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Abstract

Previous studies have demonstrated that the intake of a 1% conjugated linoleic acid (CLA) diet in an 80:20 mixture of cis-9,trans-11 and trans-10,cis-12 exerts
age-specific effects on the immune system: immunoglobulin enhancement and proliferative down-modulation in neonatal and adult rats, respectively. The
present study evaluates the influence of the same diet on antibody synthesis of early infant Wistar rats during suckling and/or after weaning. Dietary
supplementation was performed during suckling and early infancy (4 weeks), only during suckling (3 weeks), or only in early infancy (1 week). CLA content in
plasma and serum immunoglobulin (Ig) G, IgM and IgA concentration were determined. Proliferation, cytokines and Ig production were evaluated on isolated
splenocytes. Cis-9,trans-11- and trans-10,cis-12-CLA isomers were detected in the plasma of all CLA-supplemented animals, and the highest content was
quantified in those rats supplemented over the longest period. These rats also exhibited higher concentrations of serum IgG, IgM and IgA. Moreover, splenocytes
from CLA-supplemented rats showed the highest IgM and IgG synthesis and interleukin (IL)-6 production, whereas their proliferative ability was lower. In
summary, in infant rats, we observed both the enhance antibody synthesis previously reported in neonates, and the reduced lymphoproliferation previously
reported in adults.
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Historically, considerable attention has been focused on neonatal
nutrition, and within this field, the importance of polyunsaturated
fatty acids (PUFAs) other than arachidonic acid and docosahexaenoic
acid (DHA) has been highlighted [1]. Neonatal development,
particularly neonatal immunity, is influenced after birth by consump-
tion of breast milk [2,3]. Breast milk includes many bioactive
components, such as antibodies, growth factors, cytokines, nucleo-
tides, cells and lipids as conjugated linoleic acid (CLA), that influence
maturation of the developing immune system [4,5]. In addition, it has
been demonstrated in animal models that milk-derived immune
factors can cross the neonatal intestine and influence beyond this
Abbreviations: CLA, conjugated linoleic acid; PPAR, peroxisomeproliferator-
activated receptor; IL, interleukin; Ig, immunoglobulin; IFN, interferon.
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compartment [3]; moreover, they can provide further protection in
weaning [6].

CLA was first identified as a main component of fried ground beef
with anti-carcinogenic properties [7], and it has also been found in
human breast milk ranging from 2.23 to 5.43 mg/g fat [8]. Many
effects have been attributed to CLA, such as reducing atherosclerosis
severity [9,10] and body fat, while enhancing lean bodymass [11]. The
diversity of the biological activities of CLA is due to its variable
composition, since it is a mixture of more than 20 geometric and
positional isomers. However, the primary research is focused on the
two biologically active isomers of CLA: cis-9,trans-11 (c9,t11) and
trans-10,cis-12 (t10,c12) [12]. These two isomers have shown
additive, independent, or even antagonistic effects. Both CLA isomers
have anticarcinogenic effects and probably immunomodulatory
properties, but the t10,c12 CLA isomer is better known to be
responsible for body fat reduction [13]. The c9,t11 isomer constitutes
more than 80% of CLA in breast milk and dairy products and, because
of that, its influence in early age becomes of special interest [8,14,15].

Over the past 20 years, numerous studies have been conducted in
rodents, pigs and chickens, using CLA at doses ranging from 0.5% to 1%
of total dietary fat [16]; however, most of them have been performed
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in adult animals, and in humans, using 50:50 isomeric mixtures of c9,
t11 and t10,c12 CLA. These mixtures and the pure isomers have
reported different effects depending on the age of the animals used.
CLA modulates lymphoproliferation in adult animals and in humans
by decreasing polyclonal proliferative ability, like many other PUFAs,
but increases specific proliferative response after challenge [17–20].
However, no effect on lymphoproliferation is observed in neonatal
animals fed CLA [21]. On the other hand, although several studies in
adult animals following CLA diets do not modify in vitro or in vivo
immunoglobulin (Ig) production [19,20,22,23], some enhancing
effects on immunoglobulin synthesis are described for neonatal and
young rodents after CLA consumption [21,24,25].

