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Abstract

The digestive function of low birth weight (LBW) pigs post-weaning has been poorly studied. Therefore, newborns from eleven hyper-
prolific sows were weighed, weaned at 27-2d and fed a starter diet until sampling. Sampling was done between 18 and 28 d post-weaning.
An LBW piglet (1 19) was defined as a piglet having a birth weight less than 1kg and less than the lower quartile of litter birth weights.
Normal birth weight (NBW) piglets (2 13) were having a birth weight close to the mean litter birth weight. For each piglet, eighty-eight
variables were determined. Data were analysed with linear models with type of piglet and litter as predictors. A principal component anal-
ysis was performed to determine the most important discriminating variables. In the LBW pig, the development of the digestive tract post-
weaning was delayed: lower small-intestinal weight:length ratio due to a thinner tela submucosa and tunica muscularis and a higher
secretory capacity, both in the distal jejunum. These observations might be a consequence of lower circulating insulin-like growth
factor-1 (IGF-1) concentrations (126 (se 10-0) v. 158 (s 12-0) ng/ml for LBW and NBW, respectively) and a lower density of IGF-1 receptors
in the proximal small intestine. Additionally, the plasma antioxidant capacity was lower for the LBW pig. Taken together, in the LBW piglet,
the normal gut maturation post-weaning was retarded and this did not seem to be related to the weaning transition as such.
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Low birth weight (LBW) pigs, relative to normal birth weight
(NBW) littermates, have lower birth weights and exhibit lower
vitality scores™?. At birth, small pigs have less body energy
reserves, take longer to achieve their first suckling, and are
more prone to experience hypothermia and to be overlain by
the sow. Within the litter, they are less able to access maternal
resources than their heavier littermates. Overall, these factors
are associated with a higher postnatal mortality and a lower
growth rate in surviving LBW pigs®® ~© LBW is a condition
that stems from developmental and growth restriction during
gestation”®. There is a body of evidence suggesting that com-
promised maternal—fetal relations are the primary cause of
intra-uterine growth restriction AUGR)®'®. To note, in the
pig, ITUGR occurs with a high frequency and its prevalence

increases with increasing litter size’®. In recent decades, selec-
tion for high litter size has resulted in a decrease in absolute
mean birth weight and has generated a higher proportion of
LBW piglets(2’6’“). Prenatal interventions have been of limited

At present, most efforts

success or were not cost-effective
are dedicated to adjust the nutritional management during the
suckling and weaner phase to support survival and growth of
these LBW pigs®'?.

There is a plethora of peer-reviewed papers about LBW pigs
dealing with the peri- and postnatal physiology'*>'®. These
papers subscribe to the postulation that the pig is a good
model for the TUGR and preterm human>. An additional set
of papers about LBW pigs describes the effect of TUGR on car-
cass and meat quality at slaughter™®. Surprisingly, pig studies

Abbreviations: C, crypt depth; EGFR, epidermal growth factor receptor; FRAP, ferric-reducing ability of plasma; GIT, gastro-intestinal tract; GSH-Px,
glutathione-peroxidase; IGF-1, insulin-like growth factor-1; IGF-1R, insulin-like growth factor-1 receptor; Isc, short-circuit current; IUGR, intra-uterine
growth restriction; J1, 3m distal to pylorus; J2, 3m proximal to the ileo-caecal valve; LBW, low birth weight; NBW, normal birth weight; PCA, principal
component analysis; SI, small intestine; V, villus height.
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focusing on the post-weaning development of LBW piglets are
scarce. Weaning is known to be a very stressful event to the
animal and many structural and functional changes take place
in the gut during the post-weaning period, in particular in the
small intestine (SD"'?. Several studies demonstrated that LBW
pigs when starting enteral nutrition, experience more digestive
disorders due to gut immaturity'”'®. Hence, it is interesting to
know whether LBW pigs suffer from similar anomalies after
weaning when the diet switches from sow milk to commonly
used solid feeds based on plant proteins and lipids and rich in
starch, and whether these alterations persist after the weaning
transition. Results of such experiments — when focusing on
relevant markers of digestive functioning — will aid to adjust
feeding strategies for the LBW pig. Hence, the aim of the present
study was to understand the developmental and prevailing
differences of the digestive function and plasma oxidative
status of fully weaned LBW v. NBW piglets at 2 weeks after
weaning. The latter time frame was chosen because most
reports indicate that the adaptations in response to weaning
are then completed'®.

Materials and methods
Animals and experimental design

The experiment was carried out according to the guidelines of
the Ethics Committee of Ghent University (Belgium) for the
humane care and use of animals in research. Animals originated
from a commercial herd with 140 hyper-prolific sows and a
3-week batch-farrowing management (Waarschoot). Piglets
(Hypor hybrid X Piétrain) were taken from two different
batches of farrowing sows (batch I and batch ID. Mean sow
parity, number of piglets born alive and number of piglets
weaned for the litters from which piglets were selected, were
5-4 (sE 1-12), 15'5 (sE 2:29) and 12-7 (sE 1-70), respectively.

