the dose or fatty acid compo-
sition (i.e. DHA/EPA) of fish oil, clearly emphasising the
need for a well-controlled dose—response study which
differentiates between the effects of EPA from those of
DHA. Nevertheless, given the independent beneficial effects
of moderate exercise and fish-oil supplementation on CVD
risk parameters, we support recommendations to combine
these lifestyle interventions.



n-3 PUFA, exercise and neutrophil function 307

Acknowledgements

The authors thank Nu-Mega Ingredients Pty Ltd for their
donation of study capsules. We also thank Dr Alison Coates
and the diagnostic staff of the Department of Immunopathol-
ogy, Children, Youth & Women’s Health Services for their
helpful advice and assistance with various aspects of this pro-
ject. Alison Hill was supported by a University of Adelaide
postgraduate award.

References

1.

2.

10.

11.

12.

13.

14.

15.

Calder PC (2005) Polyunsaturated fatty acids and inflammation.
Biochem Soc Trans 33, 423-427.

Obata T, Nagakura T, Masaki T, Maekawa K & Yamashita K
(1999) Eicosapentaenoic acid inhibits prostaglandin D2 gener-
ation by inhibiting cyclo-oxygenase-2 in cultured human mast
cells. Clin Exp Allergy 29, 1129-1135.

Sperling RI, Benincaso Al, Knoell CT, Larkin JK, Austen KF &
Robinson DR (1993) Dietary omega-3 polyunsaturated fatty
acids inhibit phosphoinositide formation and chemotaxis in neu-
trophils. J Clin Invest 91, 651-660.

James MJ, Gibson RA & Cleland LG (2000) Dietary polyunsa-
turated fatty acids and inflammatory mediator production. Am J
Clin Nutr 71, 343S-348S.

Caughey GE, Mantzioris E, Gibson RA, Cleland LG & James MJ
(1996) The effect on human tumor necrosis factor alpha and inter-
leukin 1 beta production of diets enriched in n-3 fatty acids from
vegetable oil or fish oil. Am J Clin Nutr 63, 116—122.

Endres S, Ghorbani R, Kelley VE, ef al. (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.

Kelley DS, Taylor PC, Nelson GJ, Schmidt PC, Ferretti A,
Erickson KL, Yu R, Chandra RK & Mackey BE (1999) Doco-
sahexaenoic acid ingestion inhibits natural killer cell activity
and production of inflammatory mediators in young healthy
men. Lipids 34, 317-324.

Meydani SN, Endres S, Woods MM, Goldin BR, Soo C, Mor-
rill-Labrode A, Dinarello CA & Gorbach SL (1991) Oral (n-
3) fatty acid supplementation suppresses cytokine production
and lymphocyte proliferation: comparison between young and
older women. J Nutr 121, 547-555.

De Caterina R, Cybulsky MI, Clinton SK, Gimbrone MAJ &
Libby P (1994) The omega-3 fatty acid docosahexaenoate
reduces cytokine-induced expression of proatherogenic and
proinflammatory proteins in human endothelial cells. Arterios-
cler Thromb 14, 1829-1836.

Sipka S, Dey I, Buda C, Csongor J, Szegedi G & Farkas T
(1996) The mechanism of inhibitory effect of eicosapentaenoic
acid on phagocytic activity and chemotaxis of human neutrophil
granulocytes. Clin Immunol Immunopathol 79, 224-228.
Smith JA (1994) Neutrophils, host defense, and inflammation:
a double-edged sword. J Leukoc Biol 56, 672—-686.
Vinten-Johansen J (2004) Involvement of neutrophils in the
pathogenesis of lethal myocardial reperfusion injury. Cardio-
vasc Res 61, 481-497.

Schmidt EB, Pedersen JO, Varming K, Ernst E, Jersild C, Grun-
net N & Dyerberg J (1991) n-3 fatty acids and leukocyte chemo-
taxis. Effects in hyperlipidemia and dose-response studies in
healthy men. Arterioscler Thromb 11, 429-435.

Andrioli G, Carletto A, Guarini P, Galvani S, Biasi D, Bellavite
P & Corrocher R (1999) Differential effects of dietary sup-
plementation with fish oil or soy lecithin on human platelet
adhesion. Thromb Haemost 82, 1522—1527.

Lee TH, Hoover RL, Williams JD, et al. (1985) Effect of dietary
enrichment with eicosapentaenoic and docosahexaenoic acids

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

on in vitro neutrophil and monocyte leukotriene generation
and neutrophil function. N Engl J Med 312, 1217-1224.
Luostarinen R & Saldeen T (1996) Dietary fish oil decreases
superoxide generation by human neutrophils: relation to
cyclooxygenase pathway and lysosomal enzyme release. Prosta-
glandins Leukot Essent Fatty Acids 55, 167-172.

