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TrE effect of an n-3 (fish) and n-6 (soybean) fatty
acid-rich diet on paw oedema in rats,
and the participation of adrenal gland, corticos-
terone and oy-macroglobulin (¢-M) in this
process were studied. A significant inhibition of
carrageenin oedema was observed not only in rats
fed a diet rich in fish oil but also in the soybean
group. o-M was not detectable before carrageenin
injection, suggesting that this putative anti-
inflammatory factor does not participate in the
observed anti-inflammatory effect. Corticosterone
levels were higher in fat-fed than in control rats,
before carrageenin stimulus and adrenalectomy
abolished the anti-inflammatory response in fat-
fed animals, showing the important role of the
adrenocortical hormones in this process.
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Introduction

The fatty acids of membrane phospholipids
act as precursors of several biologically active
mediators. Arachidonic acid, an n6 poly-
unsaturated fatty acid (n-6 PFA), is a substrate
for both cyclooxygenase, which leads to the
pro-inflammatory  prostaglandins (Pg) and
thromboxanes (Tx); and lipoxygenase, which
causes the production of leukotrienes (Lt),
which are important mediators of the inflamma-
tory response.’”? It is now well established that
the fatty acid composition of membrane phos-
pholipids can be modified by some dietary com-
ponents. As n-3 polyunsaturated fatty acids (n-3
PFA) are rapidly and preferentially incorporated
into membrane phospholipids, the presence of
large quantities of these fatty acids in the diet
results in reduced production of arachidonic
acid metabolites. In this situation products with
less potent inflammatory activity are pro-
duced.3*

It has been suggested that this lower level of
arachidonic acid-derived mediators exerts a ben-
eficial effect on some inflammatory processes.’
Indeed, several studies have shown that the
severity of rheumatoid arthritis is reduced when
high quantities of n-3 PFA are giver1.6_8 Fish oil
that is rich in n-3 PFA has been associated with
reduction in mortality from coronary artery
disease® On the other hand, evidence that fish
oil administration enhances collagen-induced
arthritis in rats and exacerbates auto-immune
vasculitis in mice'® have dictated caution in pre-
mature use of fish oil treatments in inflammatory
diseases.
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Changes in the lipid composition of cell
membranes may also alter the production of
non-lipid inflammatory mediators such as inter-
leukin-1 (IL-1) and tumour necrosis factor
(TNF)."! IL-1 has been shown to stimulate the
secretion of glucocorticoids from the adrenal
gland, an effect mediated by locally released
catecholamines.>'> On the other hand, gluco-
corticoids have been shown to alter the produc-
tion of cytokines, such as TNF-a and IL-1.}4 An
inhibitory effect of glucocorticoids on the in
vitro release of TNF* and cytokines'® has been
demonstrated. Glucocorticoids are known to
induce synthesis of lipocortins,'”” which in turn
have been demonstrated to inhibit phospholi-
pase A,'™® with decreased arachidonic acid and
Pg production.

In a previous paper, we showed that the pre-
sence of adequate levels of adrenal hormones are
essential for the production of acute phase reac-
tants.'® In another study, utilizing the rat paw
oedema model we also demonstrated that o,
macroglobulin (e,-M) is an important anti-inflam-
matory factor acting on the counter-irritation
phenomenon and that this effect is mediated by
glucocorticoids.?

Although the inflammatory process has been
associated with glucocorticoids, acute phase reac-
tants, and arachidonic acid metabolites, the parti-
cipation of these factors on the inflammatory
response of animals fed different lipid diets has
not been determined. Consequently, the present
study was aimed at investigating the effects of an
n-6 or n-3 PFA-rich diet on acute inflammatory
oedema, and the participation of adrenal gland,
corticosterone and a-M on this process.
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Materials and Methods

Animals and treatment: Male Wistar rats (28—34
days old) weighing approx. 70g were used. They
were housed under controlled condition of light
(light on from 7:00 am to 7:00 pm) with free
access to chow and water. Body weight and food
intake were determined weekly. For 48—53 days
the rats received one of three types of diet: (1)
standard balanced chow with 4% fat and 22%
protein (Nuvilab) (control group); (2) n-6 poly-
unsaturated fat-rich diet prepared by adding 15%
of soybean oil to control chow (soybean group);
and (3) n-3 polyunsaturated fat-rich diet pre-
pared by adding 15% of fish oil (Sigma) to
control chow (fish group). Soybean and fish oil
are rich in fatty acids of the n-6 and n-3 type,
respectively. Owing to the addition of fat, 12% of
casein (Sigma) was also added to diets 2 and 3,
to prevent these diets being hypoproteic relative
to control chow.