At birth, all piglets alive were immediately ear-tagged, weighed
and their sex determined. The time needed for first colostrum
intake was recorded. Then, 24 h after parturition, the piglets
were weighed again to estimate colostrum intake according
to Devillers et al ' and rectal temperature was measured.
A minimum number of piglets (only heavy piglets) were
cross-fostered to litters that were not part of the study. From
day 5, piglets had free access to a commercial creep feed.
At weaning (27-2 (s 1:27)d after parturition), piglets were
weighed and transferred to the weaner unit whereby littermates
stayed together. Then, piglets were fed a commercial diet com-
posed of cereals, wheat gluten, toasted soyabeans, soyabean
meal, soyabean oil, whey, lactose and nutritional additives
such as amino acids, minerals and vitamins (analysed proximate
analysis: DM, 889 g/kg; crude protein, 182 g/kg; ether extract,
57 g/kg and crude fibre, 68 g/kg and calculated metabolisable
energy 15-6MJ/kg) ad libitum until the day of sampling.
The sampling day was chosen at least 2 weeks post-weaning
(varying between 18 and 28d post-weaning) because many
reports related to pigs highlight that most of the functional
and structural changes of the gut in response to weaning are
completed within 2 weeks''”. Then, pairs of LBW and NBW lit-
termates were selected and transferred to the laboratory for
sampling. Selection criteria were based on birth weight and
weight at the time of sampling (Table 1). An LBW piglet was
defined as a piglet having a birth weight less than 1kg and
less than the lower quartile of litter birth weights. Nearly 21 %
of the piglets in the litters matched this criterion at the time of
birth. Furthermore, LBW pigs had a longer time for first colos-
trum intake (lower vitality at birth), a lower colostrum intake
and a lower 24 h rectal temperature. The pre-weaning mortality
within this group of piglets was 34:3 %. NBW littermates were
having a birth weight close to the mean litter birth weight.
In addition, at sampling, LBW and NBW piglets needed to

Table 1. Observations in the suckling and weaner phase of low birth weight (LBW) and normal birth weight (NBW)

piglets
(Mean values with their standard errors)

LBW NBW

Variable Mean SE Mean SE P
Time to suck first colostrum (min) 50 5-0 34 5.5 0-041
Estimated colostrum intake* (ml) 349 13.8 452 155 < 0-001
24 h-rectal temperature (°C) 38-7 0-12 39-1 0-14 0-024
Body weight (g)

At birth 912 211 1287 241 < 0-001

At weaning 5610 140 7100 160 < 0-001

At sampling 8150 180 10660 205 < 0-001
Average daily gain (g/d)

Suckling phase 179 51 222 58 < 0-001

Post-weaning phase 119 71 168 81 < 0-001
Relative growth ratet (kg/kg)

Suckling phase 51 0-16 4.5 0-19 0-030

Post-weaning phase 0-47 0-030 0-52 0-034 0-277
Mortalityt (%)

Suckling phase 34-3 ND

ND, not determined.

* According to formula reported by Devillers et al.('®).

1 Relative growth rate; body weight gain/initial body weight.

1 Mortality of all piglets defined as LBW based on the birth weight criterion out of the litters used.
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have a relatively low and normal weight, respectively, in order
to avoid the selection of piglets showing compensatory growth
or runting animals. This second criterion was established
because: (1) runting has been associated with an increased dis-
ease incidence and (2) growth compensation might be a result
of changes in the intermediate metabolism. Our objective was to
study alterations in the digestive function and hence we tried to
avoid other factors affecting profoundly the animal’s physi-
ology. Yet, the number of animals that was excluded for this cri-
terion in the present study was very limited. In total, nineteen
LBW and thirteen NBW piglets were selected from eleven litters.

Sampling

Selected piglets were electrically stunned and euthanised by
exsanguination. Blood was collected in EDTA (as anti-coagulant)
tubes for the determination of the oxidative status in plasma
and in plain tubes for insulin-like growth factor-1 IGF-1) deter-
mination in serum. Afterwards, the gastro-intestinal tract (GIT),
including the liver was removed. A segment of 20cm of the
SI, 3m proximal to the ileo-caecal valve (J2), was taken and
immediately processed for the Ussing chamber measurements.
Subsequently, the GIT was partitioned into the following digesta
sampling sites: stomach, proximal SI (S1, 0—3m distal from
pylorus), distal SI (S2, 3—0m proximal to ileo-caecal valve)
and caecum. The content of each segment was quantitatively
collected and the pH was determined. Aliquots were taken and
acidified to pH <2 with 2% (w/w) of 6 M-H,SO; to stop fer-
mentation and stored at —20°C pending analysis for bacterial
metabolites. The empty weight of digestive organs and length
of ST were measured. From proximal (3 m distal to pylorus; J1)
and distal (3 m proximal to the ileo-caecal valve; J2) SI, multiple
segments (10 cm of length each) were taken and flushed with
09% (w/v) saline and either snap-frozen in liquid N, and
stored at —80°C or fixed in neutral buffered formalin pending
analysis.

Determination of variables

For each piglet, eighty-eight variables were determined includ-
ing size of digestive organs (twelve variables; for definitions
of organs and parts of organs, see previous section), SI histo-
morphology (12), digesta characteristics (23), distal SI secretory
and absorptive capacity (4), distal SI barrier function (2), SI
brush-border enzyme activities (12), SI growth-factor receptors
(10), SI cytokine concentrations (8), plasma oxidative status (4)
and serum IGF-1 (1).

Measurements of the histo-morphological parameters, villus
height (V) and crypt depth (), for the formalin-fixed samples
of J1 and J2 were carried out as described by Van Nevel
et al®. Briefly, after dehydration and impregnation with
paraffin, 4 wm sections (six per piglet and intestinal site) were
stained with haematoxylin and eosin. V (from tip to base) and
C (from base to opening) of well-oriented villi and adjacent
crypts were measured using a microscope equipped with a
camera and computer with appropriate software (Olympus,
CX41/U30, software CellB). At least twenty V — C were

measured per piglet and intestinal site. In addition, thickness
of the tela submucosa and tunica muscularis was measured.

