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Shark-liver oil (SLO) contains two bioactive lipids: alkylglycerols and n-3 PUFA. Alkylglycerols have immunostimulating and haematopoietic properties,

while n-3 PUFA are essential for optimal neonatal development. We investigated the beneficial effects of dietary supplementation with 32 g SLO/d to twelve

pregnant and then lactating sows (from day 80 of pregnancy to weaning) on the growth and immune status of their offspring, compared with a control group.

Sows were vaccinated against Aujeszky’s disease 21 d before term. Blood samples were collected from sows before treatment, on delivery and 14 d later,

and from five piglets per litter on days 2, 21 and 36 after birth; colostrum and milk samples were collected 12 h, 14 and 28 d postpartum. Compared with

controls, supplemented sows had higher levels of both erythrocytes and Hb in their blood, and higher concentrations of IgG, alkylglycerols and n-3 PUFA in

their mammary secretions. In piglets from supplemented sows, leucocytes and IgG were higher. Supplementation with SLO resulted in an increase in

Aujeszky antibodies in both blood and colostrum of sows after vaccination, together with an increase in Aujeszky antibodies in piglet blood. Our findings

demonstrate that improvement of both passive and active immune status in piglets is related to the consumption of alkylglycerols associated with n-3 PUFA

in the sow diet. The overall improvement in offspring health status by SLO supplementation to the mother could be of interest for optimisation of the lipid

diet during and after pregnancy.

Lipid diet: Maternal immunity transfer: Shark-liver oil: Alkylglycerols: n-3 PUFA

Shark-liver oil (SLO) is used in traditional medicine in Scandi-

navian countries for multifunctional properties such as stimulation

of haematopoiesis and wound healing (Pugliese et al. 1998). SLO

has been found to contain a group of ether-linked glycerols known

as 1-O-alkylglycerols (alkyl-Gro). These natural ether lipids have

multiple biological activities: they inhibit tumour growth (Brohult

et al. 1978; Pedrono et al. 2004), reduce thrombocytopenia fol-

lowing radiation therapy for carcinoma of the uterine cervix (Bro-

hult et al. 1977) and modulate endothelial permeability in vitro

(Marigny et al. 2002). They also have beneficial effects in vitro

on sperm motility and fertility (Cheminade et al. 2002). Further-

more, oral SLO also improves sperm function in boars (Mitre et al.

2004). In the field of immunity, alkyl-Gro enhance both macro-

phage activation (Yamamoto et al. 1988) and antibody production

in rodents (Ngwenya & Foster, 1991; Chorostowska-Wynimko

et al. 2001) and man (Brohult et al. 1972). Furthermore, oral

treatment by synthetic alkyl-Gro in lactating rats greatly increases

total IgM and IgG in plasma of pups (Oh & Jadhav, 1994). In

addition to abundance in alkyl-Gro, SLO, like other fish oils, is

also rich in long-chain n-3 PUFA. These essential fatty acids

play a major role in development, notably of the nervous

system (Voigt et al. 2002; Helland et al. 2003). Diet composition

in fatty acids before and during lactation has a direct influence on

the lipid composition of milk in various mammal species (Taug-

bol et al. 1993; Francois et al. 2003; Kitessa et al. 2004) and milk

enrichment in long-chain n-3 PUFA improves neonate develop-

ment (Rooke et al. 2001; Helland et al. 2003). Because of its

dual content of alkyl-Gro and n-3 PUFA, SLO is of particular

interest in nutrition.

The aim of the present study was to determine the effect of

dietary supplementation with SLO in pregnant and lactating

sows, with respect to offspring development and immune and hae-

matological status of both mother and offspring. We showed that

SLO supplementation of the mother’s diet modified the lipid
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composition of colostrum and milk, together with their content of

Ig, and improved both passive and active immunity in piglets.

This supplementation with SLO also improved offspring growth.

Experimental methods

Materials

Shark-liver oil was obtained from Id-Mer (Lorient, France) after

the removal of squalene from the raw oil of the Siki shark

(Centrophorus squamosus). It contained undetectable amounts

of vitamins A and E, and ,0·13mg vitamin D/100 g. This oil,

from a single batch, contained 25% (of the total weight) of

alkyl-Gro as measured after saponification and separation from

fatty acids. The alkyl chains, linked by an ether bond to the sn-

1 position of the glycerol, were identified and quantified as

described below and were composed of: C14 : 0 (2·7%), C16 : 0

(13·7%), C16 : 1n-7 (11·2%), C18 : 0 (2·8%) C18 : 1n-7 (8·3%)

and C18 : 1n-9 (58·8%). Each other minor species individually

represented less than 1% of the total amount. Oil fatty acid com-

position, analysed after saponification and transmethylation as

described below, is presented in Table 1.

