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MobprrFiIcATION of endogenous eicosanoid synthesis by
dietary n-3 fatty acid supplementation reduces febrile
responses, but the mechanisms underlying these effects
in vivo have not been determined. In the present study,
local inflammation was induced by intramuscular injec-
tion of turpentine in rats fed control or n-3 supplemented
diets for 89 weeks. In animals fed the control diet,
turpentine induced fever, hypermetabolism, marked
local inflammation (oedema), increased plasma IL-6
concentrations and raised cerebrospinal fluid (CSF) con-
centrations of PGE,. N-3 fatty acid supplementation
significantly inhibited the rise in CSF PGE,, fever and
hypermetabolism induced by turpentine. Local inflam-
mation and increased plasma IL-6 concentrations were
not affected by n-3 supplementation. These findings sug-
gest that modification of dietary fat intake inhibits fever
via reduced release of prostaglandins, probably within
the brain, but does not affect the local or afferent signals
involved in fever generation.
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Introduction

Fever is one of the most common manifestations of
disease, and is observed following injury, infection,
malignant or inflammatory disease.! The release and
action of several cytokines, including interleukin-1
(IL-1), IL-6 and tumour necrosis factor-o. (TNFa),
appear to play important roles in the development of
fever. However, it is the concentration of IL-6 in
plasma that correlates most closely with the rise in
body temperature, making this cytokine the best
candidate as a circulating endogenous pyrogen. IL-6
or other endogenous pyrogens are thought to act on
or near thermoregulatory centres in the brain and
increase body temperature via the release of
prostaglandins which act directly on thermosensitive
neurons within the hypothalamus (see Reference 2).

Eicosanoids (including prostaglandins and
leukotrienes) directly mediate the pyrogenic action
of the cytokines IL-1, IL-6 and TNFa but may also be
involved in other pathways involved in the genera-
tion of a fever. For example, prostaglandins and
leukotrienes are mediators of the local inflammatory
reaction,’ and can modify production of pyrogenic
cytokines in vitro.

Endogenous eicosanoid synthesis can be modified
by dietary supplementation with n-3 fatty acids such
as those present in fish oil. These n-3 fatty acids
suppress normal, endogenous eicosanoid synthesis
(PG of the 2 series and LT of the 4 series) and
produce less reactive derivatives (PG of the 3 series
and LT of the 5 series.>® Several studies have inves-
tigated the effect of n-3 fatty acid supplementation on
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the pathways involved in fever generation. N-3 sup-
plemented diets reduce fever and hypermetabolism
induced by IL-1 in experimental animals > or by
typhoid vaccine in humans." In addition, it has been
shown that dietary n-3 fatty acids inhibit local inflam-
matory responses® and cytokine production in
vitro.'3 To date, however, no studies have com-
pared the effect of n-3 fatty acids on all of these
pathways in vivo.

In the present study, we have investigated the
effect of dietary n-3 supplementation on the local
responses, afferent and central signals involved in
fever generation. Fever and the associated
hypermetabolism were induced by intramuscular ad-
ministration of turpentine. We have previously
shown that this protocol induces sustained increases
in body temperature and thermogenesis which are
associated with local inflammation and a marked rise
in the plasma concentration of IL-6 but not IL-1 or
TNF."15 In addition, we have also demonstrated
that the fever and hypermetabolism induced by tur-
pentine injection is dependent on cyclo-oxygenase
products (most probably the PG) released within the
central nervous system.

Methods

Male, Sprague-Dawley rats (Charles River, Kent,
UK), weighing approximately 40 g (21 days old) were
caged in pairs at 24°C with a 12 h light/dark cycle
(0800-2000). Animals were fed either a semisynthetic
control or an n-3 supplemented diet (supplied by Dr
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G. Livesey, AFRC Institute of Food Research, Nor-
wich, UK) for 9 weeks. The diets had similar
metabolizable energy density (control 15.7 kJ/g, n-3
16.3 kJ/g) and composition (22% protein) apart from
their fatty acid content (Table 1). n-9 Fatty acids were
the principal lipid source in the control diet while the
experiment diet contained a micro-gelatin encapsu-
lated fish-oil formula containing sucrose, ascorbate
and tri-calcium phosphate (Dry n-3, Danochem,
Ballerup, Denmark). Because the Dry n-3 formula
comprised only 8.75% n-3 fatty acids, the final con-
centration of n-3 fatty acids in the experimental diet
(per kg) was 1.75% (0.9% eicosapentaenoic acid,
0.6% docosahexaenoic acid and 0.25% of other n-3
fatty acids). In addition, a minimum amount (1%) of
n-6 fatty acids was incorporated into the experimen-
tal diet to prevent essential fatty acid deficiency. After
8-9 weeks of supplementation, the livers of control
and n-3 supplemented rats were removed for
phospholipid analysis using high-pressure liquid
chromatography (performed by Scotia Pharmaceuti-
cals, Nova Scotia, Canada).