In previous studies, we have demonstrated substantial immuno-
modulatory effects on neonatal and adult rats after a cis-9,trans-11
CLA-enriched diet. The present work evaluates the influence of the
same CLA diet on early infant Wistar rats (4 weeks old). At this age,
their immune system is still in maturation (i.e., antibody production);
however, some immune functions are already mature and very
similar to those of adult animals (i.e., lymphoproliferative ability).
Moreover, as it has been suggested that CLA intake during early stages
of development may have effects later in life [26,27], we have also
studied whether CLA supplementation limited to suckling produces
effects which can last until early infancy (1 week later).
2. Material and methods

2.1. Animals

Pregnant Wistar rats at 7 days of gestation were obtained from Harlan (Barcelona,
Spain). The animals were housed in individual cages under controlled temperature
and humidity conditions in a 12 h:12 h light:dark cycle and had access to food and
water ad libitum. The rats were allowed to deliver at term. The delivery day was
identified as Day 1 of life. Litters were randomized and unified to 10 pups per
lactating dam; pups had free access to the nipples and rat diet. All daily handling was
done in the same time range to avoid the influences of biological rhythms. Body
weight and body length (nose–anus length) were used to determine the following
morphometrical parameters: body mass index (BMI), calculated as body weight/
length2 (g/cm2) and Lee index, calculated as 3√weight/length (3√g/cm).

Twenty-eight-day-old rats were anaesthetized with ketamine/xylazine to obtain
spleens and blood for plasma and serum samples, which were immediately frozen at
Fig. 1. Diagram of the experimental design beginning on the day of birth until day 28 of life. 1
−80°C until processing. Studies were performed in accordance with the institutional
guidelines for the care and use of laboratory animals established by the Ethical
Committee for Animal Experimentation at the University of Barcelona and the
Catalonian Government (CEEA 303/05 UB/DMA 3242).

2.2. Diets

The standard diet corresponded to the American Institute of Nutrition (AIN)-93G
formulation [28], containing 7% soybean oil. A 1% CLA diet was obtained from
modified standard flour AIN-513 (Harlan) containing 10 g CLA/kg [27,28]. Thus, the
supplemented diet contained 6% soybean oil plus 1% CLA oil. The CLA isomer
mixture was approximately 80% c9,t11 and 20% t10,c12 from the total CLA isomers
in oil. This proportion has been chosen due to its resemblance to that one present in
breast milk [8]. The CLA mixture had 0.69% free fatty acids as oleic acid, a peroxide
value of 0.2 mEq/kg, 5.6% saturated fatty acids and less than 5% of minor CLA
isomers. CLA oil was kindly supplied by Loders Croklaan, Lipid Nutrition,
Wormerveer, The Netherlands.

As suckling pups did not eat pelleted diet until weaning, daily administration of
1.5 mg CLA/g per rat from Day 1 to 21 corresponds to a 1% CLA diet in suckling
animals as previously described [21]. This data is based on the daily intake of rats
from 21 to 28 days old (10–15 g chow/100 g of rat body weight). Low-capacity
syringes (Hamilton Bonaduz, Bonaduz, Switzerland) adapted to oral 25- or 23-gauge
gavage tubes, 27 mm in length (ASICO, Westmont, IL, USA), were used for oral
administration before and after Day 5, respectively. To allow gastric emptying, litters
were separated from dams 1 h before oral supplementation.

2.3. Study design

On the delivery day, animals were distributed into four experimental groups (two
dams with 10 pups each, n=20/group), according to the total period of CLA
supplementation (Fig. 1):
Four-week group: During suckling, pups received CLA daily by oral gavage; after
weaning, animals were fed 1% CLA pelleted diet from Day 21 to 28. Total period of
supplementation, 4 weeks.
Three-week group: During suckling, pups received CLA daily by oral gavage; after
weaning, animals were fed standard diet until day 28. Total period of
supplementation, 3 weeks.
One-week group: Rats received 1% CLA-pelleted diet exclusively for one week after
weaning (Days 21–28). Total period of supplementation, 1 week.
Control group: these animals constitute the control diet group. Total period of
supplementation, 0 week.

All animals from the four dietary groups were sacrificed at the age of 28 days.
Total period of CLA supplementation from the day of birth until 1 week after weaning.