1-O-Alkylglycerol 17 : 0 was kindly provided by Professor

Françoise Heymans (Laboratoire de Pharmacochimie Moléculaire

de l’Université de Paris VI, Paris, France). All solvents were

obtained from Prolabo (Fontenay-sous-Bois, France). For TLC

we used Whatman silica gel 60 Å LK6 plates, which were

obtained from Interchim SA (Montluçon, France). For GC, the

following equipment was used: GC 8000TOP from ThermoFinni-

gan France (Les Ulis, France); Chrompack CP-SIL-5CB capillary

column (length 25m, inside diameter 250mm, film thickness

0·12mm) for alkyl-Gro analysis was purchased from Varian

France (Les Ulis, France) and BPX 70 capillary column (length

30m, inside diameter 250mm, film thickness 0·25mm) for fatty

acid content analysis was obtained from SGE (Villeneuve Saint

Georges, France). Blood cell counts were performed by an

ADVIA 120 haematology system validated for pig erythrocyte

and leucocyte cell counts (Bayer Diagnostics SA, Puteaux,

France).

Feeding and diet composition

Two basal diets were used for the present experiment: a gestation

diet and a lactation diet, for which fatty acid contents are pre-

sented in Table 1. They consisted of (g/kg): wheat (221), corn

(100), barley (337), wheat bran (150), soyabean cattle cake

(90), corn oil (20), beetroot pulp (50) and minerals (32) for the

gestation diet (digestible energy 12·93MJ/kg; fat 3·9%); and

wheat (227), corn (120), barley (256), wheat bran (100), soyabean

cattle cake (210), corn oil (20), treacle (30) and minerals (37) for

the lactation diet (digestible energy 13·36MJ/kg; fat 3·9%). Ges-

tation and lactation diets contained vitamin A (3 mg/kg),

vitamin D (37.5 mg/kg) and vitamin E (43mg/kg); these quan-

tities were not altered by SLO supplementation. Sows received

specific amounts of food in the following quantities: during ges-

tation and until parturition, 2·7 kg/d (one meal); at lactation day

Table 1. Fatty acid and alkylglycerol daily supply provided by the diets

Lactation

Gestation Day 1 Day 2 to day 6 Day 7 to day 28 SLO

Fatty acids (g/d)

14 : 0 – – – – 0·3

16 : 0 13·7 18·1 23·3 28·5 3·8

16 : 1n-7 – – – – 1·1

18 : 0 2·4 3·1 3·9 4·8 0·5

18 : 1n-9 21·6 29·3 37·7 46·0 7·8

18 : 1n-7 1·3 1·7 2·2 2·7 1·3

18 : 2n-6 48·7 61·9 79·6 97·3 0·2

18 : 3n-3 4·5 5·8 7·4 9·1 0·1

18 : 4n-3 – – – – 2·6

20 : 1n-9 – – – – 0·3

20 : 4n-3 – – – – 2·4

20 : 5n-3 – – – – 1·1

22 : 5n-3 – – – – 1·0

22 : 6n-3 – – – – 0·2

Others 2·4 2·7 3·5 4·2 0·3

Total 94·6 122·6 157·6 192·6 22·9

Sn-3 4·5 5·8 7·4 9·1 7·4

Sn-6 48·7 61·9 79·6 97·3 0·2

n-6 : n-3 (2SLO) 10·8 10·7 10·7 10·7 –

n-6 : n-3 (þSLO) 4·1 4·7 5·4 5·9 –

Alkyl-Gro (g/d)

14 : 0 – – – – 0·2

16 : 0 – – – – 1·1

16 : 1n-7 – – – – 0·9

18 : 0 – – – – 0·2

18 : 1n-9 – – – – 4·7

18 : 1n-7 – – – – 0·7

Others – – – – 0·2

Total – – – – 8·0

SLO, shark-liver oil; alkyl-Gro, 1-O-alkylglycerols.
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1, 3·5 kg/d (two meals); from lactation day 2 until day 6, 4·5 kg/d

(two meals); and from lactation day 7 until weaning, 5·5 kg/d

(two meals).

Animal care

All animal procedures described followed established guidelines

for the care and handling of laboratory animals and complied

with the directives from the French Ministry of Agriculture.

The animals were raised and cared for at the experimental rearing

facility of the Institut National de Recherche Agronomique

located at Saint Gilles, France.