Measurement of plasma corticosterone and o.»-M:
Blood samples were collected from the tail vein,
1 week before the oedema experiment. Tri-
sodium citrate at a final concentration of 23 mM
was used as anticoagulant. Corticosterone was
estimated by a fluorometric method.?!

®-M was determined by radial immunodiffu-
sion.?? Because pure o,-M as standard was not
available, the results were compared to plasma
from turpentine injured rats to which a value of
100 arbitrary units (a.u.) of o,-M was ascribed.?

Bilateral adrenalectomy: The adrenal glands
were removed under pentobarbital sodium anaes-
thesia (50mg/ml i.p.) by the dorsal approach.?
The adrenalectomized rats were supplied with
saline ad lLibitum and were used 6-7 days after
surgery. To check the success of the adrena-
lectomy, plasma corticosterone was determined.

Production and measurement of paw oedema:
Carrageenin (Sigma type IV) was dissolved in dis-

tilled water, (1.0mg/ml) and 0.1 ml of this solu-
tion was injected into the sub-plantar area of the
hind paw. All animals were maintained under light
anaesthesia (sodium pentobarbital, 40mg/kg,
i.p.), throughout the experiments. Paw volumes
were determined hourly by phlethysmography (H.
Basile, Milan, Italy). Each measurement was repe-
ated three times and the mean value calculated.
The period of observation was 4 h.

Statistical analysis: Data were expressed as mean
values + S.E.M. Statistical analysis was performed
using ANOVA followed by the Duncan’s test for
multiple comparison. Significance was set at the
» < 0.05 level.

Results

Food intake and body weight: The food intake
results were expressed as g/rat/day and the body
weight as percentage increase of initial weight.
The food intake was significantly reduced in both
soybean and fish groups when compared to the
control group. The soybean group had its food
intake reduced after the third week and the fish
group had a reduction after the first week of
treatment (Table 1). A significant increase of
body weight was observed in soybean rats after
the fourth week and in fish group after the first
week (Table 2).

Carrageenin oedema, 0-M, and corticosterone
levels: Results of carrageenin oedema were
expressed as the percentage increase from basal
value, to correct for variability between initial
paw volume. A significant inhibition of the carra-
geenin oedema was observed in the soybean and
fish groups as compared with control rats. The
carrageenin oedema of the soybean group was
even smaller than that of the fish group (Fig. 1
and Table 3).

o-M was not detectable before the oedema
experiment in soybean, fish or control rats

Table 1. Food intake (g/rat/day) of rats fed the three diets, during the first 6 weeks

Diet Week
1 2 3 4 5 6
Control 13.17 16.49 21.17 22.03 23.17 23.94
+0.77 + 1.07 4+ 0.95 + 0.67 + 0.68 +0.70
(13) (15) (14) (16) (14) (16)
Soybean 11.46 14.17 1491 14.78* 16.27* 16.77*
+ 0.51 + 0.76 + 0.39 + 0.65 + 0.53 + 0.80
(14) (17) (16) (18) (16) (18)
Fish 8.20" 11.60" 14.67" 17.36* 17.63* 17.41*
+ 057 + 0.34 + 0.38 +0.45 + 0.53 + 0.40
(13) (13) (13) (13) (13) (13)

Data are shown as means 1 S.E.M. In parenthesis is the number of groups. Each group had 5-7 rats.
*Statistically significant difference (p < 0.05) from control group.
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Table 2. Percentage increase in body weight of rats fed the three diets during the first 6

weeks
Diet Week
1 2 3 4 5 6
Control 32.32 65.20 128.12 171.46 217.40 249.79
4208 +4.02 + 5.20 +6.38 +7.82 +8.16
(45) (35) (45) (45) (45) (45)
Soybean 36.75 70.30 141.41 197.568°  249.61°  286.09°
+2.55 +5.43 +5.58 +6.94 +9.34 +9.94
(38) (24) (38) (38) (38) (38)
Fish 4757°  106.83'  162.13* 21288  253.15°  285.69"
+2.39 +2.69 +3.32 +4.29 +5.12 + 6.08
(a1 (41) (a1) (a1 (1) (1)
Data are shown as means 1 S.E.M. The number of rats is given in parenthesis.
*Statistically significant difference {(p < 0.05) from control group.
(Table 4). The corticosterone plasma concentra- 100
tion was expressed as pg of corticosterone/dl of ¥
plasma. The corticosterone levels of soybean and 4 g0}
fish groups, before carrageenin injection, were  §
significantly increased in relation to the control 8 ¢l /. T To T
group (Table 4). z T I
& 40 ,—T —————— T I
Carrageenin oedema in adrenalectomized S 5 Jemm
groups: The adrenalectomized control group had § wl /7
a significantly increased oedematous response g [
when compared with control rats. In adrenal- £ ("