A sterile abscess was induced by intramuscular
(i.m.) injection of 0.6 ml of turpentine (Rowney,
Berkshire, UK) into conscious, hand-held rats.** An
equal volume of sterile saline was injected i.m. into
control animals. All measurements were made
18-20 h (0800-1000) after the i.m. injection.

Changes in metabolic rate and body temperature
were determined by the measurement of oxygen
consumption (Vo,) and colonic temperature (Tc),
respectively. Vo, was measured in closed-circuit in-
direct calorimeters!® maintained at 24°C, for periods
of 2—4 h. Animals were placed in individual calorim-
eters which allowed some movement (e.g. turning,
stretching etc.). Resting values for Vo, were taken as
the minimum values over 5 min periods (in order to
minimize the contribution of physical activity), and

Table 1. Percentage composition of the control and n-3 supple-
mented diet

Dietary constituent Diet

Control n-3
Casein 20 20
Corn starch 49 43
pL-Methionine 0.002 0.002
Vitamin mix 2 2
Mineral mix 4 4
Sugar 13 10
Sunflower oil 0.001 1
Olive oil 6.1 -
Dry n-3 formula - 20
n-3 Fatty acids - 8.75
Gelatin 4.4 -
Ca ascorbate 0.8 -
Tri-calcium phosphate 0.2 -
Water 0.5 -
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are presented as the mean resting rate of Vo, per min,
corrected for temperature, pressure and metabolic
body size (kg®”). Stable, reproducible values were
obtained over the duration of measurement (2 h),
although the first 30 min period was excluded, to
allow the animals to settle down in the calorimeters.
Tc was determined immediately after measurements
of Vo, by the insertion of a plastic-coated thermocou-
ple connected to an electronic thermometer
(Comark, Sussex, UK), 6 cm beyond the anus in
hand-held rats.

After measurement of Vo, and Tc, some animals
were decapitated and trunk blood was collected for
subsequent determination of plasma IL-6 concentra-
tion using the B9 hybridoma bioassay.? Values are
expressed as international units/ml (recDNA Human
IL-6, 88/514, NIBSC, South Mimms).

After measurements of Tc and Vo,, some animals
were anaesthetized by the intravenous administra-
tion of sodium pentobarbitone (100 mg/kg) and
cerebrospinal fluid (CSF) was collected by exposure
and puncture of the cisterna magna. PGE, concentra-
tion was measured in the collected CSF by an
in-house radioimmunoassay. Briefly, samples were
incubated with 3H-PGE, and a PGE, antibody (do-
nated by Dr F. Carey, Zeneca, Cheshire, UK) for 18 h.
The unbound *H-PGE, was removed by centrifuga-
tion after addition of a 1% charcoal, 2% dextran
solution. The remaining supernatant was then
counted using a B scintillation counter. The detection
limit of the assay was 10 pg/ml.

Limb oedema (inflammation) was assessed from
the percentage water content. Upon sacrifice, the
injected limb was severed along the inguinal region
and weighed immediately. The limb was then dried
in air at 70°C for 7 days to constant weight. Thereafter
the limb was reweighed (dry weight) and the per-
centage water content calculated, taking into account
the injected volume (0.6 mb.

Values are presented as means * standard errors
(n = 8-11 animals). Statistical analysis was performed
using an unpaired Student’s #test or two-way
ANOVA for two and four groups respectively. In all
cases, two-tailed probabilities of less than 0.5 were
considered statistically significant.

Results

Rats fed the n-3 supplemented diet weighed
slightly more at the time of experimentation (472t 5
vs. controls 448 £ 10, n = 20, p < 0.05 Student’s #test).
This 5% difference in body weight probably reflects
the slightly greater energy density of the n-3 supple-
mented diet as food intake was similar between the
two groups (data not shown). The phospholipid
composition of livers from n-3 supplemented rats
was significantly different from that in control fed
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animals (Table 2). The largest changes were apparent
in n-3 and n-6 fatty acid content, in that n-3 supple-
mented animals had significantly lower concen-
trations of n-6 tissue phospholipid and elevated
concentrations of n-3 phospholipids than rats fed
the control diet (Table 2).

n-3 Supplementation had no effect on the percent-
age water content of the limbs of animals injected
with  saline  (control, 63.46+0.67%, n-3,
61.55 £ 0.48%; Fig. 1). Injection of turpentine into
animals fed the control diet caused a significant
increase in the water content of the injected limb 18 h
post-injection (76.34 £0.31%, p<0.001, two-way
ANOVA) and this response was not affected by n-3
supplementation (75.65 + 0.615, Fig. 1).