Twenty-four crossbred pregnant sows (Large White £

Landrace genetic lines) were paired according to age, body

weight (250·1 (SE 10·4) and 208·2 (SE 9·2) kg at delivery and

weaning, respectively) and parity, then randomly assigned from

pairs into two groups (eight primiparous and four multiparous

by group). The first group served as control and received standard

gestation and lactation diets whereas the second group received a

dietary supplementation of SLO (32 g/d), which was poured

directly onto the standard diets every morning, from 5 weeks

before parturition until weaning. This occurred 28 d after delivery

by withdrawing piglets from the sows. Supplement of SLO

increased digestible energy by þ3·4% and þ1·6% of daily

intake in gestating and lactating sows, respectively. The sows

were kept in single crates until day 110 of pregnancy and then

moved to the farrowing pens. Temperature for the newborn pig-

lets was maintained at a constant 358C. The climate in the sow

accommodation and the farrowing unit was maintained at a tem-

perature of 19 ^ 28C and 60–80% relative humidity by means of

an air conditioning system. A 12 h light:12 h dark cycle was

applied.

At delivery, and for each litter, all piglets were weighed and

five were selected according to their birth weight: the one closest

to the mean, the two closest to the mean ^ 0·5 SD and the two

closest to the mean ^ 1 SD. All measurements were performed

on these same five piglets per litter throughout the whole exper-

iment. Except for the selected piglets, litter sizes were standar-

dised by adoption procedures 24 h after delivery: finally, there

were 10·5 (SE 0·22) and 10·0 (SE 0·26) offspring per litter for

the control group and the supplemented group, respectively. All

piglets were weighed once a week from parturition until weaning.

Sows were vaccinated against Aujeszky’s disease (Pseudorabies

Virus) 21 d before parturition (Geskypur vaccine, Merial, Lyon,

France). Piglets received an Fe-dextran injection and males

were castrated at day 7 after birth.

Sample collection

Blood samples were taken from sows before supplementation, at

parturition and lactation day 14, and from piglets on days 2, 21

and 36 after birth. Blood samples were taken by puncture in the

jugular vein for both sows and piglets. Samples were collected

in EDTA-coated vials for blood cell counts and in dry vials for

serum separation and Ig assays. Serum was stored at 2328C

until assay. For colostrum and milk sampling, piglets were

removed from the sow 1 h before and lactation was induced by

oxytocin injection. A sample of colostrum was collected

12 ^ 1 h after birth of the first piglet, and a sample of mother’s

milk was taken on lactating days 14 and 28 after milking, from

every teat. Raw colostrum or milk samples were processed as

follows: 5ml of raw material was centrifuged (2000 g at 48C,

20min); supernatant cream was collected and stored at 2328C

before lipid extraction and analysis. Skimmed colostrum and

milk were then ultracentrifuged (85 000 g at 48C, 1 h). The result-

ing supernatant (lactoserum) was collected and stored at 2328C

until assay.

Lipid extraction from colostrum and milk

Lipids from cream samples were extracted according to Bligh &

Dyer (1959). Total lipids were weighed and dissolved in chloro-

form for further analysis.

Analysis of ether lipid moieties from colostrum and milk fat

Seventy milligrams of total-lipid extract from each sample was

weighed and dried. Then 30mg of 17 : 0 alkyl-Gro was added

as an internal standard. This mixture was dissolved in 10ml

0·5 M-methanolic KOH, incubated for 1 h at 708C and then

allowed to cool at room temperature. Unsaponifiable matter was

extracted from the samples by using two lots of diethyl ether

(20ml each). Alkyl-Gro was separated from the unsaponifiable

fraction on silica gel plates by TLC (hexane–diethyl ether–

methanol–acetic acid, 80 : 20 : 10 : 1 v/v), eluted from silica

with diethyl ether, and then dried. The extracts were acetylated

according to the method described by Kumar et al. (1983) and

slightly modified. Briefly, lipid extracts were incubated for 2 h

at 1208C in 0·5ml of an acetic anhydride–acetic acid mixture

(3 : 2, v/v). Then, 3ml chloroform was added and the resulting

solution was washed three times with water and twice with

0·2 M-Na2CO3. The solution containing the resulting alkyldiace-

tylglycerols was dried and re-suspended in a small volume of

hexane. The samples were analysed by GC (200 to 2508C; 28C/

min; He 1ml/min; column described earlier). Acetylated alkyl-

Gro species were identified according to their retention time by

comparison with standards and were quantified using the alkyl-

Gro 17 : 0 internal standard.

Analysis of fatty acids from colostrum and milk fat

Five milligrams of the total-lipid extract from each sample was

dissolved in 1ml 0·5 M-methanolic KOH with 400mg of 17 : 0

fatty acid added as an internal standard. Samples were incubated

for 45min at 708C, then the fatty acids were methylated by

addition of 1ml methanolic BF3 (15min at 708C). The samples

were allowed to cool at room temperature and 3ml H2O was

added. Fatty acid methyl esters were extracted with diethyl

ether, dried under N2 and dissolved in n-pentane for further anal-

ysis by GC (120 to 2108C; 48C/min; He 1ml/min; column

described earlier). Fatty acids were identified according to their

retention time compared with those of standards analysed in the

same conditions and were quantified using the fatty acid 17 : 0

internal standard.