Bacterial metabolites were determined in the digesta of S2
and caecum. SCFA and lactic acid were analysed by a GC
method described by Jensen et al.* and modified by Missotten
et al.®?.

The distal SI secretory and absorptive capacity and barrier
function were determined in Ussing chambers according to
Michiels er al.®®. Basal values (tissue resistance (Rtpasar,
Qcm?); basal short-circuit current (ISCgasar, p,A/cmZ)) were
obtained in two chambers as average values between 15 and
20 min. In addition, the changes in Isc (Alsc; pA/cm?) due to
the addition of p-glucose and serotonin and theophylline as
secretagogues were determined. Besides, two other chambers
were used to measure permeability to the macro-molecular
marker fluorescein isothiocyanate dextran (FD4, 1-0 mg/ml;
4000 Da; Sigma-Aldrich) added at the mucosal side. Perme-
ability was monitored by sampling the serosal compartment at
20 min intervals for 80 min. The apparent permeation coeffi-
cient (P,,) was calculated as: Py, (cm/s) = (dc/dD) X V/cy/A,
whereby dc/dt is the change of serosal concentration in the
20- to 100-min period (M/s); V is the volume of the chamber,
¢o the initial marker concentration in the mucosal reservoirs
and A the area of the exposed intestine in the chambers
(cm?). Dataon P,pp Were log transformed before data analysis.

Frozen samples (—80°C) of SI were homogenised and enzy-
matic activities were measured using a Tecan sunrise microtitre
plate reader (Tecan Trading AG). Aminopeptidase A (EC
3.4.11.1), aminopeptidase N (EC 3.4.11.2) and dipeptidylpepti-
dase IV (EC 3.4.14.5) were kinetically measured by spectropho-
tometry using Glu-p-nitroaniline, r-alanine 4-nitro-anilide
hydrochloride and H-glycyl-prolyl-p-nitroaniline p-tosylate as
substrates, respectively. Lactase (EC 3.2.1.23), sucrase (EC
3.2.1.48) and maltase (EC 3.4.11.2) activities were determined
with lactose (120 mm), sucrose (10 mm) and maltose (11:2 mm)
as substrates. Enzyme activity levels were expressed as units
per g wet tissue. Here, one unit of activity was defined as the
amount of enzyme that hydrolyses 1 wmol substrate per min.

Immunohistochemical staining was used to detect the pre-
sence and distribution of the epidermal growth factor receptor
(EGFR) and the IGF-1 receptor (IGF-1R). All staining procedures
were carried out at room temperature, unless otherwise stated.
Paraffin sections (5 pm) were hydrated and non-specific staining
was blocked by incubating in 0-3 % (w/v) H,O, in methanol for
30min (EGFR) or in 1% (w/v) H,O, in methanol for 30 min
(IGF-1R). In the case of EGFR-immunohistochemistry, sections
were incubated with 1% (w/v) sodium-borohydride for 5 min,
rinsed in 50 mM-Tris (hydroxymethyl) aminomethane-buffered
saline solution (pH 7-4) with 1% (w/v) bovine serum albumin
(BSA) (Tris-buffered saline (TBS)/BSA) and subjected to a
biotin blocking system (Dakocytomation) before incubating
with the primary antibody. Sections were incubated with
mouse monoclonal anti-EGFR (1/70 diluted in TBS/BSA)
(Sigma) or rabbit polyclonal IGF-1R anti-serum (Santacruz
Biotechnology) (1/100 diluted in PBS) overnight at 4°C.
Following rinsing in TBS/BSA (EGFR) or PBS (IGF-1R), the
sections were incubated with biotinylated goat anti-mouse
(1/400) (Dakocytomation) diluted in TBS/BSA for 60min
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(EGFR) or were incubated with Envision anti-rabbit (Dakocyto-
mation) for 30 min (IGF-1R) at room temperature. In order to
visualise the presence of EGFR, a third step, namely incubating
the sections after rinsing in TBS/BSA with streptavidin-conju-
gated horseradish peroxidase (1/400) diluted in TBS for
30min needed to be applied. In order to visualise both the
EGFR and IGF-1R immunocomplexes, aminoethylcarbazol
(Dakocytomation) was applied to the sections after rinsing
the sections in TBS (EGFR) or PBS (IGF-1R) and aqua dest.
Staining was semiquantitatively (intensity and extent of stain-
ing) scored (0 as no staining, 1 as weak staining, 2 as moderate
staining, 3 as strong staining). EGFR was determined in the villi
and goblet cells and IGF-1R in the muscularis, submucosal
arterioles and enterocytes of proximal and distal SI tissues.

To determine the cytokine level in the small-intestinal tissue
homogenates (samples stored at —80°C), commercial ELISA
kits were used: a swine ELISA kit (KSC0102, Invitrogen) for
IL-10 and porcine DuoSet ELISA Development systems for
IL-1B (DY681, R&D Systems Europe Limited), 1L-6 (DY686,
R&D Systems Europe Limited) and TNF-a (DY690B, R&D
Systems Europe Limited). The tests were run according to the
manufacturer’s protocol. Results are expressed as pg/g protein.

