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Intrauterine growth restriction, defined gdis

by an elevated brain-to-liver weight ratio,
affects faecal microbiota composition and,

to a lesser extent, plasma metabolome profile
at different ages in pigs

Roberta Ruggeri'?, Giuseppe Bee'", Federico Correa?, Paolo Trevisi? and Catherine Ollagnier’

Abstract

Background Intrauterine growth restriction (IUGR) affects up to 30% of piglets in a litter. Piglets exposed to IUGR
prioritize brain development during gestation, resulting in a higher brain-to-liver weight ratio (BrW/LW) at birth. [IUGR
is associated with increased mortality, compromised metabolism, and gut health. However, the dynamic metabolic
and microbial shifts in IUGR-affected pigs remain poorly understood. This study aimed to investigate the longitudinal
effects of IUGR, defined by a high BrWw/LW, on the composition of faecal microbiota and plasma metabolome in pigs
from birth to slaughter. One day (+ 1) after birth, computed tomography was performed on each piglet to assess
their brain and liver weights. The pigs with the highest (UGR=12) and the lowest (NORM =12) BrW/LW were selected
to collect faeces and blood during lactation (day 16+0.6, T1) and at the end of the starter period (day 63 +8.6,T2)
and faeces at the beginning (day 119+ 11.4,T3) and end of the finisher period (day 162+ 14.3,T4).

Results Faecal microbial Alpha diversity remained unaffected by IUGR across all time points. However, the Beta
diversity was influenced by IUGR at T1 (P=0.002), T2 (P=0.08), and T3 (P=0.03). Specifically, IUGR pigs displayed higher
abundances of Clostridium sensu stricto T (P, =0.03) and Romboutsia (P,4;=0.05) at T1, Prevotellaceae NK3B31 group
(P,;=0.02), Rikenellaceae RCI gut group (P,;=0.03), and Alloprevotella (P,4;=0.03) at T2, and p-2534-18B5 gut group
(P,5;=0.03) at T3. Conversely, the NORM group exhibited higher abundances of Ruminococcus (P,4;=0.01) at T1, HT002
(P,;=0.05) at T2, and Prevotella_9 (P, <0.001) at T3. None of the plasma metabolites showed significant differences
at T1 between the IUGR and NORM pigs. However, at T2, asparagine was lower in the IUGR compared to the NORM
group (P<0.05).

Conclusions These findings show that growth restriction in the uterus has a significant impact on the faecal microbi-
ota composition in pigs, from birth to the beginning of the finisher period, but minimally affects the plasma metabo-
lome profile.
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Background

Intrauterine growth restriction (IUGR) is character-
ised by the failure of the foetus to achieve its genetic
growth potential during gestation [1]. As a consequence
of genetic selection to improve litter size, this condition
affects up to 20-30% of newborn piglets in the modern
pig industry [2, 3]. IUGR is associated with an increased
risk of neonatal morbidity and mortality, as well as with
long-term effects resulting from foetal programming,
such as impaired metabolism [4], stunted postnatal
growth, and reduced feed conversion efficiency [5, 6]. For
these reasons, IUGR poses a significant problem within
the pig production system, negatively affecting overall
production efficiency [5].

Numerous studies have demonstrated a strong rela-
tionship between the health and growth of pigs and the
optimal functioning of their gastrointestinal tract (GIT)
[2]. The gastrointestinal tract (GIT), particularly the
small intestine, is crucial for the digestion, absorption,
and transportation of nutrients, water, and electrolytes. It
also acts as a defensive barrier against pathogens, dietary
toxins, and antigens [7]. The GIT hosts a dynamic micro-
biota, including bacteria, viruses, archaea, and fungi.
This microbial population regulates the development
and function of the immune system, limits the nutri-
ents available to potential pathogens to grow [8], and is
involved in the host’s carbohydrate, amino acid, and lipid
metabolism [9].

Growing evidence suggests that the uterine environ-
ment can influence intestinal development, potentially
compromising both its function and microbial colonisa-
tion [2, 10]. Several studies have shown reduced intestinal
length and weight, decreased villus height, and increased
crypt depth, as well as changes in the proteomic profile
in IUGR-affected piglets compared to their normal litter-
mates from the lactation period [11-14] up to 70 days of
age [2]. IUGR affects not only the structure but also the
microbial colonisation of the GIT. According to Zhang
et al. [10], newborn piglets exposed to growth restriction
during foetal development exhibited reduced microbial
diversity and a distinct taxonomic profile compared to
their normal littermates.