Turpentine injection was associated with a marked
elevation (1990 £ 380 IU/m)) in plasma IL-6 concen-
tration measured 18-20 h post-injection (Fig. 2,
P <0.001, two-way ANOVA). This response was simi-
lar in turpentine injected animals receiving the n-3
supplemented diet.

The concentration of PGE, in the CSF of n-3 sup-
plemented rats injected with saline was 48% lower
than that observed in control fed rats injected with
saline (45* 11 pg/ml vs. 83 27 pg, p<0.01, Stu-
dent’s #test, Fig. 3). Turpentine administration
caused a 5.5-fold increase in CSF PGF, levels in
animals fed the control diet (463 + 25 pg/ml). The
magnitude of this response was significantly reduced
(by 75%) in n-3 supplemented rats injected with
turpentine (177 £ 34 pg/ml, p<0.01, two-way
ANOVA).

Eighteen to 20 h after intramuscular injection of
saline, values for Vo, were similar for control and n-
3 supplemented animals (control 12.5 + 1.1 ml/min/
kg®” vs. n-3 11.0 + 0.4 ml/min/kg®”). Animals fed the
control diet and injected with turpentine exhibited
a significant hypermetabolism at this time
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FIG. 1. Limb oedema assessed by percentage tissue water content in rats
fed either a control or n-3 supplemented diet, 18 h after intramuscular
injection of turpentine or saline. Mean + S.E. n=5-8. O, control; &, n-3.

(17.2 £ 1.0 ml/min/kg®™), 37% above that of their
respective saline group (Fig. 4). Feeding with the
n-3 supplemented diet significantly reduced the
hypermetabolic response to turpentine injection
(p<0.05, two-way ANOVA), although Vo, was still
elevated by 28% above that of n-3 supplemented
animals injected with saline.

Tc was similar for both saline-injected groups 20 h
post-injection (control fed 36.4 £ 0.2°C, n-3 supple-
mented 36.210.2°C, Fig. 4). In control animals
injected with turpentine, a significant fever
(Tc = 38.6 £ 0.2°C) was observed. The magnitude of
this response was significantly reduced, although not
abolished, in the n-3 supplemented animals
(37.4%0.2, p<0.05 two-way ANOVA).

Table 2. Fatty acid composition of the livers of animals fed either the control or n-3
supplemented diet for 8-9 weeks. Mean + S.E. Statistical analysis by unpaired Student’s

t-test
Fatty acid Control n-3 Change p
(n=12) (n=12) (%) value
14.0 0.195+0.014 0.252£0.018 29 <0.05
16.0 16.612 £ 0.249 20.242 £ 0.309 22 <0.001
16.1n7 3.169 £ 0.235 2.724£0.104 -14 NS
18.0 14.426 +0.907 13.957 £ 0.790 -3 NS
18.1n9 13.219 £ 0.321 7.730 £ 0.226 —42 <0.001
18.2n6 9.298 + 0.282 6.828 £ 0.252 -36 <0.001
18.3n6 0.299 + 0.029 0.078 £ 0.048 74 <0.001
18.3n3 0.034£0.016 0.184 £0.012 44 <0.001
20.2n6 2769+ 0.121 0.244 £0.017 -91 <0.001
20.3n6 2.255+0.082 0.713+0.016 -68 <0.001
20.4n6 27.029 +1.119 10.00 £ 0.285 -170 <0.001
20.5n3 0.363 +0.019 13.80£0.573 3702 <0.001
22.4n6 0.371+£0.018 0.235+0.025 -37 <0.001
22.5n6 2.936 +£0.155 0.215+0.014 -93 <0.001
22.5n3 0.392 +0.018 3.912+0.164 898 <0.001
22.6n3 5.646 £ 0.244 17.200 £ 0.449 205 <0.001
Others 0.165 + 0.031 0.181+0.017 -10 NS
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FIG. 2. Plasma interleukin-6 concentrations (IL-6, IU/ml) in rats fed either
a control or n-3 supplemented diet, 18 h after intramuscular injection of
turpentine or saline. Mean + S.E. n=5-8. O, control; W, n-3.
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FIG. 3. Cerebrospinal fluid (CSF) concentrations of prostaglandin E,
(PGE,) in rats fed either a control or n-3 supplemented diet, 18 h after
intramuscular injection of turpentine or saline. Mean + S.E. n=8-11. De-
tection limit of assay = 10 pg/ml. “p < 0.01, two-way ANOVA vs. turpentine
injection in animals fed the control diet. O, control; ®, n-3.