Table 1
Morphometrical parameters in 28-day-old ratsa

4 weeks 3 weeks 1 week Control

Body weight (g) 88.39±1.65⁎ϕ 86.49±3.38ϕ 70.21±3.24 75.74±3.75
BMI (g/cm2) 0.41±0.01 0.39±0.01 0.37±0.01 0.37±0.01
Lee index (3√g/cm) 0.30±0.01 0.29±0.01 0.30±0.01 0.30±0.01

a Body weight, BMI and Lee index are expressed as mean±S.E.M. (n=20); 4-week
group, pups supplemented with CLA during suckling by oral gavage and from 21 to
28 days old (early infancy) through solid diet; 3-week group, pups supplemented with
CLA during suckling by oral gavage; 1 week group, pups supplemented with CLA diet
only during early infancy. Control group, pups from reference group non-supplemen-
ted. Significant one way ANOVA differences: ⁎Pb.05 vs. control group; ϕPb.05 vs.
1-week group.

Table 2
Relative content of c9,t11- and t10,c12-CLA isomers as percentage of total fatty acids in
plasma of 28-day-old pupsa

CLA isomer 4 weeks 3 weeks 1 week Control

c9,t11 1.31±0.03⁎ϕψ 0.44±0.03⁎ϕ 1.23±0.03⁎ψ 0.15±0.01
t10,c12 0.13±0.01⁎ϕψ 0.05±0.00⁎ϕ 0.08±0.00⁎ψ N.D

a All values are mean±S.E.M. (n = 10). 4-week group, pups supplemented with
CLA during suckling by oral gavage and from 21- to 28-day-old (early infancy) through
solid diet; 3-week group, pups supplemented with CLA during suckling by oral gavage;
1-week group, pups supplemented with CLA diet only during early infancy. Control
group, non-supplemented pups from reference group. N.D, non-detectable. Significant
one-way ANOVA differences: ⁎Pb.001 vs. control group; ϕPb.001 vs. 1-week group;
ψPb.001 vs. 3-week group).
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2.4. CLA and fatty acid quantification in rat plasma

Fatty acid composition and c9,t11 and t10,c12 CLA isomers content were quanti-
fied in rat plasma by fast gas chromatography using a capillary column (40 m×
0.18 mm×0.20 μm), coated with RTX-2330 non-bonded stationary phase (poly 90%
biscyanopropyl-10% cyanopropylphenyl) siloxane from Thames Restek UK (Saunder-
ton, UK) as previously described [29]. Fatty acid methyl esters of the sample were
identified by the comparison of their relative retention times with those of well-known
fatty acid methyl esters (FAMEs) standards. Quantification was based on the amount of
the internal standard recovered. The results were expressed in relative amounts (%
total fatty acids).

2.5. Isolation of spleen lymphocytes

Spleen cell suspensions were obtained in sterile conditions as previously described
[30]. Briefly, the tissue was passed through a steel mesh (Cellector; Bellco, Vertrieb,
Austria). Erythrocytes were lysed from cell suspension. After washing, cells were
resuspended at 106 cells/ml in RPMI-10% fetal bovine serum containing 0.05 mmol/L 2-
mercaptoethanol (Merck, Darmstadt, Germany), 100 IU/ml streptomycin–penicillin
(Sigma, St. Louis, MO, USA) and 2 mmol/L L-glutamine (Sigma). Cell viability was
determined by double staining with acridine orange and ethidium bromide (Sigma).
Cells were plated and cultured in different conditions according to assay.

2.6. Spleen lymphocyte proliferation

Lymphocytes were cultured at 1×105 cells/100 μl in a 96-well plate and stimulated
with phorbol myristate acetate (PMA) plus ionomycin (Io), both at 250 ng/ml (Sigma)
at 37°C and 5% CO2. Lymphocyte proliferation was determined by a modified ELISA
using Cell Proliferation Biotrak (Amersham Biosciences, Munich, Germany) after 72 h
of incubation as previously described [23]. The proliferation rate (%) was expressed
considering the control diet group as 100%; results based on absorbance (Ab)
quantification were expressed as follows:

Proliferation rate (%)=(A/B)×100, where,

A=[(Abstimulated cells−Abnonstimulated cells)/Abnon-stimulated cells] CLA diet, and
B=[(Abstimulated cells−Abnonstimulated cells)/Abnonstimulated cells] standard diet.

A parallel plate was cultured with the same samples and conditions to determine
the cell viability after 72 h of culture.

2.7. In vitro cytokine production

Splenocytes were cultured at 3×106 cells/ml in a 24-well flat-bottom plate (TPP,
Trasadingen, Switzerland) and stimulated for 24 h at 37°C and 5% CO2 with PMA plus Io
(250 ng/ml, Sigma). interleukin (IL)-2, interferon (IFN) γ, IL-4, IL-6, and IL-10
concentration from supernatants was quantified following the manufacturer's
instructions for rat ELISA sets from BioSource (Nivelles, Belgium) and BD Pharmingen
(Erembodegem, Belgium).