Schmidt EB, Varming K, Pedersen JO, Lervang HH, Grunnet N,
Jersild C & Dyerberg J (1992) Long-term supplementation with
n-3 fatty acids, II: Effect on neutrophil and monocyte chemo-
taxis. Scand J Clin Lab Invest. 52, 229-236.

Thompson PJ, Misso NL, Passarelli M & Phillips MJ (1991)
The effect of eicosapentaenoic acid consumption on human neu-
trophil chemiluminescence. Lipids 26, 1223—1226.

Varming K, Schmidt EB, Svaneborg N, Moller JM, Lervang
HH, Grunnet N, Jersild C & Dyerberg J (1995) The effect of
n-3 fatty acids on neutrophil chemiluminescence. Scand J Clin
Lab Invest. 55, 47-52.

Guarini P, Bellavite P, Biasi D, Carletto A, Galvani S, Cara-
maschi P, Bambara LM & Corrocher R (1998) Effects of dietary
fish oil and soy phosphatidylcholine on neutrophil fatty acid
composition, superoxide release, and adhesion. Inflammation
22, 381-391.

Healy DA, Wallace FA, Miles EA, Calder PC & Newsholm P
(2000) Effect of low-to-moderate amounts of dietary fish oil
on neutrophil lipid composition and function. Lipids 35,
763-768.

Miles EA, Banerjee T, Dooper MM, M’Rabet L, Graus YM &
Calder PC (2004) The influence of different combinations of
gamma-linolenic acid, stearidonic acid and EPA on immune
function in healthy young male subjects. Br J Nutr 91, 893-903.
Schmidt EB, Varming K, Moller JM, Bulow Pedersen I, Madsen
P & Dyerberg J (1996) No effect of a very low dose of n-3 fatty
acids on monocyte function in healthy humans. Scand J Clin
Lab Invest. 56, 87-92.

Calder PC (2001) N-3 polyunsaturated fatty acids, inflammation
and immunity: pouring oil on troubled waters or another fishy
tale? Nut Res 21, 309-341.

Goldhammer E, Tanchilevitch A, Maor I, Beniamini Y,
Rosenschein U & Sagiv M (2005) Exercise training modulates
cytokines activity in coronary heart disease patients. Int J Cardiol
100, 93-99.

Smith JK, Dykes R, Douglas JE, Krishnaswamy G & Berk S
(1999) Long-term exercise and atherogenic activity of blood
mononuclear cells in persons at risk of developing ischemic
heart disease. JAMA 281, 1722-1727.

Wegge JK, Roberts CK, Ngo TH & Barnard RJ (2004) Effect of
diet and exercise intervention on inflammatory and adhesion
molecules in postmenopausal women on hormone replacement
therapy and at risk for coronary artery disease. Metabolism
53, 377-381.

Church TS, Barlow CE, Earnest CP, Kampert JB, Priest EL &
Blair SN (2002) Associations between cardiorespiratory fitness
and C-reactive protein in men. Arterioscler Thromb Vasc Biol
22, 1869-1876.

Colbert LH, Visser M, Simonsick EM, et al. (2004) Physical
activity, exercise, and inflammatory markers in older adults:
findings from The Health, Aging and Body Composition
Study. J Am Geriatr Soc 52, 1098—1104.

Reuben DB, Judd-Hamilton L, Harris TB & Seeman TE (2003)
The associations between physical activity and inflammatory
markers in high-functioning older persons: MacArthur Studies
of Successful Aging. J Am Geriatr Soc 51, 1125-1130.

Peake JM (2002) Exercise-induced alterations in neutrophil
degranulation and respiratory burst activity: possible mechan-
isms of action. Exerc Immunol Rev 8, 49—100.

Ortega Rincon E (1994) Physiology and biochemistry: influence
of exercise on phagocytosis. Int J Sports Med. 15, S172—178.



308

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

A. M. Hill et al.

Robinson LE & Field CJ (1998) Dietary long-chain (n-3) fatty
acids facilitate immune cell activation in sedentary, but not
exercise-trained rats. J Nutr 128, 498—-504.

Toft AD, Thorn M, Ostrowski K, Asp S, Moller K, Iversen S,
Hermann C, Sondergaard SR & Pedersen BK (2000) N-3 poly-
unsaturated fatty acids do not affect cytokine response to stren-
uous exercise. J Appl Physiol 89, 2401-2406.