Immunoglobulin assays

Assays for IgG, IgA and IgM were performed using specific

ELISA quantification kits purchased from Bethyl Laboratories,

Inc. (Montgomery, TX, USA) and following kit protocols.

Serum and lactoserum dilutions were as follows: serum samples

were diluted to 1 : 250 000 and 1 : 20 000 for IgG and IgM,
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respectively; lactoserum samples from colostrum were diluted to

1 : 250 000 and 1 : 10 000 for IgG and IgA, respectively; and lac-

toserum samples from milk were diluted to 1 : 10 000 for both IgG

and IgA.

Quantification of anti-Aujeszky antibodies was performed

using kits obtained from IDEXX SARL (Cergy Pontoise,

France) and by following kit instructions except for a slight modi-

fication of the sample dilutions, which were adapted to kit sensi-

tivity: samples were diluted to 1 : 4000 and 1 : 50 000 for serum

samples and lactoserum samples from colostrum, respectively.

Anti-Aujeszky antibody concentrations (arbitrary units) were

established by comparison of sample levels with levels of nega-

tive (Neg) and positive (Pos) standards according to the following

formula: concentration ¼ ðODsample 2 ODNegÞ=ðODPos 2 ODNegÞ,

with OD being the optical density read at 620 nm.

Statistical analysis

Data are presented as means with their standard errors of the indi-

cated number of animals or litters, each measurement being per-

formed in triplicate. Statistical analysis of the data was performed

with GraphPad Prism 4·01 (GraphPad Software, San Diego, CA,

USA) or StatPak 4·1 (NorthWest Analytical Inc., Portland, OR,

USA). The significance of the differences observed between

groups for single time measurements was assessed by the two-

sided unpaired Student t test or the Mann–Whitney non-para-

metric test according to n value (n , 20). For measurements

repeated over time, two-way or three-way repeated-measures

ANOVA was used for sows (factors: supplementation and time)

or for piglets (factors: supplementation, time and litter), respect-

ively. When first time points presented differences, they were

included as covariates by linear regressions. The effect of time

was assessed by linear regressions which were further compared

in supplemented and control groups. The type of test used is

indicated in the text whenever it was significant, using a two-

sided test or otherwise indicated. For the zootechnical offspring

results, all animals were included in the data except adopted

piglets.

Results

Effects of shark-liver oil on erythrocytes and immunoglobulin in

sows

Dietary supplementation with SLO enhanced erythrocyte number

and, to a lesser extent, Hb concentration in sow blood (Fig. 1). We

observed a significant difference in erythrocytes and Hb (com-

parison of regressions by one-sided test: P¼0·015 and

P¼0·035, respectively) between groups over time; mean values

in the supplemented group were 10·1 and 8·6% greater for eryth-

rocytes (ANOVA: P¼0·027) and 8 and 6% greater for Hb

(ANOVA: P¼0·037) than those of the control group at parturition

and 2 weeks later, respectively. On the other hand, leucocytes

were not influenced by diet at any time in sows (data not shown).

We also studied the effects of the supplementation on Ig levels

in blood. SLO supplementation resulted in a significant increase

over time (ANOVA: treatment, P¼0·049; time, P,0·001) in

specific Ig against antigens of the pathological agent responsible

for Aujeszky’s disease after standard vaccination (Fig. 2(A)).

However, no variations in the concentrations of total IgG and

IgM in sow serum were observed (data not shown).

Fig. 1. Effect of dietary supplementation in sows fed a basal diet (CTR; A) or

supplemented with shark-liver oil (SLO; O) on erythrocyte concentration (A)

and Hb concentration (B). Measurements were made at day 0 of treatment,

at parturition and 2 weeks after parturition. Values are means with their stan-

dard errors shown by vertical bars (n 12). Overall differences were assessed

by comparing regressions using all data, including the first time point

(P¼0·015 and 0·035 for erythrocytes and Hb, respectively; one-sided test).

Mean values were significantly different SLO v. CTR (Mann–Whitney test):

*P,0·05.

Fig. 2. Effect of dietary supplementation in sows fed a basal diet (CTR; A) or

supplemented with shark-liver oil (SLO; B) on concentration of anti-Aujeszky

antibodies in sow serum (A) and sow colostrum (B). Values are means with

their standard errors shown by vertical bars (n 12). Mean values were signifi-

cantly different SLO v. CTR (Mann–Whitney): *P,0·05. Significance of the

difference over time for anti-Aujeszky antibodies in serum (repeated-

measures ANOVA): P,0·05.
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Influence of shark-liver oil supplementation on colostrum and

milk

Ig. SLO supplementation had a significant positive influence on

IgG concentration in lactoserum: IgG levels in supplemented

sows were 112% (Mann–Whitney: P,0·0001) greater in colos-

trum, and 58% and 83% (ANOVA: treatment, P¼0·021)

greater in milk at day 14 and day 28, respectively, compared

with controls (Fig. 3(A and C)). On the other hand, the

levels of IgA in colostrum and milk were not modified by

the dietary supplementation (Fig. 3(B and D)). Moreover, sup-

plementation with SLO also influenced the specific immunity in

colostrum since the concentration of anti-Aujeszky antibodies in

colostrum of the supplemented group was significantly greater

(þ61%) than in the control group (Mann–Whitney:

P¼0·036; Fig. 2(B)).

