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Abstract - Twenty-four primiparous sows were allocated at farrowing to a high (H: 5.5-6 kg
feed/day) or a low (L: 2.5-3 kg/day) level of feeding. Litters (8-10 piglets) were weaned at
28 ± 2 days. Serial blood samples were collected 1 day before weaning (W-1 in the hours fol-
lowing weaning (W) and 1 day after (W + 1). L sows lost significantly more weight (38 versus
15 kg) and backfat (5.3 versus 2.3 mm) during lactation than H sows. On day W-1, L sows had
higher mean concentrations of NEFA (P < 0.01) and GH (P < 0.1) and lower concentrations of
insulin and IGF-I (P < 0.05) than H sows. Mean concentrations of glucose and cortisol did not dif-
fer between groups of sows. On day W + 1, these parameters were not different between treatments,
except IGF-I concentrations which remained lower in L than in H sows (P < 0.05). We conclude
that lactating primiparous sows alter secretion of metabolic hormones to favour mobilization of
body reserves to support milk production. Low insulin and IGF-I may be involved in reduced ova-
rian activity at and after weaning, through LH-dependent and independent pathways. &copy; Inra/Else-

vier, Paris
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Résumé - Influence du rationnement alimentaire sur les paramètres métaboliques de truies
primipares. Vingt-quatre truies primipares sont nourries pendant la lactation selon un plan d’ali-
mentation proche du niveau ad libitum (lot H) ou reçoivent environ 50 % de cette ration (lot L).
Les porcelets (8-10 par portée) sont sevrés à 28 ± 2 j. Des prélèvements de sang sériés sont
effectués la veille du sevrage, dans les heures qui suivent le sevrage et le lendemain du sevrage.
Les truies du lot L perdent significativement plus de poids (38 versus 15 kg) et de lard (5,3 ver-
sus 2,3 mm) pendant la lactation que celles du lot H. La veille du sevrage, les truies du lot L
ont des concentrations plus élevées d’acides gras libres (p < 0,01) et de GH (p < 0,1) et des
concentrations plus faibles d’insuline et d’IGF-I (p < 0,05) que celles du lot H. Les concentrations
moyennes de glucose et de cortisol sont similaires dans les deux lots. Le lendemain du sevrage,
ces paramètres ne diffèrent plus entre les traitements, sauf l’ IGF-I qui reste à des concentrations
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plus faibles chez les truies du lot L (p < 0,05). Nous concluons que les truies en première lacta-
tion présentent des modifications de la sécrétion des hormones métaboliques qui favorisent la mobi-
lisation des réserves maternelles afin d’assurer la production du lait. Les faibles concentrations
d’insuline et d’IGF-I peuvent être impliquées dans l’inhibition de l’activité ovarienne au sevrage
et après, via des mécanismes dépendants ou non de LH. &copy; Inra/Elsevier, Paris
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1. INTRODUCTION

In sows, lactation is associated with
numerous metabolic adjustments under
endocrine control. In general, lactating
sows have high nutrient requirements for
milk production and spontaneous feed
intake is too low to meet these require-
ments [16]. The immediate consequence is
mobilization of fat and protein body
reserves, which may be sufficient to main-
tain a high level of milk production [12,
33, 50]. However, decrease in milk yield
or in litter growth have also been observed
[27, 49]. Catabolism of body reserves as
well as partition of nutrients are under the
control of numerous metabolic hormones
[13,23]. Among these, insulin, hormones
from the somatotropic axis (GH, IGF-I)
and corticosteroids play an important role.
Although patterns of variations of these
hormones during lactation and after wea-
ning have been already described, there
is no complete description of sows sub-
mitted to a high level of nutrient deficit
which influences milk production. In addi-
tion to its influence on milk production,
nutrient deficit may result in inhibition of
the reproductive axis [20, 21, 38, 39].
Reducing feed intake during lactation
induces an increase in the duration of the

weaning-to-oestrus interval, and a decrease
in conception rate and in embryonic sur-
vival during the subsequent gestation [17,
24, 26]. There is now evidence that the
physiological signals providing a link be-
tween nutrition during lactation and sub-
sequent reproductive performance involve
metabolic hormones and substrates [8, 23].
Therefore, the aim of the present experi-
ment was to study metabolites and meta-

bolic hormones in primiparous sows
around weaning.