Tanaka H, Monahan KD & Seals DR (2001) Age-predicted
maximal heart rate revisited. J Am Coll Cardiol 37, 153—-156.
Bouchard C, Tremblay A, Leblanc C, Lortie G, Savard R &
Theriault G (1983) A method to assess energy expenditure in
children and adults. Am J Clin Nutr 37, 461-467.

Lepage G & Roy C (1988) Specific methylation of plasma non-
esterified fatty acids in a one-step reaction. J Lipid Res 29,
227-235.

Ferrante A & Thong YH (1982) Separation of mononuclear and
polymorphonuclear leucocytes from human blood by the one-
step hypaque-ficoll method is dependent on blood column
height. J Immunol Methods 48, 81-85.

Gill L (2004) The effect of 4-hydroxynonenal on neutrophils.
Honours Thesis: University of South Australia.

Hii CS, Anson DS, Costabile M, Mukaro V, Dunning K &
Ferrante A (2004) Characterization of the MEKS-ERKS
module in human neutrophils and its relationship to ERK1/
ERK2 in the chemotactic response. J Biol Chem 279,
49825-49834.

Ferrante A, Martin AJ, Bates EJ, Goh DH, Harvey DP, Parsons
D, Rathjen DA, Russ G & Dayer JM (1993) Killing of Staphy-
lococcus aureus by tumor necrosis factor-alpha- activated neu-
trophils. The role of serum opsonins, integrin receptors,
respiratory burst, and degranulation. J [Immunol 151,
4821-4828.

Powell WS, Gravel S, Halwani F, Hii CS, Huang ZH, Tan AM
& Ferrante A (1997) Effects of 5-0x0-6,8,11,14-eicosatetraenoic
acid on expression of CD11b, actin polymerization, and adher-
ence in human neutrophils. J Immunol 159, 2952—-2959.
Costabile M, Hii CST, Melino M, Easton C & Ferrante A (2005)
The immunomodulatory effects of novel (3-oxa, (3-thia, and y-
thia polyunsaturated fatty acids on human T lymphocyte pro-
liferation, cytokine production, and activation of protein
kinase C and MAPKS. J Immunol 174, 233-243.

Ferrante JV, Huang ZH, Nandoskar M, Hii CST, Robinson BS,
Rathjen DA, Poulos A, Morris CP & Ferrante A (1997) Altered
responses of human macrophages to lipopolysaccharide by
hydroperoxy eicosatetraenoic acid, hydroxy eicosatetraenoic
acid, and arachidonic acid. Inhibition of tumor necrosis factor
production. J Clin Invest 99, 1445—-1452.

Bassuk SS & Manson JE (2005) Epidemiological evidence for
the role of physical activity in reducing risk of type 2 diabetes
and cardiovascular disease. J Appl Physiol 99, 1193-1204.
Mori TA & Woodman RJ (2006) The independent effects of eico-
sapentaenoic acid and docosahexaenoic acid on cardiovascular risk
factors in humans. Curr Opin Clin Nutr Metab Care. 9, 95—104.
Calder PC (2002) Dietary modification of inflammation with
lipids. Proc Nutr Soc 61, 345-358.

Deckelbaum RJ & Akabas SR (2006) n-3 Fatty acids and cardi-
ovascular disease: navigating toward recommendations. Am J
Clin Nutr 84, 1-2.

Ninio DM, Murphy KJ, Howe PR & Saint DA (2005) Dietary
fish oil protects against stretch-induced vulnerability to atrial
fibrillation in a rabbit model. J Cardiovasc Electrophysiol 16,
1189-1194.

Di Stasi D, Bernasconi R, Marchioli R, Marfisi RM, Rossi G,
Tognoni G & Tacconi MT (2004) Early modifications of fatty
acid composition in plasma phospholipids, platelets and mono-
nucleates of healthy volunteers after low doses of n-3 polyunsa-
turated fatty acids. Eur J Clin Pharmacol. 60, 183—190.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

Mantzioris E, Cleland LG, Gibson RA, Neumann MA, Demasi
M & James MJ (2000) Biochemical effects of a diet containing
foods enriched with n-3 fatty acids. Am J Clin Nutr 72, 42—48.
Kew S, Mesa MD, Tricon S, Buckley R, Minihane AM &
Yaqoob P (2004) Effects of oils rich in eicosapentaenoic and
docosahexaenoic acids on immune cell composition and func-
tion in healthy humans. Am J Clin Nutr 79, 674—681.