Overall, four parameters of oxidative status in plasma
were determined. The ferric-reducing ability of plasma (FRAP)
assay is considered as a measure of the ‘total antioxidant
power’, according to the method described by Benzie &
Strain®”. The test is based on the reduction of the ferric-
tripyridyltriazine complex to the ferrous form at low pH.
The malondialdehyde concentration in plasma was measured
by the thiobarbituric acid-reactive substances (TBARS) method,
as described by Grotto et al‘®®. Assessment of glutathione-
peroxidase (GSH-Px) activity follows the method described by
Herndndez et al®® and the guidelines of the catalogue of
ZeptoMtrix Corporation (Total glutathione-peroxidase assay,
description and intended use). a-Tocopherol content in plasma
was determined using HPLC according to Desai®?”.

Serum IGF-1 concentrations were determined using a
commercial enzyme immune assay (Mediagnost, Inc.) follow-
ing the manufacturer’s protocol.

Statistical analysis

The effect of type of piglet (LBW v. NBW) was analysed using
the generalised linear models procedure in IBM SPSS Statistics
version 19.0 program for Windows (SPSS, Inc.). Continuous
variables were linked in a linear way with the predictor variables
and the categorical variables were linked through the multi-
nomial logistic function. The predictor variables included
type of piglet (LBW . NBW) and litter to account for litter effects
(all piglets born within a litter remained pen-mates until
sampling). The interaction term was not included in the model
since in nearly all cases the interaction term was not significant
(P>0:05). The number of LBW and NBW piglets per litter
varied from one to four and one to two, respectively, which
means that the final data set represents an unbalanced design
(in total nineteen LBW and thirteen NBW piglets). Therefore,
to calculate the sum of squares, type III was used. Data are pre-
sented as estimated marginal means with their standard errors.

Principal component analysis (PCA) was carried out in order
to deduce the variables that contributed most to differences
between LBW and NBW piglets. Therefore, the methodology
as outlined by Montagne et al.'® was applied. Briefly, the
data of continuous variables (78) were standardised, i.e. the
data were diminished by the mean and divided by the standard
deviation of that variable. A first PCA, including a scree plot,
was done to determine the number of principal components
to be retained. Following this, seven principal components
appeared before a clear break where the eigenvalues appeared
to level off to the right of the plot. The eigenvalues of these
seven principal components were greater than 3-0. Then, vari-
ables that did not load on any principal component retained
(correlation coefficient between variable and principal com-
ponents =0-5) were excluded. In addition, from those variables
within a family of variables, which were highly correlated
(r>0-55; P<0-05), only the main representative variable
(highest principal component loading) was retained for the
final analysis. Overall, thirty-five variables were kept for this
final PCA. All calculations were carried out using the IBM
SPSS Statistics version 19.0 program for Windows (SPSS, Inc.).

Results

Differences of the digestive function and plasma oxidative
status of fully weaned low birth weight v. normal birth
weight piglets

Upon sampling, all piglets were without signs of respiratory
disease or gastro-intestinal disorders. However, multiple LBW
piglets were small for age and demonstrated poor growth. Abso-
lute weight of all digestive organs was significantly lower for
LBW piglets compared to NBW littermates with the exception
of spleen, in contrast to the relative weight of these organs
(Table 2). SI weight/total length was reduced in the LBW pig
(P=0-002). SI histo-morphological variables were not affected
by birth weight, except for the thickness of tela submucosa
and tunica muscularis in the distal SI (Table 3). Both parameters
were significantly reduced by approximately 16—18% in the
LBW pigs. Neither absolute nor relative fresh matter content
of the gut compartments was affected by the type of piglet
(Table 4). In the caecum, the fermentation pattern was clearly
altered in the LBW pigs; lower pH (555 (sE 0-053) v. 574
(sE 0-056) for LBW and NBW pigs, respectively; P=0-023) con-
comitant with a higher SCFA concentration (17%, P=0-013)
due to an increase in acetate and propionate production. The
proportion of acetate as fermentation product in the caecum
was increased in LBW pigs. Only one variable describing the
barrier and secretory function of the distal SI was found to be
different (data not shown). Iscgasar Was markedly higher in
LBW pigs (—=1-5 (SE 2:41) v. —12-2 (SE 2:62) p,A/cm2 for LBW
and NBW pigs, respectively; P=0-008). Neither carbohydrase
nor peptidase brush-border enzyme activities were affected by
birth weight. Scores on staining intensity of EGFR were not
different among groups. With the exception of enterocytes in
the distal SI, the presence of IGF-1R in intestinal tissues was
substantially lower in the LBW animals, which reached signifi-
cance in the proximal tissues. The scores for the muscularis
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Table 2. Size of digestive organs of fully weaned low birth weight (LBW) and normal birth weight (NBW) piglets

(Mean values with their standard errors)

LBW NBW

Variable Mean SE Mean SE P
Stomach

Weight (g) 85 33 105 34 < 0-001

Relative weight (g/kg BW) 9-6 0-26 9.2 0.27 0-318
Small intestine

Total length (m) 9-5 0-19 10-3 0-21 0-007

Weight (g) 376 14.5 469 16-6 < 0-001

Relative weight (g/kg BW) 42.5 1-20 41-3 1.37 0-502

Weight/total length (g/m) 39-4 1-14 45-6 1-31 0.002
Caecum

Weight (g) 24 1.3 32 1.5 0-001

Relative weight (g/kg BW) 27 0-12 28 0-14 0-521
Liver

Weight (g) 252 82 305 94 < 0-001

Relative weight (g/kg BW) 28-2 0-54 26-8 0-62 0.072
Spleen

Weight (g) 21 1.0 24 11 0-065

Relative weight (g/kg BW) 23 0-11 21 0-11 0-113

BW, body weight.