2. MATERIALS AND METHODS

2.1. Animals and experimental design

Crossbred Pietrain x Large White gilts
were inseminated at 233 ± 3 days of age and
125 ± 5 kg live weight (mean ± SD) for the
first replicate (n = 12) and at 249 ± 24 days
and 142 ± 9 kg for the second replicate
(n = 12). During the whole experiment, these
primiparous females were reared under artifi-
cial light provided by incandescent lamps.
Light duration decreased from 12 to 8 h/day
between 21 and 107 days of gestation and
remained constant thereafter (8 h/day). From
107 days of gestation, females were tethered
in individual farrowing crates. Within 2 days of
farrowing, litter size was standardized to 9-10 0
piglets by cross-fostering. Piglets always had
free access to water and after 21 days of age,
they had also free access to a standard creep
feed. They were weaned between 0830 and
1000 hours at 28 ± 2 days of age.

During gestation, all females received
2.7 kg/day of a diet containing 12.6 MJ DE/kg,
13.2 % crude protein and 0.6 % lysine. Gilts
were paired according to mating weights and
were assigned at farrowing either to a low (L,
n = 6/replicate) or to a high (H, n = 6/repli-
cate) scale of feeding (table 0. Throughout
lactation, sows received twice daily, at 0830
and 1500 hours, a diet containing 13.1 MJ
DE/kg, 17.1 % crude protein and 0.9 % lysine
(table In. Feed refusals did not occur in the
L group and seldom occurred in the H group,
but were not measured. From the day of wea-
ning, the females received 3 kg/day of the ges-
tation diet, in two equal meals distributed at
0830 and 1500 hours.

Among the 24 sows, 12 were slaughtered
on the day of weaning and 12 were slaughtered
48 h after weaning, for ovarian removal [40].



2.2. Sample collection

Jugular vein catheterization was performed
under general anaesthesia at around day 8 of
lactation. Sows were deprived of feed on the
day of surgery and then refed. Catheters were
rinsed daily with physiological serum contai-

ning sodium heparin (190 IU/mL) and anti-
biotics. Blood samples were collected in hepa-
rinized tubes for 6 h from 1000 to 1600 hours

during 3 consecutive days around weaning
(1 day before weaning W-1: n = 24; day of
weaning W: n = 12; 1 day after weaning W + 1:
n = 12). The volume of blood collection was



5 mL from 1000 to 1550 hours and 10 mL at
1600 hours. Samples were immediately pla-
ced on ice and centrifuged to remove plasma.
Plasma samples were stored at -20 °C until
assayed. Blood of one H sow could not be col-
lected because its catheter was not functional.

2.3. Analyses

2.3.1. Measurements

The sows were weighed and fat thickness
was ultrasonically measured at three sites
(shoulder, back and loin, at 65 mm from the
midline) 1 day after farrowing and at weaning.
Piglets were weighed at birth, at 21 days of
age and at weaning.