Kelley DS (2001) Modulation of human immune and inflamma-
tory responses by dietary fatty acids. Nutrition 17, 669—-673.
VanRollins M (1995) Epoxygenase metabolites of docosahexae-
noic and eicosapentaenoic acids inhibit platelet aggregation at
concentrations below those affecting thromboxane synthesis. J
Pharmacol Exp Ther 274, 798—804.

Hong S, Gronert K, Devchand PR, Moussignac R-L & Serhan
CN (2003) Novel docosatrienes and 17S-resolvins generated
from docosahexaenoic acid in murine brain, human blood, and
glial cells. Autacoids in anti-inflammation. J Biol Chem 278,
14677-14687.

De Caterina R, Liao JK & Libby P (2000) Fatty acid modulation
of endothelial activation. Am J Clin Nutr 71, 213S-223S.
Howe PR, Clifton PM & James MJ (1999) Equal antithrombotic
and triglyceride-lowering effectiveness of eicosapentaenoic
acid-rich and docosahexaenoic acid-rich fish oil supplements.
Lipids 34, Suppl., S307-308S.

Trebble T, Arden NK, Stroud MA, Wootton SA, Burdge GC,
Miles EA, Ballinger AB, Thompson RL & Calder PC (2003)
Inhibition of tumour necrosis factor-alpha and interleukin 6 pro-
duction by mononuclear cells following dietary fish-oil sup-
plementation in healthy men and response to antioxidant co-
supplementation. Br J Nutr 90, 405-412.

Cooper AL, Gibbons L, Horan MA, Little RA & Rothwell NJ
(1993) Effect of dietary fish oil supplementation on fever and
cytokine production in human volunteers. Clin Nutr 12,
321-328.

Espersen GT, Grunnet N, Lervang HH, Nielsen GL, Thomsen
BS, Faarvang KL, Dyerberg J & Ernst E (1992) Decreased
interleukin-1 beta levels in plasma from rheumatoid arthritis
patients after dietary supplementation with n-3 polyunsaturated
fatty acids. Clin Rheumatol 11, 393-395.

Gallai V, Sarchielli P, Trequattrini A, Franceschini M, Floridi
A, Firenze C, Alberti A, Benedetto DD & Stragliotto E
(1995) Cytokine secretion and eicosanoid production in the per-
ipheral blood mononuclear cells of MS patients undergoing diet-
ary supplementation with n-3 polyunsaturated fatty acids. J
Neuroimmunol 56, 143—-153.

Nicklas BJ, You T & Pahor M (2005) Behavioural treatments
for chronic systemic inflammation: effects of dietary weight
loss and exercise training. CMAJ 172, 1199-1209.

Lewicki R, Tchorzewski H, Denys A, Kowalska M & Golinska
A (1987) Effect of physical exercise on some parameters of
immunity in conditioned sportsmen. Int J Sports Med 8,
309-314.

Benoni G, Bellavite P, Adami A, Chirumbolo S, Lippi G,
Brocco G, Giulini GM & Cuzzolin L (1995) Changes in several
neutrophil functions in basketball players before, during and
after the sports season. Int J Sports Med 16, 34-37.

Fisher M, Levine PH, Weiner BH, Johnson MH, Doyle EM,
Ellis PA & Hoogasian JJ (1990) Dietary n-3 fatty acid sup-
plementation reduces superoxide production and chemilumines-
cence in a monocyte-enriched preparation of leukocytes. Am J
Clin Nutr. 51, 804-808.

de Prost D & Hakim J (1997) Phagocyte implications in
advanced atherosclerosis. Atherosclerosis 131, S19-S21.

Zhu L, Castranova V & He P (2005) fMLP-stimulated neutro-
phils increase endothelial [Ca*"]i and microvessel permeability
in the absence of adhesion: role of reactive oxygen species. Am
J Physiol 288, H1331-H1338.



68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

n-3 PUFA, exercise and neutrophil function 309

Hansson GrK & Libby P (2006) The immune response in athero-
sclerosis: a double-edged sword. Nat Rev Immunol 6, 508—-519.
Landmesser U, Harrison DG & Drexler H (2006) Oxidant stress
— a major cause of reduced endothelial nitric oxide availability
in cardiovascular disease. Eur J Clin Pharm 62, 13—-19.

De Caterina R, Zampolli A, Del Turco S, Madonna R &
Massaro M (2006) Nutritional mechanisms that influence cardi-
ovascular disease. Am J Clin Nutr 83, 421S5-426.

Ferrante A, Robinson BS, Singh H, ez al. (2006) A novel (3-oxa
polyunsaturated fatty acid downregulates the activation of the
Ik B kinase/nuclear factor kB pathway, inhibits expression of
endothelial cell adhesion molecules, and depresses inflam-
mation. Circ Res 99, 34—41.