Clear differences between IUGR and normal neonates
were also demonstrated at the blood metabolome level in
both human and pig studies [11, 15]. Although data on
blood metabolomic profiling in IUGR are limited, the
metabolic changes identified in IUGR neonates seem
to indicate an early pattern of glucose intolerance, insu-
lin resistance, alterations in lipogenesis and lipid oxida-
tion, energy, and amino acid metabolism [11, 15, 16].
IUGR leads to a reduced glucose supply during foetal
development. In response, the foetus initiates metabolic
and endocrine adaptations to optimise the utilisation of
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alternative energy sources, such as fatty acids. Indeed,
within these adaptive responses, an increase in adipocyte
proliferation has been reported in IUGR foetuses [17—
19]. The increased adipogenesis facilitates the long-term
storage of fatty acids, which can, in turn, undergo oxida-
tion to provide energy for the organism. This adaptation
is crucial for enhancing the foetus’s survival under condi-
tions of intermittent or poor nutrition [17, 19]. Moreo-
ver, different studies have suggested that this increased
adipogenesis continues in postnatal life in IUGR-affected
pigs [19, 20].

Considering the modifications that IUGR imposes
on the structure and function of the intestinal mucosa,
along with the endocrine and metabolic mechanisms
established during gestation in response to nutrient
restriction, we expected distinct differences in the fae-
cal microbiota and blood metabolome profiles between
IUGR and normal piglets. Specifically, we hypothesised
a reduction in microbial diversity and shifts in the abun-
dances of bacterial taxa involved in nutrient digestion,
inflammatory responses, and susceptibility to diseases,
such as Ruminococcus, Lactobacillus, Prevotella, Escheri-
chia—Shigella, and Pasteurella, in ITUGR compared to
normal pigs. Moreover, we hypothesised changes in the
concentration of metabolites involved in lipid metabo-
lism, such as increased plasma glycerol and ketone bod-
ies, reflecting an increased reliance on fat metabolism
for energy supply in the IUGR group, particularly during
the early stages of life, as well as alterations in energy and
amino acid metabolism, including lower levels of plasma
glucose and essential amino acids in IUGR compared to
normal pigs.

To test these hypotheses, computed tomography (CT)
scan imaging was used in this study to non-invasively
assess the brain-to-liver weight ratio (BrW/LW) in new-
born piglets, enabling an accurate diagnosis of IUGR
[21]. In addition, blood and faeces samples were obtained
from both IUGR and normal pigs at different ages to
determine the effects of IUGR on faecal microbiota and
plasma metabolome.

Methods

This experiment was approved (experimental approval
number 32751_FB) by the ethics committee of the canton
of Fribourg (Switzerland).

Animal selection and classification

This research was carried out at the Agroscope swine
research facility in Posieux, Switzerland. Detailed infor-
mation on all the procedures concerning the CT scan
and the determination of the brain and liver weight is
described in detail by Ruggeri et al. [21]. Briefly, the
study included 268 piglets of the Swiss Large White
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breed (134 females and 134 males) born from 26 litters
that were obtained from two farrowing batches (14 litters
in the first batch and 12 litters in the second batch). On
day 1 (+1) after birth, CT scan imaging was performed
on all piglets to determine the volume of the brain and
liver and subsequently calculate their weight. All the pigs
were sampled for blood and faeces during lactation (day
16+0.6 [mean+SD], T1), and at the end of the starter
period (day 63 8.6, T2), and for faeces at the beginning
(day 119+11.4, T3) and end of the finisher period (day
162 +14.3, T4). For the analyses of faecal microbiota and
plasma metabolome, we retrospectively selected samples
collected at T1 from two groups: the 12 IUGR piglets
(birth weight: 1.1+0.19) with the highest Br'W/LW ratio
(1.00£0.09), and the 12 NORM npiglets (birth weight:
1.8+0.29) with the lowest BrW/LW ratio (0.36+0.04).
One piglet (NORM=1) died before weaning, and the
others (n=23, IUGR=12, NORM=11) were weaned at
25+1.5 days of age. At T2, only 15 out of the initial 24
pigs, from which blood and faeces samples were selected
at T1, remained available. To ensure the intended group
sizes of 12 IUGR and 12 NORM pigs for subsequent anal-
yses, 3 samples of IUGR and 6 samples of NORM pigs
were replaced with 3 samples of IUGR pigs and 6 samples
of NORM pigs with a comparable BrW/LW ratio (IUGR:
0.90+0.05, birth weight: 1.1+0.12; NORM: 0.43 +0.04,
birth weight: 1.9+0.12) as detailed in Supplementary
Table 1 and Additional File 1.