Discussion

The results of the present study demonstrate that
the pyrogenic and thermogenic responses to local-
ized inflammation can be reduced by dietary n-3 fatty
acid modification. n-3 Supplementation also attenu-
ated the increases in the CSF concentrations of PGE,
induced by turpentine, but did not affect the local
inflammation or the plasma concentration of IL-6.

It is well established that n-3 fatty acid supplemen-
tation alters membrane composition,'”*® and this was
evident in the phospholipid composition of liver
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FIG. 4. Oxygen consumption (Vo,, upper panel) and colonic temperature
(Tc, lower panel) in rats fed either a control or n-3 supplemented diet,
18-20 h after intramuscular injection of turpentine or saline. Mean + S.E.
n=8-10. "p < 0.05 two-way ANOVA vs. turpentine injection in animals fed
the control diet. O, control; |, n-3.

membranes performed in the present study. Of par-
ticular relevance is the significant reduction in
arachidonic acid (20:4n6) content, and the increase
in membrane eicosapentaenoic acid (20:5n3) and
docosahexaenoic acid (22:6n3) content in n-3 sup-
plemented animals. The former is the common pre-
cursor for prostaglandin and leukotriene synthesis
(of the 2 and 4 series respectively), whilst the latter
compete with arachidonic acid as substrates for the
cyclo-oxygenase and lipo-oxygenase enzymes, and
produce less bioactive derivatives.®®

Although membrane composition of brain tissue
was not determined in the present study, the reduced
production of PGE, in the CSF of turpentine injected
animals suggests that the period of n-3 supplemen-
tation (9 weeks) was sufficient to alter membrane
composition within the central nervous system. Cen-
tral administration of cyclo-oxygenase inhibitors
markedly attenuates the fever and hypermetabolism
observed 18-20 h after turpentine injection.* Thus
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the responses observed in n-3 supplemented animals
in the present study were probably due to reduced
release of PG within the brain resulting from altered
membrane phospholipid composition, although
other effects of dietary fatty acid modification cannot
be excluded.

Prostaglandins have been ascribed an integral role
in fever, and are believed to act as the final common
mediators of fever by altering the firing pattern of
thermosensitive neurons and thus increasing the set-
point for body temperature. Prostaglandin release
within the brain mediates the fever induced by tur-
pentine since this response is attenuated by admin-
istration of cyclo-oxygenase inhibitors directly into
the brain, and is associated with a marked increase
in CSF PGE, concentration as demonstrated in the
present study. Although n-3 fatty acids are known to
alter eicosanoid synthesis, and have been shown to
attenuate fever after IL-1 administration in experi-
mental animals,®!® typhoid vaccine injection in hu-
man volunteers,’? and turpentine injection in the rat
(present study); the stage at which n-3 fatty acids act
in the fever cascade in vivo was, however, unclear.

Although in vitro studies have shown that cytokine
production can be modified by n-3 fatty acid supple-
mentation,'>" in vivo circulating cytokine concentra-
tions have not previously been studied after n-3 fatty
acid supplementation. In the present study, plasma
IL-6 concentrations were not affected by n-3 supple-
mentation. IL-1 and TNFa are also involved in the
fever and hypermetabolism observed after turpentine
injection (Cooper et al., unpublished data; Turnbull
et al., unpublished data), and contribute to the rise
in plasma IL-6. Production of all three cytokines has
been shown to be sensitive to n-3 fatty acid supple-
mentation in in vitro endotoxin stimulation studies,
though the effect has differed between species. In
man, n-3 fatty acid supplementation inhibits IL-1
production and has little effect upon TNF produc-
tion,'*" whereas, in mice both IL-1 and TNF produc-
tion are increased.!>® However, it is difficult to com-
pare these varied data for cytokine production in
vivo and in vitro in response to different stimuli. The
local inflammatory response to turpentine injection
(water content of the injected limb) was similar in
control and n-3 supplemented animals, indicating
that dietary modification did not influence the extent
of tissue damage. This contrasts with data showing
effects of n-3 supplementation on inflammation in
response to other stimuli and may reflect different
mechanisms underlying tissue damage in these stud-
ies® However, pharmacological inhibition of
prostaglandin synthesis also has little effect on limb

oedema after turpentine (Turnbull and Rothwell,
unpublished).

In summary, n-3 fatty acid supplementation has
been shown to attenuate the fever and
hypermetabolism observed after turpentine injection.
The authors suggest that this effect may be due to
reduced production of PGE, within the central nerv-
ous system in n-3 fatty acid supplemented rats and
not reduced inflammation per se or attenuated re-
lease of afferent cytokine signals.
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