Hii CS, Edwards YS & Murray AW (1991) Phorbol ester-stimu-
lated hydrolysis of phosphatidylcholine and phosphatidylethano-
lamine by phospholipase D in HeLa cells. Evidence that the
basal turnover of phosphoglycerides does not involve phospho-
lipase D. J Biol Chem 266, 20238-20243.

Hii CST, Kokke YS, Pruimboom W & Murray AW (1989)
Phorbol esters stimulate a phospholipase D-catalysed reaction
with both ester- and ether-linked phospholipids in HeLa cells.
FEBS Letters 257, 35-37.

Huang CF & Cabot MC (1990) Phorbol diesters stimulate the
accumulation of phosphatidate, phosphatidylethanol, and diacyl-
glycerol in three cell types. Evidence for the indirect formation
of phosphatidylcholine-derived diacylglycerol by a phospho-
lipase D pathway and direct formation of diacylglycerol by a
phospholipase C pathway. J Biol Chem 265, 14858 -14863.
Fan Y-Y, Ly LH, Barhoumi R, McMurray DN & Chapkin RS
(2004) Dietary docosahexaenoic acid suppresses T cell protein
kinase C# lipid raft recruitment and IL-2 production. J Immunol
173, 6151-6160.

Madani S, Hichami A, Legrand A, Belleville J & Khan NA (2001)
Implication of acyl chain of diacylglycerols in activation of differ-
ent isoforms of protein kinase C. The FASEB Journal 15,
2595-2601.

Ferrante A, Hii CS & Costabile M (2005) Regulation of neutro-
phil functions by long chain polyunsaturated fatty acids. In The
Neutrophil: New Outlook for Old Cells, pp. 169-228 [DI Gab-
rivich, editor]. London, UK: Imperial College Press.

Abbate R, Gori AM, Martini F, ez al. (1996) n-3 PUFA supplemen-
tation, monocyte PCA expression and interleukin-6 production.
Prostaglandins Leukot Essent Fatty Acids 54, 439—-444.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Mori TA, Woodman RJ, Burke V, Puddey IB, Croft KD &
Beilin LJ (2003) Effect of eicosapentaenoic acid and docosahex-
aenoic acid on oxidative stress and inflammatory markers in
treated-hypertensive type 2 diabetic subjects. Free Radic Biol
Med 35, 772-781.

Blok WL, Deslypere JP, Demacker PN, van der Ven-Jongek-
rijg J, Hectors MP, van der Meer JW & Katan MB (1997)
Pro- and anti-inflammatory cytokines in healthy volunteers
fed various doses of fish oil for 1 year. Eur J Clin Invest
27, 1003-1008.

Cannon JG, Fiatarone MA, Meydani M, Gong J, Scott L, Blum-
berg JB & Evans WJ (1995) Aging and dietary modulation of
elastase and interleukin-1 beta secretion. Am J Physiol 268,
R208-R213.

Kew S, Banerjee T, Minihane AM, Finnegan YE, Muggli R,
Albers R, Williams CM & Calder PC (2003) Lack of effect of
foods enriched with plant- or marine-derived n-3 fatty acids on
human immune function. Am J Clin Nutr 77, 1287-1295.
Molvig J, Pociot F, Worsaae H, et al. (1991) Dietary sup-
plementation 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.
Thies F, Miles EA, Nebe-von-Caron G, Powell JR, Hurst TL,
Newsholme EA & Calder PC (2001) Influence of dietary sup-
plementation with long-chain n-3 or n-6 polyunsaturated fatty
acids on blood inflammatory cell populations and functions
and on plasma soluble adhesion molecules in healthy adults.
Lipids 36, 1183-1193.

Yaqoob P, Pala HS, Cortina-Borja M, Newsholme EA &
Calder PC (2000) Encapsulated fish oil enriched in alpha-
tocopherol alters plasma phospholipid and mononuclear cell
fatty acid compositions but not mononuclear cell functions.
Eur J Clin Invest 30, 260-274.

Gorjao R, Verlengia R, Lima TMd, et al. (2006) Effect of doc-
osahexaenoic acid-rich fish oil supplementation on human leu-
kocyte function. Clin Nutr 25, 923-938.

Grimble RF, Howell WM, O’Reilly G, Turner SJ, Markovic O,
Hirrell S, East JM & Calder PC (2002) The ability of fish oil to
suppress tumor necrosis factor o production by peripheral blood
mononuclear cells in healthy men is associated with polymorph-
isms in genes that influence tumor necrosis factor a production.
Am J Clin Nutr 76, 454—-459.