2.8. Splenocytes in vitro Ig production and serum Ig concentration

IgG and IgM produced by nonstimulated splenocytes for 7 days and serum IgG, IgM
and IgA concentration were quantified using a sandwich ELISA technique as previously
described [31]. Briefly, 96-well polystyrene plates (Nunc MaxiSorp, Wiesbaden,
Germany) were coated with adequate dilution of capture antibodies (anti-rat IgG,
IgM and IgA monoclonal antibodies). After samples and standards incubation, Ig
isotypes were detected by adding biotin-conjugated anti-rat IgG, IgM or IgA antibodies
followed by ExtrAvidin-peroxidase (Sigma). IgG, IgM and IgA standards and antibodies
were provided by BD Pharmingen.

2.9. Statistical analysis

SPSS 16.0 (SPSS, Chicago, IL, USA) was used for the statistical analysis.
Conventional one-way analysis of variance (ANOVA) was performed considering the
experimental group as an independent variable. When CLA supplementation had a
significant effect on the dependent variable, Bonferroni's and Scheffé's tests were
applied. Significant differences were accepted at Pb.05.

3. Results

3.1. Body weight

Rats' body weight was monitored daily throughout the study.
Animals supplemented with CLA during suckling (4- and 3-week
groups) exhibited higher body weight at the end of the study
compared to that of animals only supplemented during early
infancy (1-week group, Pb.05) and to those that were non-
supplemented (control group) (Table 1). Chow intake during the
last week of study was similar among the four dietary groups (12–
15 g/100 g rat). Moreover, no differences in BMI or Lee index were
found among groups.

3.2. Relative CLA concentration and fatty acid composition in rat plasma

c9,t11- and t10,c12-CLA isomers were quantified in plasma from
28-day-old animals (Table 2). Plasma from control rats had no t10,
c12-CLA and a low content of c9,t11-CLA, which were lower than
those found in the rest of the groups (Pb.05). The animals who
received CLA supplementation continuously during suckling and early
infancy (4-week group) showed the highest content of both CLA
isomers among the groups (Pb.05). However, rats from the 3-week
group (supplemented only during suckling and not during the last
week) presented lower content of both CLA isomers in plasma than rats
from the 1-week group (supplemented only after weaning) (Pb.05).
Moreover, the relative proportion between c9,t11- and t10,c12-CLA
was higher in all CLA-supplemented groups (4-week, 91:9; 3-week,
90:10; 1-week, 94:6) than that of the original mixture (80:20).

Plasma fatty acid composition, as a percentage of total fatty acid
content, is summarized in Table 3. Feeding CLA resulted in several
changes in the fatty acid profile of plasma. The proportion of satu-
rated, n-3 and n-6 fatty acids showed different patterns among
groups. However, some common effects were observed due to CLA
diet. The proportion of the major n-6 fatty acid, linoleic acid (C18:2),
was significantly reduced in all CLA-supplemented groups (Pb.05).
Furthermore, the relative content of the longest chain n-3 PUFA (C22:5;
C22:6) was significantly increased in animals receiving CLA for 1 and
3 week (Pb.05). Although total n-3 and n-6 fatty acid content was not
significantly different among groups, the 1-week group showed a
higher plasma ratio of n-3/n-6 than the other groups (Pb.05).

3.3. Serum immunoglobulin concentrations

Serum IgG, IgM and IgA concentrations were quantified in 28-day-
old animals (Fig. 2). Rats from the control group had ∼2 mg/ml of IgG



Table 3
Fatty acid composition of rat plasma of the four dietary groups (g/100 g of total fatty
acids)a