ectomized soybean and fish groups the observed 0 1 2 3 4
oedema was significantly increased in relation to Time (h)

intact fish and soybean groups, but these
responses were not different from that of adre-
nalectomized control rats (Fig. 2 and Table 3).

FIG. 1. Carrageenininduced paw oedema formation in rats fed
with control (—), soybean {- -) or fish {(-) oilrich diets.

Discussion that fatty acids are of great importance in main-

taining cell membrane structure, they are key

The alterations in the production of inflamma-
tory mediators and modulators evoked by
changes in dietary fatty acid composition might
result from changes in membrane fluidity or
changes in the release of membrane derived
intracellular messengers.* In addition to the fact

determinants of the behaviour of membrane
bound enzymes and receptors.?

In the present experiments, fat-fed rats had a
higher increase in body weight with a lower food
intake than animals fed control chow. In opposi-
tion to these results, some authors?*?” have

Table 3. Oedema formation (% increase of paw volume) in rat paws 1-4h after carrageenin, in normal and

adrenalectomized rats fed the three diets

Diet Normal rats Adrenalectomized rats
1h 2h 3h 4h 1h 2h 3h 4h
Control 68.65 76.89 81.69 72.11 88.46 119.33 123.86 113.72
+ 4.95 1+ 6.04 + 7.00 + 5.61 + 6.15 + 7.08 + 6.09 +5.84
(15) (15) (15) (15) (12) (12) (12) (12)
Soybean 32.86" 41.46" 50.42* 42.30" 96.39 114.56 111.62 99.35
+4.16 + 4.66 +5.20 +4.98 + 7.31 + 7.80 +5.67 +5.23
(11) (11) (11) (11) (11) (11) (11) (1
Fish 51.28+ 60.65+ 62.13" 61.62" 71.38 113.00 127.56 1156.80
+ 3.67 +4.89 + 4.06 +4.41 + 757 + 7.03 +7.83 +8.78

(11) (11) 11)

(10)

(10) (10) (10) (10)

Data are shown as means + S.E.M. The number of rats is given in parenthesis.

*Statistically different (p < 0.05) from control group.
Ystatistically different (p < 0.05) from soybean group.
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Table 4. Corticosterone (pg/dl) and oy -macroglobulin (a.u.)
plasma levels in rats, after 6 weeks of diets

Control Soybean Fish
Corticosterone 18.89 25.70" 27.52°
+ 1.19 + 1.07 + 142

(17) (12) (14)

az-Macroglobulin nd nd nd

(10) (10) (15)

Data are shown as means + S.E.M. The number of rats is given in
parenthesis. For corticosterone the numbers indicate pools from 2~3 rats.
nd = not detectable.

*Statistically significant difference {p < 0.05) from control group.
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FIG. 2. Carrageenin-induced paw oedema in adrenalectomized
rats fed with control (—), soybean (- -) or fish () oil-rich diets.

observed a similar evolution of body weight and
food intake between rats fed control chow and
an n-6 fatty acid-rich diet. These authors,
however, studied a lower number of animals and
used Purina chow, to which 12% of casein was
added as control chow.

In this study, the intake of an n-3 or n-6
PFA rich-diet for approx. 7 weeks caused a
significant anti-inflammatory effect on carrageenin
oedema in rats. The inflammatory response of
the soybean group was even smaller than that of
the fish group. Corticosterone levels were higher
in fatfed rats than in control rats, before carra-
geenin injection. Additionally, adrenalectomy
abolished the anti-inflammatory effect observed
in the fat-fed animals.

Some studies have associated anti-inflammatory
effects with diets high in n-3 PFA®"® and a
reduced production of arachidonic acid meta-
bolites was thought to be responsible for some
of these effects. Studying an acute inflammation
model, the carrageenin oedema, we could
demonstrate not only an anti-inflammatory effect
of an n-3 PFA-rich diet but also a strong anti-
inflammatory effect of an n-6 PFA-rich diet.