The data on average daily gain (ADG), average daily
feed intake (ADFI), gain-to-feed ratio, and body compo-
sition for the 24 selected pigs were previously analysed as
part of a larger population study [21].

Rearing conditions and feeding

The conditions in which the pigs were reared and the
feeding techniques employed were described by Rug-
geri et al. [21]. Briefly, the pigs were raised under a con-
ventional Swiss rearing system with unrestricted access
to water and straw provided in the pens throughout the
entire experimental period.

The piglets had ad libitum access to the same standard
pre-/early postweaning diet from day 16 after birth until
approximately 14 days post-weaning. Later, they were
provided unrestricted access to the same starter, grower,
and finisher diets. The transition from the starter to the
grower diet and from the grower to the finisher diet
occurred when the pigs’ body weight (BW) was>20 kg
and > 60 kg, respectively, on the day of weekly weighing.

During the grower-finisher period, automatic feeders
and an individual pig recognition system were employed
to monitor daily feed intake as described by Ruggeri et al.
[21]. Starting from week 2 after birth, the selected pigs
were weighed individually once a week until slaughter.
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The ADG was calculated for the lactation, starter, grower,
and finisher periods. In addition, feed intake was moni-
tored from 20 kg until slaughter, and the gain-to-feed
ratio was computed for each individual pig.

Body composition determined by dual X-ray
absorptiometry

A GE lunar dual-energy X-ray absorptiometry (DXA;
i-DXA, GE Healthcare Switzerland, Glattbrugg, Swit-
zerland) device equipped with a narrow-angle fan beam
(Collimator Model 42,129) was employed to scan the
selected pigs at weaning (IUGR=12, NORM=11), at
the start of the grower period (IUGR=12, NORM =12)
and at the end of the finisher period (IUGR=11,
NORM=11). The detailed procedures for pig handling
and DXA scan image analysis have been described by
Kasper et al. [22]. Briefly, on the day of the scan, pigs
were anesthetized with isoflurane and scanned in ster-
nal recumbency. The entire body scan in thick mode was
selected for analysis. Processed images were refined to
eliminate artifacts and position regions of interest. Out-
put variables from DXA, including body mass, lean mass,
fat mass, bone mineral content, and bone mineral den-
sity, were exported from the enCORE software and eval-
uated at weaning, the beginning of the grower period,
and at the end of the finisher period.

Faeces sampling

Faeces (~ 2 g) were collected from the piglets IUGR=12,
NORM=12) directly from the rectum just before the
administration of the pre-/early postweaning diet (T1).
Similarly, faeces were collected from the pigs (IUGR=12,
NORM =12) at the end of the starter period (T2), at the
beginning of the finisher period (T3), and at the end of
the finisher period (T4). After collection, each sam-
ple was divided into two aliquots, snap-frozen in liquid
nitrogen, and stored at — 80 °C.

Microbial DNA extraction, amplification, and sequencing

Total bacterial DNA for microbiota analysis was
extracted from the faecal samples using the FastDNA
Spin Kit for Soil (MP Biomedicals, Europe, LLC) accord-
ing to the manufacturer’s instructions. DNA quantity
and quality were assessed with a Nanodrop ND 1000
spectrophotometer (Nanodrop Technologies Inc., Wilm-
ington, DE, USA). The DNA was amplified, specifically
targeting the V3-V4 hypervariable regions of the 16S
rRNA gene. Amplicons were produced using the prim-
ers Pro341F: 50-TCGTCGGCAGCGTCAGATGTGTAT
AAGAGACAGCCTACGGGNBGCASCAG-30 and
Pro805R: 50GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGACTACNVGGGTATCTAATCC-30 [23],
using Platinum TM Taq DNA Polymerase High Fidelity
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(Thermo Fisher Scientific, Italy). The libraries were pre-
pared according to the standard protocol for MiSeq Rea-
gent Kit v3 and underwent sequencing on the MiSeq
platform (Illumina Inc., San Diego, CA, USA).