Group

Fatty Acid 4 weeks 3 weeks 1 week Control

C10:0 2.16±0.14⁎ϕψ 1.53±0.08⁎ϕ 1.41±0.07⁎ 1.99±0.08
C12:0 1.09±0.10⁎ϕ 1.12±0.09⁎ϕ 0.78±0.04⁎ 1.02±0.06
C14:0 2.08±0.07⁎ϕψ 1.52±0.08⁎ϕ 2.94±0.20⁎ 1.30±0.09
C14:1 1.07±0.08⁎ϕψ 1.16±0.04⁎ϕ 0.71±0.03⁎ 0.98±0.10
C16:0 19.65±0.34ϕ 19.75±0.50ϕ 23.21±0.44⁎ 19.55±0.78
C16:1 1.10±0.08⁎ϕψ 0.90±0.05⁎ϕ 0.82±0.02⁎ 0.97±0.09
C18:0 10.37±0.32⁎ϕψ 11.03±0.31⁎ϕ 9.78±0.21⁎ 10.63±0.29
C18:1t n-9 0.00±0.00ψ 0.04±0.01⁎ 0.04±0.00 0.00±0.00
C18:1c n-9 11.35±0.24ϕψ 10.29±0.33⁎ϕ 10.77±0.47⁎ 11.50±0.26
C18:1c n-7 1.43±0.04⁎ϕψ 1.11±0.06⁎ϕ 1.05±0.08⁎ 1.54±0.07
C18:2t n-6 0.69±0.03⁎ϕψ 0.52±0.02⁎ϕ 0.27±0.02⁎ 0.43±0.02
C18:2c n-6 26.52±0.55⁎ϕψ 27.55±0.84⁎ϕ 24.73±0.84⁎ 28.94±0.70
C18:3 n-6 0.36±0.01⁎ϕψ 0.30±0.02⁎ 0.31±0.02⁎ 0.43±0.03
C18:3 n-3 1.40±0.36 1.22±0.05⁎ 1.24±0.07⁎ 1.58±0.13
C20:0 0.21±0.01⁎ϕψ 0.16±0.01⁎ϕ 0.10±0.01⁎ 0.17±0.01
C18:2t 1.44±0.04⁎ϕψ 0.49±0.03⁎ϕ 1.31±0.03⁎ 0.15±0.01
C20:1 n-9 0.12±0.01⁎ϕ 0.12±0.01⁎ϕ 0.10±0.01⁎ 0.08±0.01
C20:2 n-6 0.34±0.00⁎ϕψ 0.42±0.04⁎ϕ 0.25±0.03⁎ 0.30±0.02
C20:3 n-6 0.42±0.02ϕψ 0.46±0.03⁎ϕ 0.58±0.05⁎ 0.42±0.02
C20:4 n-6 13.69±0.19ϕψ 15.68±0.50⁎ϕ 14.53±0.48⁎ 13.65±0.37
C22:0 0.18±0.01⁎ϕψ 0.05±0.01⁎ϕ 0.11±0.01⁎ 0.16±0.01
C22:1 0.14±0.01⁎ϕψ 0.11±0.01⁎ϕ 0.04±0.00⁎ 0.12±0.01
C22:2 0.34±0.02⁎ϕψ 0.31±0.02⁎ϕ 0.49±0.02⁎ 0.51±0.03
C20:5 n-3 0.00±0.00⁎ 0.00±0.00⁎ 0.02±0.00⁎ 0.07±0.07
C22:4 n-6 0.50±0.03⁎ϕ 0.51±0.03⁎ϕ 0.43±0.03 0.45±0.03
C22:5 n-6 0.35±0.02⁎ϕψ 0.28±0.01 0.29±0.02 0.29±0.02
C22:5 n-3 0.62±0.03ϕψ 0.77±0.02⁎ 0.79±0.04⁎ 0.63±0.02
C22:6 n-3 2.28±0.03ϕψ 2.63±0.10⁎ϕ 2.84±0.10⁎ 2.27±0.11
∑ n-3 4.30±1.37 4.62±0.48 4.89±0.70 4.55±0.74
∑ n-6 42.87±11.60 45.72±19.31 41.39±22.43 44.91±18.75
Ratio n-3/n-6 0.10±0.00ϕ 0.10±0.00ϕ 0.12±0.00⁎ 0.10±0.00

a Values are means±S.D. (n=10); 4-week group, pups supplemented with CLA
during suckling by oral gavage and from 21 to 28 days old (early infancy) through
solid diet; 3-week group, pups supplemented with CLA during suckling by oral
gavage; 1-week group, pups supplemented with CLA diet only during early infancy.
Control group, non-supplemented pups from reference group. Significant one-way
ANOVA differences: ⁎Pb.05 vs. control group;ϕPb.05 vs. 1-week group;ψPb.05 vs. 3-week
group).