Lipid composition. At day 28 after parturition, we observed

that SLO supplementation enhanced the overall lipid concen-

tration in milk by 26% compared with control animals (Mann–

Whitney: P¼0·023; Table 2). We also studied the effects of

SLO supplementation on the lipid composition of colostrum and

milk with respect to fatty acids and alkyl-Gro, the two major con-

stituents of SLO (Table 2). The prominent and constant influence

of supplementation was the appearance of C16 : 1 alkyl chains in

colostrum and milk, contrasting with its absence in controls. We

also observed a 27% (Mann–Whitney: P¼0·038) increase in

total alkyl-Gro in the milk of the supplemented group at day

28, resulting from an overall increase of individual alkyl-Gro

species which reached 30% for C18 : 1. In contrast, the increase

in the overall concentration of fatty acids in colostrum and milk

did not reach significance in the supplemented group at any

time studied. However, the distribution of fatty acids among

classes revealed higher ratio of n-3 PUFA to overall measured

fatty acids in mammary secretions of supplemented sows at any

time compared with controls (linear regression comparison:

P,0·05; Table 2), although the differences did not increase, but

rather decreased over time. No changes were observed for other

fatty acid classes except a decrease in the ratio of n-6 PUFA to

overall measured fatty acids at day 28 (Mann–Whitney one-

sided test: P¼0·034).

Modulation of the immune system of newborn piglets by diet

supplementation of the mother with shark-liver oil

We studied the impact of the mother’s diet on both the active and

the passive immune system of the piglets. Overall leucocyte

levels, as well as main classes of leucocyte, increased in the

blood of piglets from supplemented sows (Fig. 4). The strongest

effect was observed on monocytes, which showed an increase

of 44% at day 36 (Fig. 4(D)).

Ig concentrations in piglet blood were differentially influ-

enced by the mother’s diet (Fig. 5). We observed an overall

significant increase in IgG concentration in offspring sera

from the SLO-supplemented group compared with the control

animals over time (ANOVA: treatment, P,0·001; time,

P,0·001; Fig. 5(A)). IgM concentrations were not significantly

affected by the mother’s diet (Fig. 5(B)). Sows are usually vac-

cinated against Aujeszky’s disease 21 d before parturition, and

this results in the appearance of anti-Aujeszky-specific anti-

bodies in offspring after colostrum intake. Interestingly, there

was more anti-Aujeszky antibody in piglets from the sup-

plemented group (ANOVA: treatment, P¼0·011; time,

P,0·001), indicating that this passive immunity was improved

by SLO: total anti-Aujeszky antibodies in piglet serum of the

supplemented group was 61% (Student t test: P¼0·0087) and

19% (Student t test: P¼0·038) greater than control at day 2

and day 36 after parturition, respectively (Fig. 6).

Fig. 3. Effect of dietary supplementation in sows fed a basal diet (CTR; A) or supplemented with shark-liver oil (SLO; B) on IgG and IgA concentrations in lacto-

serum from colostrum (A and B) and milk (C and D). Measurements were made 12 h after parturition for colostrum, and at days 14 and 28 after parturition for milk

in CTR and SLO groups. Values are means with their standard errors shown by vertical bars (n 12). Mean values were significantly different SLO v. CTR (Mann–

Whitney test): *P,0·05, **P,0·01, ***P,0·001. Significance of the difference over time for IgG in milk (repeated-measures ANOVA): P,0·05.
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Table 2. Effect of dietary supplementation with shark-liver oil on alkylglycerol and fatty acid concentrations, and total lipid amounts, in sow colostrum and milk

(Mean values with their standard errors)

Colostrum Milk at day 14 Milk at day 28

CTR SLO CTR SLO CTR SLO

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Alkyl-Gro (mg/ml)

14 : 0 19·17 3·20 12·16 1·78 22·63 2·22 25·60 2·26 16·8 1·60 22·80 3·77

16 : 0 53·72 6·56 31·58* 5·49 103·99 8·79 109·45 9·94 62·33 3·55 73·82 7·91

16 : 1 ND ND 5·06*** 0·81 ND ND 4·13*** 0·30 ND ND 3·96*** 0·21

18 : 0 30·00 2·73 17·88* 3·63 32·30 3·39 29·60 4·39 16·34 0·49 19·27 1·77

18 : 1 84·45 7·41 68·40 12·30 97·80 8·45 106·90 13·76 50·37 2·21 65·36* 5·07

Total 187·33 17·94 135·09 23·8 256·71 20·16 275·69 27·87 145·22 5·75 185·20* 17·22