It is difficult to attribute our results to changes
in Pg production, since it has been demonstrated
that different kinds of Pgs are produced in
response to these different fatty acid-rich diets.”
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Moreover, it has been shown that Kupffer cells
from rats fed an n-3 PFA rich-diet, when stimu-
lated with lipopolysaccharide (LPS), have a lower
production of the pro-inflammatory arachidonic
acid metabolites PgE;, Pgl,, and TxA; than
Kupffer cells from rats fed an n-6 PFA rich-diet.®
We suggested previously”® that a,-M levels
were an important factor accounting for the anti-
inflammatory effect observed in the counter-irti-
tation phenomenon, when a second carrageenin
oedema was induced 24h after the first one.
Since a,-M is a specific proteinase inhibitor, this
putative anti-inflammatory factor®®® could con-
tribute to the anti-inflammatory effect observed
in fatfed animals. However, o,-M was not
detectable before carrageenin injection in
soybean, fish or control rats. This finding
demonstrates that the two kinds of fat diets used
did not stimulate a,-M synthesis and suggests
that this protein does not participate in the anti-
inflammatory effect observed during acute
inflammation in rats fed fat diets. On the other
hand, the elevated corticosterone levels of fat-fed
animals, before carrageenin oedema, suggest that
this hormone could be one of the factors deter-
mining the anti-inflammatory effect observed. To
our knowledge, this is the first demonstration of
a putative association between corticosterone
levels and/or the presence of the adrenal gland
and the inflammatory response of rats fed fat-
rich diets.
~ Billiar et al*® showed a reduction in TNF and
IL-1 release by Kupffer cells from rats fed n-3 or
n-6 PFA rich-diets. They could not explain these
findings by changes in Pg production, since the
reduced PgE, release induced by a fish oil diet
would be expected to result in a greater release
of cytokines, as a result of a loss of the negative
feedback of PgE,3° Although these authors®
have not studied a pure chow-fed control group
(not receiving an excess of fat) it is possible
that the decrease of these important monokines
involved in the inflammatory process may have
contributed to the anti-inflammatory effect
observed in carrageenin oedema in the present
experiments. Some studies have demonstrated
that glucocorticoids may not only modulate the
function of Kupffer cells and other macrophages
but also potentially interact with TNF-a pro-
duced by Kupffer cells® Indeed, Kutteh er al”
showed that LPS-induced production of TNF-a
by Kupffer cells can be suppressed by gluco-
corticoids. In view of these observations it can
be speculated that the high corticosteroid levels
in our fat-fed animals had an inhibitory effect on
the release of important inflammatory mediators,
resulting in an anti-inflammatory action of fat
diets. Indeed, we found higher corticosteroids
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levels associated with decreased oedematous
response in the fat-fed animals. Moreover, adre-
nalectomy abolished the inhibitory effect in
these groups.

In the present study adrenalectomy increased
the oedematous response of all groups. Interest-
ingly, it suppressed the differences in oedema
response among controls, soybean and fish
groups. These results seem to be correlated with
those reported by Baybut and Holsboer.* These
authors demonstrated, in cultured cells, an inhi-
bitory effect of cortisol on LPS-induced IL-1
telease. The removal of cortisol resulted in an
increased ability of those cells to synthesize IL-1,
which exceeded the response of the control cells
that had not been pre-treated with cortisol. Thus,
it is possible that the pre-adrenalectomy high
levels of corticosteroids may have increased the
ability of the adrenalectomized fat-fed rats to
produce inflammatory mediators.

The anti-inflammatory response of the soybean
group was higher than that of the fish group but
the corticosterone levels were not different
between them. The absence of a clear relation
between corticosterone levels and oedema inhi-
bition indicates that other anti-inflammatory
factors, in addition to corticosteroids, may be
involved. Additionally, it is possible that soybean-
rich diet has a more pronounced effect on
inflammatory mediators than that of a fish oil-
rch diet in the acute inflammation. Since the
anti-inflammatory effect was abolished by adrena-
lectomy, it is reasonable to think that those puta-
tive factors are corticosterone dependent and the
adrenal glands are likely to play a role in the
phenomenon. Further studies, however, are
necessary to determine the precise sequence of
events that take place in this complex process.
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