were 0-95 and 1-42 (P=0-021), for the submucosal arterioles 0-53
and 097 (P=0-023) and for the enterocytes 0-26 and 0-66
(P=0-032) for the proximal SI tissues of LBW and NBW piglets,
respectively. In addition to this, IGF-1 concentrations were
126 (s 10-0) v. 158 (s 12-0)ng/ml (P=0:034) for LBW and
NBW pigs, respectively. The highest cytokine concentrations
were observed for IL-18 (86 (st 12-4) and 145 (SE 9-60) pg/g
protein for proximal and distal SI, respectively); followed
by IL-6 (122 (st 14-4) and 78 (sE 11-8) pg/g protein), TNF-a (23
(sE 3-4) and 24 (sE 1-7) pg/g protein) and IL-10 (1:0 (SE 0-27)
and 23 (sE 0-24) pg/g protein). However, for none of these
parameters birth weight affected the outcome. Finally, Table 5
represents parameters of the plasma oxidative status of fully
weaned LBW ». NBW piglets. FRAP values (—7%, P=0-049)
and GSH-Px enzyme activity (—13 %, P<0-001) were reduced
in LBW pigs.

Principal component analysis

Variables that did not load on any principal component
retained were relative weight of the stomach, caecum and
liver, relative weight of gastric and caecal contents, pH of gastric
and proximal SI digesta, caecum propionate/SCFA, caecum
butyrate/SCFA, caecum lactate, distal SI Pappgpy, proximal
and distal SI lactase, distal SI IL-1(, proximal SI IL-10 and
plasma a-tocopherol. Within the group of anatomical variables,
several variables were highly correlated. For example, liver
weight was correlated with stomach weight (7 0-81; P<<0-:001),
SI weight (7 0-88; P<0:001), caecum weight (7 0-67; P<0-001),
SI total length (r 0-65; P<<0-001), SI weight/total length (7 0-79;
P<0-00D) and spleen weight (r 0-63; P<0-001). From this
group, only four variables entered the final PCA. Proximal
and distal V' + C and V/C showed significant correlations with

Table 3. Small-intestinal histo-morphology of fully weaned low birth weight (LBW) and normal birth weight (NBW)

piglets
(Mean values with their standard errors)

LBW NBW
Variable Mean SE Mean SE P
Proximal
V (pm) 497 14-4 504 16-4 0.732
C (um) 341 8.0 338 9-1 0-781
V4 C (um) 838 20-3 842 23.2 0-896
vie 1.49 0-034 1.53 0-039 0-412
Tela submucosa (p.m) 44 1.6 47 1.8 0-287
Tunica muscularis (um) 221 6-4 225 7-3 0-692
Distal
V (pm) 445 138 445 15.8 0-972
C (pm) 323 95 326 10-8 0.797
V+ C (nm) 767 20-4 772 23-3 0-892
vic 1.40 0-041 1.38 0-047 0-827
Tela submucosa (um) 50 19 61 2.2 0-002
Tunica muscularis (p.m) 235 12.4 281 109 0-005

V, villus height; C, crypt depth.
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Table 4. Gut digesta characteristics of fully weaned low birth weight (LBW) and normal birth weight (NBW) piglets

(Mean values with their standard errors)

LBW NBW
Variable Mean SE Mean SE P
Stomach
pH 344 0-164 3.67 0-187 0-353
Fresh matter (g) 225 171 258 195 0-205
Relative content (g/kg BW) 24.8 1-64 226 1.88 0-366
Small intestine
Proximal
pH 5-55 0-075 5-50 0-086 0-635
Fresh matter (g) 57 6-4 67 7-3 0-273
Relative content (g/kg BW) 6-7 0-81 6-1 0-93 0-608
Distal
pH 6-96 0-069 6-92 0-079 0-705
Fresh matter (g) 70 6-2 89 71 0-062
Relative content (g/kg BW) 7-9 0-63 77 0.72 0.784
Acetate (pmol/g) 10 2.7 15 31 0-201
SCFA (p.mol/g) 10 2.7 15 31 0-205
Lactate (nmol/g) 26 6-6 27 7-5 0-962
Caecum
pH 5-55 0-053 5.74 0-056 0-023
Fresh matter (g) 57 6-9 71 79 0-173
Relative content (g/kg BW) 6-5 0-74 6-4 0-84 0-912
Acetate (nmol/g) 148 7-4 121 8.4 0-013
Propionate (p.mol/g) 57 3.9 47 34 0-040
Butyrate (nmol/g) 19 11 19 1.3 0-786
SCFA (wmol/g) 225 10-5 186 12.0 0-013
Acetate (%) 66 24 62 3.0 0-012
Propionate (%) 27 14 28 1.5 0-240
Butyrate (%) 8 0-5 9 0-6 0-423
Lactate (wmol/g) 9 29 8 3-2 0-692

BW, body weight.

either C or Vor both, for the respective SI site (all P<0-001).
Overall, six histo-morphological variables were retained. The
absolute and relative mass of digesta of each respective
compartment were highly correlated (all » > 0-070; P<0-001).
Distal SI pH was negatively related to distal SI lactate concen-
tration (» —0-58; P<0:001). All caecal SCFA concentrations
were positively intercorrelated (r between 0-57 and 0-77;
P=0-001), while the relative amount of acetate (acetate/SCFA)
in caecal contents had a negative relationship with propio-
nate/SCFA and butyrate/SCFA (r — 0-79 and — 0-62, respectively;
P<0:001). Only nine variables describing the digesta could
be used in the final PCA. Short-circuit current responses to
D-glucose, serotonin and theophylline were related, but only