Fig. 2. Modulation of IgG (A), IgM (B) and IgA (C) sera concentration by dietary CLA.
Values represent mean±S.E.M.; n=15–20 pups per group. Total period of supplemen-
tation was as follows: 4-week group, CLA supplementation during suckling by oral
gavage and during early infancy through chow; 3-week group, suckling by oral gavage;
1-week group, CLA-fed pups during early infancy. Control group, non-supplemented
animals. Significant one-way ANOVA differences: ⁎Pb.05 vs. control group; ϕPb.05 vs. 1-
week group; ωPb.05 vs. 3-week group.

498 C. Ramírez-Santana et al. / Journal of Nutritional Biochemistry 22 (2011) 495–501
(Fig. 2A), ∼80 μg/ml of IgM (Fig. 2B) and ∼8 μg/ml of IgA (Fig. 2C).
Animals that received CLA diet during and after suckling (4-week
group) showed higher IgG, IgM and IgA sera concentrations than
those receiving CLA only for 1 week after suckling and rats from the
control group (Pb.05). Moreover, rats from the 3-week group, i.e.,
those receiving CLA diet only during suckling, showed 3 times the
IgG concentration than those from the 1 week and control groups
(Pb.05). Considering total serum Ig (data not shown), CLA
supplementation during suckling (4- and 3-week groups) increased
the Ig concentration fourfold compared to the 1-week and control
groups, mainly by increasing the predominant in vivo Ig isotype
concentration, IgG.

3.4. Spleen lymphocyte proliferation, viability and cytokine secretion

CLA supplementation during suckling (4- and 3-week groups)
reduced ex vivo spleen lymphoproliferative ability compared to that
in the 1-week and Control groups, but it was only significant for the
4-week group (Pb.05) (Fig. 3A). CLA supplementation also confers
more resistance to the mitogen toxic effects, the 4-week group
showing the lowest mortality among the groups (Pb.05) (Fig. 3B).
Thus, the decrease in the proliferation rate cannot be attributed to a
lower viability caused by CLA diet. On the other hand, after
stimulating splenocytes for 24 h, IL-2, IFNγ, IL-4 and IL-10
concentration in the culture medium was not significantly modified
in any CLA dietary group (Table 4). However, IL-6 concentration was
increased in the 4-week group compared to the 3-week and 1-week
groups (Pb.05), while IL-6 was not detected in the control group
(Table 4).
3.5. In vitro spleen immunoglobulin production

After 7 days of splenocyte culture, spontaneous production of IgM
and IgG was quantified. Under these conditions, IgM was the
predominant isotype found in supernatants, being ∼100 times higher
than IgG production (Pb.05) (Fig. 4). The groups supplemented with
CLA during suckling (4- and 3-week groups) synthesised higher IgM
and IgG levels than the control group, but it was only significant in the
3-week group (Pb.05). Spleen Ig production from the 1-week and
control groups was similar.



Fig. 3. CLA effects on proliferation rate (A) and cell death (B) in mitogen-stimulated spleen lymphocytes. Values represent mean±S.E.M.; n=15–20 pups per group. Total period of
supplementation was as follows: 4-week group, CLA supplementation during suckling by oral gavage and during early infancy through chow; 3-week group, suckling by oral gavage;
1-week group, CLA-fed pups during early infancy. Control group, nonsupplemented animals. Significant one-way ANOVA differences: ⁎Pb.05 vs. control; ϕPb.05 vs. 1-week group;
ωPb.05 vs. 3-week group.
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4. Discussion

The neonatal immune functionality of mammals is very limited,
and during early life, it gradually starts to acquire the immune status
of adults [32,33]. The impact of nutritional fatty acids on the
development of the early immune system has been demonstrated
to involve regulation of metabolic processes and gene expression of
important proteins such as enzymes and cytokines [34]. Some studies
have evaluated the effect of CLA isomermixtures on immune function
in adult animals at doses ranging from 0.1% to 2% of diet (w/w) [35].
Moreover, in previous studies, we have shown the effects of CLA on
the immune system in neonatal rats [21]. In the present study, we
establish the immunomodulatory effects of an 80:20 mixture of c9,
t11- and t10,c12-CLA after weaning on rats supplemented with CLA
from birth until the end of suckling and/or early infancy.