Fatty acids (mg/ml)†

14 : 0 0·67 0·10 0·52 0·09 1·56 0·10 1·91* 0·11 1·25 0·08 1·50 0·13

16 : 0 10·72 1·21 7·48 1·44 17·60 1·04 19·54 1·75 12·82 0·71 14·21 0·87

16 : 1n-9 0·53 0·05 0·42 0·08 0·38 0·06 0·46 0·08 0·18 0·02 0·20 0·03

16 : 1n-7 1·21 0·18 1·04 0·27 4·24 0·33 4·90 0·25 3·14 0·24 3·51 0·22

18 : 0 3·04 0·37 2·01 0·44 4·19 0·68 4·38 0·82 2·15 0·14 2·30 0·18

18 : 1n-9 15·22 1·66 11·40 2·77 25·69 3·35 30·14 5·04 14·24 1·08 16·52 1·24

18 : 1n-7 1·27 0·14 0·96 0·19 1·79 0·22 2·14 0·35 0·99 0·07 1·16 0·06

18 : 2n-6 12·89 1·36 9·04 1·37 11·99 1·32 13·75 2·28 7·54 0·48 7·98 0·48

18 : 3n-3 1·18 0·14 0·86 0·13 1·06 0·11 1·26 0·21 0·67 0·05 0·73 0·05

20 : 1n-9 0·15 0·02 0·17 0·04 0·30 0·05 0·40 0·07 0·17 0·01 0·25 0·01

20 : 2n-6 0·27 0·03 0·17* 0·03 0·37 0·06 0·42 0·09 0·20 0·02 0·21 0·02

20 : 4n-6 0·46 0·05 0·32* 0·05 0·36 0·04 0·43 0·06 0·20 0·02 0·21 0·01

22 : 5n-3 0·21 0·03 0·15 0·02 0·17 0·02 0·20 0·04 0·08 0·01 0·09 0·01

22 : 6n-3 0·038 0·003 0·038 0·007 0·027 0·004 0·036 0·005 0·013 0·002 0·017 0·002

Total lipids 57·7 7·0 40·2 7·6 83·6 8·1 94·0 12·9 59·9 3·7 75·6* 3·9

%n-3 2·74 0·12 3·10 0·14 1·65 0·07 1·95 0·16 1·65 0·07 1·85 0·15

CTR, control group; SLO, shark-liver oil supplemented group; alkyl-Gro, 1-O-alkylglycerols; ND, not detectable.

Mean values were significantly different SLO v. CTR (two-sided Mann–Whitney test, n 12): *P,0·05, ***P,0·001.

† Only selected fatty acids are represented (.0·5 % of total fatty acids).

Fig. 4. Leucocyte counts in piglets from sows fed a basal diet (CTR; A) or supplemented with shark-liver oil (SLO; O). Counts are shown for leucocytes (A), lym-

phocytes (B), neutrophils (C) and monocytes (D). Measurements were made from blood samples collected at days 2, 21 and 36 after birth. Values are means for

each group with their standard errors shown by vertical bars (n 60). Overall differences were assessed by comparing regressions using all data, including the first

time point (P ¼ 0.0115, P ¼ 0.0189, P ¼ 0.049 and P , 0.001 for (A), (B), (C) and (D) respectively). Mean values were significantly different SLO v. CTR

(student’s t test): *P,0·05, ***P,0·001.
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Improvement of weight and growth in piglets from shark-liver

oil-supplemented sows

Piglet growth was significantly higher (regression comparisons:

P¼0·0011) in the supplemented group and did not slow down

between day 21 and day 28, in contrast with control piglets

(Fig. 7). The mean litter size in the treated group was smaller

(Table 3). This difference, although without statistical signifi-

cance, could have influenced piglet birth weights, which were

higher (þ11%; Student t test: P¼0·036) in litters from sup-

plemented sows, since birth weights were negatively correlated

to litter size (P,0·001). At the end of observation piglets from

supplemented sows had a 5% higher weaning weight as well

(Student t test: P¼0·0404; Table 3), which was also correlated

to birth weight (P,0·001).

Discussion

SLO is a natural source of both alkyl-Gro and n-3 PUFA. Alkyl-

Gro have biological activities resulting in the improvement of

different immune responses, and n-3 PUFA are determinant for

healthy postnatal development. In the present study we demon-

strate that dietary supplementation of gestating and lactating

sows with SLO increased erythrocytes in sows and leucocytes

in piglets. This supplementation also resulted in enrichment of

mammary secretions in both alkyl-Gro and n-3 PUFA, improving

both active and passive immune defences.