2.3.2. Hormone assays

Concentrations of GH and insulin were
measured every 20 min, concentrations of non-
esterified fatty acids (NEFA) and glucose every
hour, and concentrations of cortisol and IGF-I
once daily (at 1500 hours and 1600 hours, res-
pectively). Samples were analysed in dupli-
cate within one assay/replicate for insulin and
GH and within a single assay for cortisol and
IGF-1. Plasma insulin, GH and cortisol concen-
trations were determined in plasma samples
by validated RIAs [30, 31, 35]. Concentrations
of IGF-I were determined in plasma using a
double antibody RIA after an acid-ethanol
extraction as previously described [29]. For
insulin, the intra- and interassay CVs were 6.3
and 19.1 % at 167 pIU/mL, respectively, and
for GH, 5.1 and 12.9 % at 4.3 ng/ml, respecti-
vely. For cortisol and IGF-1, the intraassay CVs
were 3.3 % at 22 ng/mL and 8.8 % at 41 ng/mL,
respectively. Average sensitivities, estimated as
90 % of total binding, were 2 pIU/mL for insu-
lin, 0.75 ng/mL for GH, 2.5 ng/mL for cortisol
and 4 ng/mL for IGF-1.

2.3.3. Metabolite assays

Concentrations of glucose and NEFA were
measured by automatic enzymatic methods
with a Cobas Mira (Hoffman Laroche, Basel,
Switzerland) apparatus.

2.4. Statistical analyses

All data (sow and litter parameters, blood
concentrations) were analysed by analysis of
variance using the GLM procedure of SAS
[43]. All models included the effects of fee-
ding level and replicate and the interaction be-
tween these two factors. For litter weight gain,
the number of piglets was introduced as a cova-
riate in the analysis. For NEFA, glucose and
insulin, two types of analyses were conducted,
in order to study variations between individual
samples (time courses variations) and between
mean concentrations calculated on the overall

profiles. For individual samples, a split-plot
design was used, including the effect of sow
nested within feeding level x replicate (error to
test the effects of feeding level, replicate and
any interactions), sampling time and all inter-
actions as sources of variation. These analyses
were repeated on days W-1, W and W+1. For
IGF-I and cortisol, and mean concentrations
of NEFA, glucose, insulin and GH, a split-plot
design was used with day of sampling instead
of sampling time within day. When an inter-
action tended to be significant (P < 0.1), the
effects were studied separately. When the effect
of day of sampling was significant (P < 0.05), ),
comparisons between days were realized with
the Bonferroni test. Pearson correlation coef-
ficients were calculated between metabolic
parameters and reproductive characteristics
earlier described [40].

3. RESULTS

3.1. Sow and litter performance

At farrowing, there was no significant
difference in live weight and backfat depth
(means of fat depth at three sites) between
sows allocated to high or low levels of
feeding. During lactation, the decrease in
live weight and in backfat depth was
higher in L than in H sows (table Iln. The-
refore, L females were lighter (P < 0.001)
and had less backfat (P < 0.01) than H
females at weaning.

Litter size at weaning was similar for H
and L sows (table It!. For this reason, the
number of piglets was introduced as a
covariate in the analysis of litter weight



and daily growth. Litter live weights were
similar in both groups after cross-fost-

ering (48 h postpartum), on day 22 post-
partum and at weaning. Daily weight gain
of litters did not differ between treatments

during the first 3 weeks of lactation. It was
lower for L than H sows during the fourth
week of lactation (P < 0.1) and during the
whole lactation (P < 0.05).

3.2. Metabolites

Because plasma concentrations of
NEFA and glucose exhibit time-related
fluctuations, they were presented as time
courses of serial sampling (figure 1). Inde-
pendent of treatment or day, plasma
concentrations of NEFA decreased after
the afternoon meal (1440 versus 1540 hours,



P < 0.05). On day W-1, NEFA concen-
trations before the meal were higher in
L than in H sows (figure 1 ). On days W
and W + 1, NEFA concentrations did not
differ between groups of sows between
1140 and 1540 h (figure 1). Mean concen-
trations of plasma NEFA were signifi-
cantly influenced by the day of sampling
(table V), in that they were higher on day
W than on day W-1 or W+l (figure 2).

Independent of treatment or day,
plasma glucose was lower before the
afternoon meal than after (1440 versus
1540 hours, P < 0.05). Mean concentra-
tions of glucose did not differ between
groups of sows, but there was a signifi-
cant interaction between the level of fee-

ding and the day of sampling (table V,
figure 2).