In the present study we observed that CLA was absorbed by all
the supplemented animals since c9,t11- and t10,c12-CLA isomers
were detected in the plasma of all 28-day-old rats fed CLA. These
results match previous data obtained in 21-day-old animals [21] and
with other PUFAs studies using similar experimental designs [22,36].
The highest content of CLA in plasma was achieved in the longest
and continuous CLA supplementation (4-week group), whereas the
group that received CLA for 3 week and then nothing for 1 week
exhibited lower CLA plasma content than the 1-week group which
only received CLA for the last week. Previous interventional studies
have shown that the proportion of fatty acids in the dietary
supplement is highly correlated to that one found in plasma and
membrane [37,38]. Therefore, we can suggest that in our study, just
finishing the supplementation period, CLA plasma levels are an
Table 4
Content of cytokines in 24-h splenocytes supernatants after mitogen stimulationa

Cytokines 4 weeks 3 weeks 1 week Control

Th1
IL-2 (ng/ml) 6.2±0.8 6.1±0.8 7.2±1.1 6.8±1.2
IFNγ (ng/ml) 10.9±1.4 7.1±0.9 7.3±0.8 6.0±1.3
Th2
IL-4 (pg/ml) 27.8±4.0 18.8±2.8 28.7±7.4 17.3±2.4
IL-10 (pg/ml) 244.4±41.0 224.9±29.2 222.4±34.5 191.6±24.2
IL-6 (pg/ml) 219.0±38.0⁎ϕ 40.1±12.9 45.7±15.1 N.D.

a Data are expressed as mean±S.E.M. (n=10); 4-week group, pups supplemented
with CLA during suckling and early infancy; 3-week group, pups supplemented with
CLA during suckling; 1-week group, pups supplemented with CLA during early infancy.
Control group, pups nonsupplemented. N.D., non-detectable. Significant one-way
ANOVA differences: ⁎Pb.05 vs. 3-week; ϕPb.05 vs. 1-week group.
indicative measure of the CLA incorporated in the cell membranes,
in our case for 4 week and 1 week group. But this is not the case for
the 3-week group due to the time lapse between the last CLA intake
and the day of quantification of CLA plasma content. The CLA
membrane incorporation suggested here agrees with the study of
Subbaiah et al. [39], which demonstrates that CLA is incorporated
into cell membranes to varying extent, depending upon the
experimental conditions.

On the other hand, the relative proportion of c9,t11/t10,c12 in the
plasma of CLA-supplemented animals (∼90:10) is higher than in the
original isomer mixture (80:20) administered to the animals. These
changes in proportions could be attributed to the fact that t10,c12-
CLA isomer is more easily oxidized because this isomer activates the
β-oxidation systemmore strongly than c9,t11-CLA [23,40]. Moreover,
although it has been described that both isomers present similar
absorption rates in adult rat intestine [23], it is possible that young
rodents preferentially absorb the c9,t11 isomer. Additionally,
although no t10,c12-CLA was found in the plasma of control animals,
small quantities of c9,t11-CLA isomer were detected, which would
indicate an endogenous production of c9,t11-CLA, as previously
described [41], and, therefore, its influence on the c9,t11/t10,c12 ratio
observed in plasma. In any case, the absorption of CLA modified the
rat plasma fatty acid profile differentially among the groups, but
without changing total n-3 and n-6 fatty acids. However, it is
important to note that the n-3/n-6 ratio was higher in the 1-week
group than in the others, mainly due to the strong reduction of
linoleic acid. Overall, CLA supplementation reduced the major n-6
fatty acid in all supplemented groups and increased themain n-3 fatty
acids, such as DPA and DHA, in the 3- and 1-week groups. These
changes found in the plasma of weaned rats after CLA feeding had no
defined pattern and are in accordance with variations found in
abdominal and muscle lipids of CLA-fed adult rats [42]. Therefore, we
can suggest that changes in immune response found here after CLA
supplementation are mainly due to CLA rather than by modifications
in fatty acid profile.

CLA supplementation from birth during suckling and/or early
infancy increased bodyweight at the age of 28 days. However, in spite
of increasing body weight, CLA supplementation did not modify
morphometrical parameters such as BMI or Lee index, which are
similar to those reported for non-supplemented rats at a similar age
[43], indicating overall a CLA growth improvement. Since the c9,t11-
CLA isomer represents 80% of the mixture used, our results are in line
with the CLA growth effect obtained by the c9,t11-CLA isomer shown
by Pariza et al. [12].