Table 5. Plasma oxidative status of fully weaned low birth weight
(LBW) and normal birth weight (NBW) piglets

(Mean values with their standard errors)

LBW NBW
Variable Mean SE Mean SE P
Malondialdehyde (um) 7-28 0-247 7-53 0-283 0-497
FRAP (um Fe?t) 107 2.9 114 24 0-049
GSH-Px* (U/ml) 0-30 0-007 0-34 0-008 <0-001
«-Tocopherol (pg/ml) 1-14  0-093 113 0-106 0-960

FRAP, ferric reducing ability of plasma; GSH-Px, glutathione-peroxidase.
*U: amount of GSH-Px required for oxidising 1 umol of NADPH/min per ml plasma
at 25°C.

the correlation between Alscsgroronin and AISCTHEOPHYLLINE
was higher than 0-55 (r 0-79; P<<0:001). The SI brush-border
enzyme activities were significantly correlated within SI site,
in particular within each enzyme category (peptidases v. carbo-
hydrases). Only proximal aminopeptidase A and maltase and
distal dipeptidylpeptidase IV and maltase were found to be
representative for this group. Many variables describing the
cytokine concentrations in the SI mucosa were correlated; how-
ever, only three of them were higher than 0-55. These were
proximal IL-6 v. proximal TNF-a ( 0-61; P<<0-001), proximal
IL-6 v. proximal IL-10 ( 0-72; P<0:001) and proximal IL-10 v.
proximal TNF-a (70-67; P<0:001). No correlations were present
between the plasma oxidative status parameters. Finally, thirty-
five variables were introduced for the PCA analysis (Table 6);
and seven principal components explained 68-2% of the var-
iance. The first principal component grouped the Ussing
chamber results and in addition, some other variables such as
proximal SI V, proximal SI TNF-a and plasma malondialdehyde
had high loadings for this component. Negative loadings for
some histo-morphological variables dominate in principal com-
ponent 2, while this was the case for brush-border enzyme
activities in principal component 3. In the latter component,
distal ST acetate was associated in an opposite way as distal SI
lactate; this was also seen in principal component 6. Principal
component scores for principal components 4 and 5 were
significantly different between LBW and NBW piglets; hence
variables retained in these principal components are indicative
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Table 6. Description of the major principal components obtained by principal component analysis (PCA) of thirty-five variables character-
ising the gut function and oxidative status of fully weaned low birth weight (LBW) and normal birth weight (NBW) pigletst

Principal component

3 4 5 6 7

Variance explained (%) 13.7 10-3
Cumulative (%) 137 24.0
Student’s ttestt

LBW 0-01 0-05

NBW —0-01 —0-08
Loadings of variables§

Sl weight 0-40

Sl relative weight

Liver weight

Spleen relative weight

Proximal SI C

Proximal SI V 0-78

Proximal Sl tela submucosa

Distal SI V 0-41

Distal Sl tela submucosa

Distal S| tunica muscularis

Stomach fresh matter 0-56

Proximal Sl relative content

Distal Sl relative content

Caecum fresh matter

Caecum digest pH

Distal S| acetate

Distal Sl lactate

Caecum acetate

Caecum acetate/SCFA

Distal Sl ISCBASAL 0-58 0-36

Distal Sl AlsCgLucose —0-60

Distal S| AlSCTHEOPHYLLINE —0-86

Distal Sl RtBASAL 0-68

Proximal S| aminopeptidase A

Proximal SI maltase 0-47

Distal Sl dipeptidylpeptidase 1V

Distal SI maltase

Proximal SI IL-18

Proximal SI TNF-a 0-58 0-38

Distal SI IL-6

Distal SI TNF-a 0-38 0-71

Plasma FRAP —0-55

Plasma malondialdehyde

Plasma GSH-Px

Serum IGF-1 0-41

—0-35

—0-59

—0-67

—0-64

—0.77

-0-12 0-55 0-61

—0-49

10-2 9-3 9-0 8:5 72
34.2 43-5 52.5 61- 68-2

0-08 —0.38* —0.42* 0-04 0-01
—0-06 —0-02

0-63 0-44
—0-38
0-67 0-46

—0:52

0-69
-0:57

0-63
0-58
0-72
0-40 —0-39
-0-73
0.72
0-58
0-59
0.-47 0-48 —0.37
—0-43
0-67
—0-47 0-58
0-40 0-39

0-38 0-47
0-52 0-44
0.75
0-91

—0-55

0-794

0-41

0-58
0-54

SI, small intestine; C, crypt depth; V, villus height; Isc, short-circuit current; RtgasaL, basal tissue resistance; FRAP, ferric reducing ability of plasma; GSH-Px,

glutathione-peroxidase; IGF-1, insulin-like growth factor-I.
*Values were significantly different (P <0-01).