3.3. Metabolic hormones

Plasma concentrations of insulin were

high after the morning meal (from 1000
to 1200 hours) and returned to the basal
levels within 3 h of this meal, in both
groups of sows, regardless of the day of
sampling (figure 1). The concentrations
of insulin observed after the morning meal
until 1300 hours were lower in L than in
H sows on day W-1 (figure 1), whereas
the insulin concentrations did not signifi-
cantly differ between groups of sows at
any time on days W and W + 1 (figure 1 ).
There was an interaction between the level
of feeding and the day of sampling for
mean concentrations of insulin (table V).
Mean concentrations did not significantly
differ between the 3 days of sampling in
H sows, whereas they increased progres-
sively after weaning in L sows (P < 0.05;
figure 2).

Mean plasma levels of GH tended to
be higher in L than in H sows on day
W-1 (P < 0.1; table V!, but did not differ
between groups after weaning (figure 2).
Plasma GH levels were significantly
higher on day W-1 than on days W and

W+1 in L sows, but did not differ between

days in H sows (table V, figure 2).
Plasma concentrations of IGF-I were

strongly influenced by the level of feed-
ing (table V), in that they were higher in H
than in L sows, regardless of the day of
sampling (P < 0.05, table VI), and did not
differ between days.

Plasma concentrations of cortisol were
similar for both levels of feeding
(figure 2). They decreased between day
W and day W+1 in both groups of sows
(P < 0.05, figure 2).

3.4. Relationships between metabolic
criteria and reproductive data

The number of LH pulses on days W-1 I
and W was positively correlated with
mean concentrations of insulin (P < 0.01)
and cortisol (P < 0.05), respectively, and
mean FSH on day W-1 was correlated
with mean GH (P < 0.05; table VII). The
number of LH pulses on day W+1 was
negatively correlated with fat loss during
lactation (P < 0.05).

Weight loss during lactation was nega-
tively correlated with ovarian macroscopic
characteristics (ovarian weight and folli-
cular diameters; P < 0.05) at weaning, but
not 48 h after (table Vllo. There was no
significant correlation between mean
concentrations of cortisol and glucose and
ovarian features. Mean insulin was posi-
tively correlated with ovarian weight
(P < 0.05), and mean NEFA negatively
with the diameter of the ten largest fol-
licles at weaning (P < 0.05; table VIII).
Plasma IGF-I on day W-1 was positively
correlated with ovarian weight at wean-
ing (P < 0.01), the maximum follicular
diameter at weaning and 48 h later
(P < 0.05 and P < 0.01, respectively), and
the diameter of the ten largest follicles
after weaning (P < 0.05; table VIII). A
clear positive correlation appeared be-
tween plasma IGF-I on day W-1 and IGF-





I in fluid of follicles measuring at least
3 mm in diameter on days W and W + 2
(P < 0.001; table VIII). Conversely, fol-
licular IGF-I on day W+2 was negatively

correlated with GH on day W-1
(P < 0.05) and weight loss during lactation
(P < 0.01; table VIII). There was no cor-
relation between metabolic criteria and



the number of small- (1-2.9 mm) and
medium-sized (3-5 mm) follicles

(table VIII).

4. DISCUSSION

4.1. Feeding level, body reserves and
litter performance

Sows from both groups lost live weight
and fat during lactation, indicating that
they mobilized body reserves. Restricted
sows lost more body weight and backfat
than well-fed sows, in agreement with pre-

vious observations [2, 25, 50]. The growth
rate of their litters was slightly lower than
that of H sows (1.88 versus 2.06 kg/day),
particularly during the fourth week of lac-
tation (2.15 versus 2.73 kg/day). Other
authors have shown that a restriction in

energy and/or protein intake induced a
reduction in litter growth [10, 27] or had
no clear influence [12, 33, 50]. The diffe-
rence in litter growth observed in our expe-
riment could not be explained by diffe-
rences in the amount of creep feed eaten

by piglets during the fourth week of lac-
tation (1.32 kg/litter from H sows and



1.17 kg/litter from L sows). Therefore, it is
likely that during the first 3 weeks of lac-
tation, the sows mobilized body reserves to
support milk production, whereas, during
the fourth week of lactation, since the body
reserves were depleted, the nutrient supply
to the mammary gland was insufficient
and the milk yield decreased [7, 27].