Fig. 4. Dietary CLA changes in splenocyte Ig production. IgM (A) and IgG (B) concentrations in supernatants after 7 days of spleen cell culture. Values represent mean±S.E.M.; n=15–
20 pups per group. Total period of supplementation was as follows: 4-week group, CLA supplementation during suckling by oral gavage and during early infancy through chow; 3-
week group, suckling by oral gavage; 1-week group, CLA-fed pups during early infancy. Control group, non-supplemented animals. Significant one-way ANOVA differences: ⁎Pb.05 vs.
control group.
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Regarding CLA immune effects, the supplementation of c9,t11-
and t10,c12-CLA isomers at 80:20 ratio enhances antibody synthesis
in infant rats, specifically IgG, IgM and IgA isotypes. This effect is
clearly evidenced in animals receiving dietary CLA continuously
during and after suckling. Moreover, this immunoenhancing effect
correlates with the IgA increase found in the intestinal compartment
shown in previous studies, where both IgA gene expression and
protein were up-regulated by CLA [44]. The effect of CLA on in vivo
antibody synthesis partially agrees with results obtained from
isolated splenocytes. Both in vivo and ex vivo CLA-immunopotentiat-
ing effects are higher in 28-day-old animals than those described for
neonatal [21] and, moreover, for adult animals where no effect is
found [20]. Overall, this particular CLA effect seems to be specific to
early life (suckling and infancy), in which antibody production is still
in development in order to control the arrival of new antigens from
ingestion of breast milk during suckling or solid diet thereafter.

Moreover, the animals supplemented only during suckling
(3-week group) developed high IgG serum concentration and high
ex vivo splenocyte IgM and IgG production, thus indicating the lasting
of the CLA effect on the immunoglobulin synthesis later in life, or at
least 1 week after finishing the CLA intake.

Studies in isolated splenocytes from animals fed CLA allow an
approach to the mechanism involved in the immunomodulatory
effect of this fatty acid. Mitogen-induced splenocyte proliferation was
down-modulated in the longer-lasting CLA supplementation, simi-
larly to that described in adults [18–20]. However, this effect was not
observed in 21-day-old animals, probably due to the immaturity of
this function (which is acquired later in life) at a very early age [31].
Thus, the age of 28 days is optimal to evaluate CLA effects, since at this
age, CLA still increases antibody production and is also able to
modulate lymphoproliferation. Calder and Newsholme [45] reported
that some PUFAs inhibited lymphocyte proliferation without
decreasing IL-2 concentration, a fact that is consistent with the
present results showing that CLA supplementation did notmodify IL-2
production. In this sense, many studies have described conformation
changes in IL-2 receptors by PUFAs, specifically modifying lipid rafts
[46,47]. Thus, CLA, even with trans double bonds, could potentially
alter membrane structure, including lipid rafts, by preventing IL-2Rα
migration to soluble membranes, where IL-2 signalling occurs and T-
cell activation and proliferation are consequently induced [46,48,49].
In addition, the antiproliferative lymphocyte effect exhibited by
dietary CLA in the present study could be mediated by the nuclear
peroxisome proliferator-activated receptor (PPAR)γ, because intesti-
nal PPARγ gene expression has been found up-regulated after CLA
supplementation [44]. The PPARγ-dependent CLA effect was first
described by Bassaganya-Riera and Hontecillas [50] in a pig-
inflammatory bowel disease (IBD) model, where dietary CLA resulted
in IBD amelioration and PPARγ gene expression up-regulation.

Besides proliferative response, the cytokine production in isolated
splenocytes was also determined. The CLA diet did not affect the in
vitro production of IFNγ and IL-2 (Th1 cytokines). Regarding Th2
cytokines, proteins involved in T-cell polarization to antibody
production, IL-4 and IL-10 concentration were similar in all groups.
However, interestingly, IL-6 production was higher in all the CLA-diet
groups and especially in the longest diet group (4-week group) which
produced the strongest enhancing effect on antibody synthesis. These
results are not in line with those obtained in adult humans described
by Albers et al. [17] and Sofi et al. [51]. Since IL-6 is clearly defined as a
prominent regulator of T-cell proliferation and differentiation of Ig-
secreting B cells [52], it might be suggested that the effects on
proliferation and antibody production induced by CLA could be due to
an up-regulation of IL-6 production. Further studies should confirm
this hypothesis and ascertain the mechanism involved.

In summary, although further studies should be carried out to
elucidate CLA signalling mechanisms, these data support the early life
immune-enhancing properties of c9,t11-CLA, the main CLA isomer
present in breast milk. The results presented herein demonstrate that
supplementation with an 80:20 cis-9,trans-11:trans-10,cis-12-CLA
mix during suckling and early infancy enhances antibody synthesis
and down-regulates lymphoproliferative response as described for
neonatal and adult rats, respectively.
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