Alkyl-Gro from SLO have a wide spectrum of effects (Pugliese

et al. 1998). Their improvement of the immune responses is well

documented: they potentiate macrophage activation in vitro

(Yamamoto et al. 1988) and increase antibody production by

oral administration alone (Brohult et al. 1972) or in synergy

with lactic acid bacteria (Chorostowska-Wynimko et al. 2001).

The importance of n-3 PUFA on early development is also well

established: when administrated to lactating mothers they have

positive effects on offspring neurodevelopment (Voigt et al.

2002; Helland et al. 2003), sight (Hoffman et al. 2000), general

movements (Bouwstra et al. 2003) and growth (Rooke et al.

2001). Dietary n-3 PUFA appear to influence the immune

system mainly by inhibiting effects in various species (Blok

et al. 1996; Calder, 1998; Anderson & Fritsche, 2002); in pigs

they suppress the proliferation of T and B lymphocytes (Liu

et al. 2003).

In the control group of gestating sows we observed a drop in

erythrocytes during pregnancy and lactation. This trend to ges-

tation- and lactation-linked anaemia is frequently observed

in man (Bashiri et al. 2003) and pigs. In supplemented sows

Fig. 5. Concentration of IgG (A) and IgM (B) in piglet serum from sows fed a

basal diet (CTR; A) or supplemented with shark-liver oil (SLO; B). Measure-

ments were made from blood samples collected at days 2, 21 and 36 after

birth. Values are means for each group with their standard errors shown by

vertical bars (n 60). Mean values were significantly different SLO v. CTR

(Student t test): *P,0·05, **P,0·01, ***P,0·001. Significance of the differ-

ences over time for IgG concentration (repeated measures-ANOVA):

P,0·001.

Fig. 6. Anti-Aujeszky antibody concentration in piglet serum from sows fed a

basal diet (CTR; A) or supplemented with shark-liver oil (SLO; B). Measure-

ments were made from blood samples collected on days 2 and 36 after par-

turition. Values are means for each group with their standard errors shown

by vertical bars (n 60). Mean values were significantly different SLO v. CTR

(Student t test): *P,0·05, **P,0·01.

Fig. 7. Effect of sow diet on piglet growth. Sows were fed a basal diet (CTR;

O) or supplemented with shark-liver oil (SLO; A). Values are means for each

group with their standard errors shown by vertical bars (n 60). Overall differ-

ence was assessed by comparing regressions using all data, including first

time point (P¼0·0011). At day 36 after birth, the differences over time were

significantly different, SLO v. CTR (repeated measures-ANOVA followed by

Student t test): **P,0·01.
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the decrease in erythrocytes was partly prevented by enhancement

of their concentration and, to a lesser extent, of Hb concentration.

These data are consistent with early findings by Linman et al.

(1958) of the erythropoietic stimulating activity of C18 : 0 alkyl-

Gro. SLO supplementation also had effects on sow immune

responses: although it did not alter the level of overall Ig, it

had a significant positive effect on specific Ig induced by vacci-

nation against Aujeszky’s disease. This confirms the improving

effect of oral alkyl-Gro or SLO on humoral immunity (Choros-

towska-Wynimko et al. 2001). Sow placenta is not permeable

to Ig; therefore IgG transfer to offspring is highly dependent on

the selective IgG transport mechanism from blood to secretions

across secretory epithelial cells of the colostrum-forming mam-

mary gland (Salmon, 1999). We observed higher levels of IgG

in colostrum and milk due to supplementation. As total Ig in

serum of supplemented sows were not increased and since their

transfer in mammary secretions is governed by specific affinity

mechanisms (Salmon, 1999), the overall IgG rise observed in

colostrum and milk of supplemented sows suggests a higher

level of transfer of IgG from blood plasma to colostrum and

milk. As expected, Aujeszky’s specific antibodies were also

enhanced and reached a 61% increase in the colostrum of sows

receiving dietary SLO supplementation.

Because both alkyl-Gro and n-3 PUFA can bring about health

benefits, it was of interest to determine whether these lipids could

be significantly incorporated in mammary secretions. Alkyl-Gro

are natural constituents of human and bovine milk with a prepon-

derance of chimyl, bathyl and selachyl alcohols (Hallgren &

Larsson, 1962). Therefore the transfer of alkyl-Gro from the

diet to mammary secretions was assessed by the appearance of

C16 : 1 alkyl chains in milk and colostrum after supplementation.