1 Extraction method: PCA,; rotation method: varimax with Kaiser normalisation.

F Student’s t test on principal component scores of piglets.
§ Only correlations with |4 >0-35 are indicated.

of physiological alterations in LBW piglets as compared to NBW
piglets. Principal component 4 comprises weight of organs and
digesta, along with variables related to brush-border enzyme
activities in the proximal SI and variables presenting the
plasma oxidative status (FRAP and GSH-Px). Both caecum
acetate/SCFA and proximal SI IL-13 had a negative loading for
component 4. Similarly, principal component 5 deals with the
absolute weight of organs (positive loadings) and relative
weight of organs and digesta (negative loadings) and the
distal ST histo-morphology (tela submucosa and tunica muscu-
laris thickness). Importantly, this component was positively
associated with serum IGF-1. Graphical representation of
piglets according to their principal component scores for

principal components 4 and 5 shows that piglets grouped
fairly well within type of piglet (LBW v. NBW) and hence can
be discriminated based on these principal components
(Fig. 1. The remaining principal components contributed less
to the variance explained and are more difficult to interpret.

Discussion

Alterations in digestive function and plasma oxidative
status of fully weaned low birth weight pigs

Despite the fact that some interesting differences between the
LBW and NBW piglets’ digestive function were found, their
number is far less than has been described for LBW pigs in
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Fig. 1. Representation of low birth weight (®) and normal birth weight (X)
fully weaned piglets according to their principal component scores for princi-
pal components 4 and 5 from the principal component analysis. Animals can
be discriminated visually according to type of piglet. See also Table 6.

the neonatal stage. In fully weaned pigs, all digestive organs of
LBW piglets were smaller with the exception of the spleen, SI
weight-to-total length was lower, the distal SI tela submucosa
and tunica muscularis were thinner, the secretory capacity dif-
fered from NBW pigs, caecal digesta were characterised by a
reduced pH due to higher amounts of acetate and propionate,
IGF-1R in Sl tissues were less abundant, in particular in the prox-
imal SI, and circulatory IGF-1 concentrations were markedly
reduced. Most of these differences have been reported pre-
viously for the LBW or IUGR pig during the perinatal period
and in LBW pigs not older than the weaning age''3?%2
These physiological alterations suggest that the normal devel-
opmental maturation of the GIT is retarded independent of
the weaning process. The weaning event imposes severe diet-
ary challenges to the animal, which results in an adaptation of
the gut function. This typical adaptation does not seem to be
affected by groups of pigs. Indeed, the GIT in pigs is profoundly
affected by the weaning process; most documented are the
changes in the Vand C architecture and brush-border enzyme
activities®*73. Strangely, none of these parameters differed
between LBW and NBW pigs. However, in the present study,
pigs were sampled more than 2 weeks after weaning when
most adaptations in response to weaning are completed®.
Hence, we can conclude that in both groups of pigs (LBW v.
NBW), the GIT adapted similarly upon weaning without persist-
ent effects. Nevertheless, it has been repeatedly demonstrated
that in contrast to the suckling period, LBW piglets have lower
relative growth rates than their NBW littermates®333%.
Probably, other than digestive shortcomings, factors such as
sub-functional intermediate metabolism or hormonal imbal-
ances might be involved in this reduction of growth potential.
Striking were the differences found for the caecum. A consist-
ent lower pH of caecal contents in the LBW piglets was seen
caused by higher acetate and propionate concentrations,
which was accompanied by a higher relative acetate pro-
duction. It is hard to explain these observations. Either more
substrate was available to support fermentative activity or alter-
natively the bacterial composition could be changed as
suggested by D'Inca et al."®. Here, we have no data to support
any of these. Additional work is needed on various aspects of
gastro-intestinal digestion to understand this better.

The Iscpasar in the distal SI was elevated in LBW piglets,
which means that the SI mucosa of LBW pigs had a higher
basal secretory response. As this response tends to decrease
during the adaptive phase after weaning®”, it confirms the
delay in gut maturation.

To date, descriptions of changes of the oxidative status during
the pigs’ lifetime are rather fragmentary(55’36) . Here, in fully
weaned LBW pigs, GSH-Px and FRAP were 13 and 7% lower,
respectively, when compared with age-matched NBW pigs.
This points to a lower reducing capacity of plasma upon
reactive metabolites and oxidants when metabolically stressed.
Nonetheless, one might disclaim the possible harmful con-
sequences of a lower reducing capacity by stating that there
is less need for reducing capacity in LBW pigs due to lower
growth rates and lower feed intakes. Interestingly, Wang
et al.®”*® showed in a proteome analysis of gut mucosa that
suckling TUGR pigs (0, 7 and 21 d of age) exhibited depressed
levels of proteins that regulate oxidative defence and increased
levels of proteins involved in the response to oxidative stress.

As already mentioned, less differences between LBW and
NBW fully weaned pigs were observed compared to LBW
neonates. During the suckling phase, 34:3% of the piglets,
which were initially identified as LBW died (not determined in
the NBW group). As a consequence, the population of fully
weaned LBW pigs to be sampled here did not correspond to
the LBW population at birth. Obviously, the weakest and less
vital LBW piglets died, leaving less room to find physiological
differences at a later age. In this respect, it is noteworthy to
say that in modern pig breeding, efforts to support the survival
and growth of LBW pigs are pertinent® and hence research
to understand the development of runting animals remains
of paramount importance.