4.2. Metabolites

High concentrations of plasma NEFA
are considered to reflect high rate of fat
mobilization [18]. Therefore, the higher
increase in levels of NEFA before the
afternoon meal found in L sows during

lactation indicates that they mobilized
more fat reserves than H sows [32, 41].
This mobilization stopped after piglet
removal since NEFA concentrations
decreased 24 h after weaning in the res-
tricted sows. In the well-fed sows, the
mean concentrations of NEFA were simi-
lar in late lactation and 24 h after wea-

ning, suggesting that their catabolic state
during lactation was moderate. Our data
indicated that concentrations of NEFA
were relatively high on the day of wean-
ing, whatever the level of feeding. This
increase in plasma NEFA concentrations
might result from the cessation of NEFA
uptake by the mammary gland, although
previous studies have shown a very low
uptake of plasma NEFA by the mammary



gland of the sow [28, 46]. Indeed, Boyd
et al. [9] suggested that plasma NEFA
probably contribute to milk synthesis in
sows with a negative energy balance, in
agreement with data from Dourmad (pers.
comm.) and with the observations of
Noblet and Etienne [33], showing that the
fat content of milk is increased in energy-
restricted sows. The increase in plasma
NEFA observed on the day of weaning
may also result from the release of NEFA

synthesized in the mammary gland when
milk excretion ceased into the maternal
blood. Such a release was previously
reported by Hartmann et al. [22] for lac-
tose, but it started only 18 h after piglet
removal. To our knowledge, no similar
data are available for NEFA. Finally, these
high concentrations of NEFA could be
related to the stress induced by piglet wean-
ing, since stress-related hormones are lipo-
lytic [5]. However, our results did not
show any clear increase in cortisol on the

day of weaning, in contrast to findings
from De Passille et al. [15] and Tsuma et
al. [48].

In our study, feed restriction did not
influence mean concentrations of glucose,
in contrast to earlier observations [27,41]. ].
We found that glucose regulation diffe-
red between restricted and well-fed sows

during the hours following piglet remo-
val. Increase in plasma concentrations of
glucose in L sows on the day of weaning
was probably due to the cessation of the
glucose uptake by the mammary gland [2,
36, 46]. Stress-related hormones may also
be implicated, as they induced an increased
production of glucose [5]. In H sows, these
effects certainly also exist, but may be can-
celled by the decrease in glucose concen-
trations induced by the reduction by 50 %
of feed intake on the day of weaning.

4.3. Metabolic hormones

During lactation, compared with the
post-weaning period, the sows had high
concentrations of GH. These high levels

can be related, at least in part, to the neu-
roendocrine stimuli elicited by the piglets
during suckling [42]. Negative energetic
balance could also contribute to increas-

ing GH concentration during lactation,
particularly in L sows [3, 12]. As suggested
by Boyd et al. [9] and Quesnel and Prunier
[38], the high concentration of GH may
allow higher mobilization of fat tissue and
favour the preferential drive of the
nutrients towards the mammary gland.
IGF-I levels were lower in L than in
H sows during lactation despite slightly
higher GH levels, which suggests an
uncoupling of IGF-I secretion from GH
secretion under nutrient deficit, as obser-
ved in restricted growing pigs [11] and in
lactating cows [44]. In well-fed multipa-
rous sows, Schams et al. [45] suggested
that the uncoupling between IGF-I and
GH secretions was absent. In restricted