This alkyl-Gro species is absent in lipids of control animal mam-

mary secretions while it represents the second most abundant

alkyl chain in SLO, and therefore may be considered a tracer of

alkyl-Gro transfer. Moreover, total alkyl-Gro were increased in

milk after 9 weeks of supplementation. Thus piglets from sup-

plemented sows received higher amounts of alkyl-Gro via

mother’s milk; however, this transfer could have started earlier

during pregnancy. The supplementation also influenced the n-3

PUFA composition of overall mammary secretions. Previous

data showed that oral n-3 PUFA administration results in the

increase of this fatty acid class in milk (Taugbol et al. 1993; Fran-

cois et al. 2003; Kitessa et al. 2004). In our study the n-3 PUFA

class was increased in milk, resulting in lower n-6 : n-3 ratio in

supplemented sow mammary secretions. This could also provide

beneficial dietary effect on piglets. We also observed a trend to

an overall lower level of lipids in the colostrum of supplemented

sows; however, since this trend was mainly non-significant, we

attributed it to random fluctuations.

Sow supplementation with SLO had a positive impact on the

health and immune status of the neonates. From day 2 to day

36 after birth, leucocyte counts increased with respect to lympho-

cytes, neutrophils and prominently monocytes. Furthermore, neu-

trophil levels were higher right from the birth, suggesting an

effect of the treatment starting in utero. Serum IgG concentrations

were also higher in piglets from the supplemented group. The rise

in overall and Aujeszky-specific Ig together with haematopoietic

activity emphasised the dual effect of sow supplementation on

both passive and active immunity in offspring. In a previous

study, synthetic alkyl-Gro administrated per os to lactating rats

were also incorporated in mother’s milk and enhanced blood gra-

nulocyte concentration and Ig levels in blood of suckling pups

(Oh & Jadhav, 1994). We show here for the first time that natural

alkyl-Gro can improve the whole leucocyte population in blood as

well as specific antibody concentration in offspring after immu-

nisation of the gestating mothers.

In addition to these physiological modifications, in the present

study we observed variations in piglet growth and weight which

were higher in the treated group. Such observations are in accord-

ance with a recent report showing that the dietary composition of

pregnant women can influence the weight of their babies at birth

(Moore et al. 2004). Piglet birth weight is highly correlated to

litter size. In the present study, while litter size in the treated

group was lower but not significantly different than in the control

group, birth weight was significantly higher in the treated group.

Therefore this factor could have influenced weight at weaning and

growth, and the role of SLO supplementation could not be clearly

identified for these two parameters. Previous studies have found

that supplementing sows with tuna oil, an oil rich in n-3 PUFA,

during pregnancy resulted in improved offspring growth (Rooke

et al. 2001). However, growth improvement could also at least

partially result from the additional energy intake provided by

SLO supplementation in addition to heavier birth weight of pig-

lets from the supplemented group. The use of SLO, which associ-

ated n-3 PUFA with alkyl-Gro, may help to match the nutritional

requirements in n-3 PUFA of the newborn piglet and improve

health status by protecting the offspring from environmental

threats.

Among mechanisms that could be involved in such effects, we

have shown that alkyl-Gro could serve as precursors of platelet-

activating factor and amplify its production in monocyte-like

THP-1 cells (Hichami et al. 1997). Platelet-activating factor is

involved in a wide diversity of pro-inflammatory and immune

responses: it acts as an agonist on perforin-induced membrane

Table 3. Effect of sow dietary supplementation with shark-liver oil on offspring weight at birth and weaning

(Mean values with their standard errors for the number of animals indicated)

CTR SLO

Mean SE n Mean SE n

Before standardisation Litter size 13·3 0·7 12 10·7 1·0 12

Birth weight (kg) 1·33 0·04 134 1·48* 0·05 127

After standardisation Litter size 10·5 0·22 12 10·0 0·26 12

Weaning weight (kg) 7·35 0·12 101 7·74* 0·10 100

CTR, control group; SLO, shark-liver oil-supplemented group.

Mean values were significantly different SLO v. CTR (two-sided Student t test): *P,0·05.
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damage by natural killer cells (Berthou et al. 2000), and helps

transendothelial migration of leucocytes by increasing their sur-

face cell-adhesion molecules (Neeley et al. 1993). Platelet-acti-

vating factor also induces cytokine liberation by platelets

(Lindemann et al. 2001) and activates polymorphonuclear cells

and monocytes (Zimmerman et al. 2002). Moreover, alkyl-Gro

also can be incorporated into cell membrane phospholipids and

lead to the production of alkylacylglycerol (Marigny et al.

2002), an antagonist of diacylglycerol in the protein kinase C acti-

vation pathway (Heymans et al. 1987; Daniel et al. 1988).

We demonstrated herein that dietary supplementation with

SLO, a natural source of alkyl-Gro and n-3 PUFA, to gestating

and lactating sows induced a positive effect on litter immune

status associated with a modification of both lipid content and

immune properties of the mother’s milk. Furthermore, the

swine animal model is relevant for bringing to evidence poten-

tial interest of such a diet for neonates (Innis, 1993). These

observations could be of particular interest for offspring

health as well as a nutritional intervention intended for preg-

nancy and lactation.
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