Delayed gut maturation in low birth weight piglets

As stated previously, the alterations in the digestive traits of fully
weaned LBW piglets suggest a retardation in GIT maturation
and do not seem to be related to the weaning transition as
such. In addition to the changes that occur in response to the
weaning process, some overlying developmental changes
take place, independent of the weaning process(”)i The latter
changes appear to be affected by birth weight. The PCA analysis
(Table 6) comprehensively confirms this hypothesis. Principal
components 4 and 5 bring together all variables that collectively
discriminate LBW and NBW pigs (Fig. 1). Variables retained
in the principal component 4 can be grouped into variables
referring to weights of digestive organs and digesta. These
variables have positive loadings and are thus reduced in LBW
piglets; or they can be associated with the functioning of the
proximal SI. The reduced proximal SI aminopeptidase A and,
in particular, maltase activity (positive loadings) might support
the assumption that in LBW pigs there is a delay in the normal
developmental pattern of brush-border enzyme activities.
Though not found to be different by the generalised linear
model analysis, the negative loading (—0-55) for proximal SI
IL-1B suggests a higher pro-inflammatory response in LBW
pigs. The negative association of GSH-Px and FRAP with LBW
pigs (positive loadings and negative mean principal component
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scores) underlines the lower circulatory antioxidant capacity in
this population of piglets. Analogously to principal component
4, absolute organ weights had positive loadings in component
5. However, relative weight of ST and proximal SI relative con-
tent were negatively correlated with this principal component.
The latter shows tentatively that LBW piglets have an elevated
proximal SI fill when scaled to body weight. Knowing that
absolute and relative weights of fresh matter in each compart-
ment were highly and positively correlated, these suggest that
LBW pigs have higher amounts of chyme in the proximal SI as
compared to NBW pigs. This appears to be contradictory to
the results from the generalised linear model analysis, which
demonstrated that the absolute and relative weights of digesta
within each compartment were not different between the two
groups of pigs and numerically they were always lower for
the LBW pigs. This contradiction might be related to the fact
that no controlled feed intake protocol was used. Irrespective
of that, the high and negative loading for the proximal SI relative
content is appealing. Whittemore et al."” demonstrated that
relative gut fill (fresh matter content in the GIT/body weight)
decreases with age. Then, the higher proximal SI relative fill
would propose for a delayed gut development. Interestingly,
the positive loadings for distal SI tela submucosa and tunica
muscularis confirm the aforementioned findings. Again, it
might indicate that gut maturation is retarded. Indeed, during
maturation, the thickness of these layers and also of the
mucosa increases to accommodate the processing of ingested
feed*V. This study showed thinner intestinal layers in the
case of LBW pigs.

Despite all this, the most remarkable variable that consistently
differentiated LBW from NBW pigs was the serum IGF-1
level (positive loading in principal component 5). LBW pigs
exhibited significantly lower IGF-1 concentrations in serum
(=20%). This is in line with data for LBW pigs pre-
weaning®? ™ or at slaughter®; though in other studies
systemic IGF-1 did not differ®*® It is speculated that the
growth-regulatory potential of IGF-1 might explain the devel-
opmental delay of GIT structure and function of LBW pigs in
our experiment. Intravenous or subcutaneous administration
of IGF-1 increased intestinal mucosal weight, protein and
DNA content, V; and epithelial proliferation or reversed altera-
tions upon Challenge(45’46) . Additionally, the IGF-1R was less
abundant in smooth muscle tissues (of the tunica muscularis
and about submucosal arterioles) of LBW pigs compared with
NBW littermates. The lower expression in the muscularis and
submucosal arterioles corroborates with a thinner tela submu-
cosa and tunica muscularis and could explain the lower SI
weight:length ratio. Since IGF-1R in these tissues is already
present at birth” | it can be suspected that the lower expression
of IGF-1R in LBW pigs has its origin during impaired fetal
growth. However, the present results are in contrast to recent
data of Chen et al.“*® who did not find differences in IGF-1R
expression in other tissues (m. longissimus dorsi, kidney and
liver) of 21-d-old TUGR pigs. Thus, one might argue that despite
the substantial and consistent decrease in serum IGF-1 and
IGF-1R in SI tissues in our experiment, the effects on gut traits
were rather limited. Perhaps, the temporal and sharp decrease
in systemic IGF-1 and simultaneous increase in porcine

4959 indicate that IGF-1 is less

important for post-weaning development. This has been
illustrated by Davis et al.®" and Dunshea®”
benefits of intravenous IGF-1 treatment in pigs at 26d of age
or post-weaning. Additionally, IGF-1 activity is lowered by the
presence of IGF-binding proteins. If these proteins would be
up-regulated, it could weaken the effect of IGF-1. Chen
et al“*® and Morise et al.®® did not find differences in binding
proteins in several tissues between IUGR pigs and NBW litter-
mates pre-weaning. In the present experiment, IGF-binding

somatotropin after weaning

who found no

proteins expression was not measured. Thus, there remains
some lack in our understanding why LBW pigs fail to thrive,
in particular in the post-weaning phase and what the involve-
ment is of the IGF-1 system.

In conclusion, in fully weaned piglets, all digestive organs
of LBW piglets were smaller with the exception of the
spleen, SI weight-to-total length was lower, the distal SI tela
submucosa and tunica muscularis were thinner, the secretory
capacity differed from NBW pigs and caecal digesta were
characterised by a reduced pH due to higher amounts of
acetate and propionate. The few gut characteristics that were
altered in fully weaned LBW piglets indicate a delay in the
normal gut maturational process independent of the changes
induced specifically by the weaning process. Evidence is
brought about that lower circulatory IGF-1 concentrations
and lower abundance of IGF-1R can account, at least partially,
for these anomalies. Finally, the plasma antioxidant capacity
was lower for the LBW pig, which opens up opportunities
to optimise the provision of antioxidant nutrients. Probably,
some of these alterations originate during fetal develop-
ment. The results might aid to adjust feeding strategies for
the LBW pig or to intervene in the maternal diet during
gestation and lactation.
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