lactating sows, the uncoupling of IGF-I
from GH secretion may favour protein
mobilization from muscle tissue. Higher
levels of IGF-I observed in H sows may
reduce levels of GH, through negative
feed-back activity [6]. After weaning,
concentrations of GH declined, while
concentrations of IGF-I did not change.
Similar latency in IGF-I responses to chan-
ging metabolic state around weaning has
been reported [37, 50]. Since IGF-I has
been demonstrated to stimulate follicular

growth and maturation [1], these findings
strongly support the hypothesis of Zak et
al. [50], that the delayed response in IGF-
I status after weaning represents a meta-
bolic sequelae of lactational catabolism,
which negatively affects ovarian function.

Circulating levels of insulin are closely
regulated by the amount of carbohydrates
eaten by the animal. This could explain
the decrease in insulin concentrations in
H sows between the day before weaning
and the day of weaning, since the feed
allowance was reduced from 6 to 3 kg.
This also explains that during lactation,
the mean concentration of insulin was
lower in restricted than in well-fed sows.



As insulin inhibits lipolysis, the low
concentrations observed in L sows may
facilitate the mobilization of fat tissue.

The lack of influence of feed intake on
cortisol concentration during late lacta-
tion was unexpected, since Baidoo et al.
[3] reported a higher concentration of cor-
tisol in restricted than in well-fed sows on

day 28 of lactation. In our study, the
concentration of cortisol was higher in late
lactation and on the day of weaning than
on the day after weaning. This may be due
to the neuroendocrine reflexes induced by
suckling during lactation and to the stress
caused by piglet removal on the day of
weaning [15].

4.4. Relationship between metabolic
changes and reproductive
performance

Correlation coefficients indicate a posi-
tive relation between insulin level and LH

pulsatility, as previously suggested in
cyclic gilts and in lactating sows [14, 19,
47]. The lowered concentration of insu-
lin in L sows may have induced the
decrease in the frequency of LH pulses.
This observation supports our previous
hypothesis that intense nutritional deficit
during lactation constitutes an additional
inhibitory factor of the hypothalamo-pitui-
tary-ovarian axis, the primary one being
the suckling-induced inhibition [38]. The
positive correlation between GH and FSH
may be related to a lower negative feed-
back exerted by the ovaries on FSH secre-
tion in L sows, rather than a relationship of
cause and effect. Although cortisol has
been reported to inhibit the preovulatory
LH surge and decrease the LH response
to GnRH, it may have a positive influence
on basal LH secretion [4, 34].

The significant correlations existing
between weight loss during lactation and
some ovarian characteristics at weaning
emphasize that ovaries were affected by

the amplitude of the nutritional deficit
during lactation. Detailed analysis shows
clear relationships between ovarian macro-
scopic characteristics at weaning and 2
days after on the one hand and plasma
IGF-I level in late lactation on the other.
The high correlation existing between
plasma and follicular IGF-I supports the
observation of simultaneous variations in

peripheral and ovarian IGF-1. This may
be explained by a lower transfer of circul-
ating IGF-I into the follicles and/or by a
decreased local production of IGF-I in res-
tricted sows. Therefore, we suggest that
the uncoupling between GH and IGF-I
secretion observed at the peripheral level
exists also at the ovarian level.

It can be concluded that feed intake

during lactation clearly affects circulating
concentrations of insulin and hormones

of the somatotropic axis in primiparous
sows, whereas cortisol concentrations are

poorly modified. These metabolic adjust-
ments favour mobilization of body reserves
in order to support milk production. How-
ever, they become less efficient in late lac-
tation when maternal body reserves are
depleted. These adjustments are likely to
be involved in the lower ovarian activity at
and after weaning. Our data support that
insulin deficit during lactation could play
a role in the inhibition of LH pulsatility
while IGF-I deficit during lactation and
after weaning may have detrimental effects
on ovaries, via gonadotrophin-indepen-
dent pathways.
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