Blood sampling

Blood (~ 3 mL) was collected from the piglets [lUGR=12,
NORM =12) via the jugular vein using heparin-treated
tubes at T1 and T2. The samples were refrigerated on ice
after collection for 30 min. Plasma was then separated
from the whole blood through centrifugation at 3000 rpm
for 10 min. Following centrifugation, each plasma sam-
ple was split into two aliquots and stored at—80 °C until
metabolome analysis via proton nuclear magnetic reso-
nance ("H-NMR).

Plasma "H-NMR analysis

An 'H-NMR analysis solution with D,0, 10 mmol/L of
3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt,
and 2 mmol/L of NaN; was prepared. The pH of the solu-
tion was set at 7.00+0.02 using phosphate buffer 1 M.
The acid sodium salt was employed as a reference for
the NMR chemical shift. To avoid microorganism pro-
liferation, NaN; was used. Before the "H-NMR analysis,
1 mL of each plasma sample was centrifuged (18,630 g;
900 s; 4 °C). Then, 0.7 mL of supernatant was added to
0.1 mL of the 'H-NMR solution. Finally, centrifuga-
tion was performed on each sample once again, as pre-
viously described. 'H-NMR spectra were registered
(600.13 MHz; 298 K) with an AVANCE™ III spectrometer
(Bruker, Milan, Italy), provided with Topspin v3.5 soft-
ware. Signals from broad resonances due to large mol-
ecules were suppressed with a CPMG filter. The CPMG
filter was composed of 400 echoes with a 1t of 400 ps
and a 180° pulse of 24 ps, for a total filter of 330 ms. The
water residual signal was suppressed using presaturation,
employing the cpmgprld sequence included in the stand-
ard pulse sequence library.

Each spectrum was generated by combining 256 tran-
sients, each consisting of 32,000 data points covering a
frequency window of 7184 Hz, with intervals separated
by a relaxation delay of 5 s. IH-NMR spectra were then
phase-adjusted in Topspin v3.5 and exported to ASCII
format employing the built-in script convbin2asc. Spec-
tra were processed with R software [24] using in-house
developed scripts. Baseline adjustment on spectra was
performed by differentiating baseline imperfection from
NMR signals according to the “rolling ball” principle [25],
as implemented in the R package baseline [26].

Signal assignment was performed by comparing
their chemical shift and multiplicity with the Human
Metabolome Database [27] and the Chenomx software
library (Chenomx Inc., Edmonton, Canada, v10). Plasma
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molecule concentrations were assessed by quantifying
the molecules of the first sample analysed using an exter-
nal standard. Variations in water content among samples
were adjusted using probabilistic quotient normalization
[28]. The quantification of each metabolite was assessed
using rectangular integration, considering one of its sig-
nals was free from interference [29].

Statistical analysis and bioinformatic analysis

of microbiome data

All calculations and statistical analyses were performed
using Python programming language (version 3.8.8) and
R (version 4.0.2). The data on ADG, feed intake, and body
composition were analysed in R with linear mixed-effect
models using the “Imer” function of the Ime4 package.
The category (IUGR, NORM) and sex (female, castrate)
were considered fixed effects, and the litter of origin was
considered a random effect. The two-way interaction
between the two fixed effects was consistently assessed
and removed if not significant. The pig was considered
the experimental unit. Analysis of data regarding ADG
was conducted individually for the lactation, starter,
grower, and finisher periods. Data on feed intake were
analysed separately for the grower and finisher periods.
Analysis of body composition data was conducted sepa-
rately at weaning, the beginning of the grower period,
and the end of the finisher period.

Microbiota analysis was carried out in R using the
DADA?2 pipeline [30], and taxonomic categories were
assigned using the Silva Database (release 138.1) as a ref-
erence for the assignment [31]. Alpha (Shannon, Chaol,
and Simpson indices) and Beta diversity (calculated as
Bray Curtis distance matrix), as well as the abundances
of taxonomic categories, were calculated and analysed
with R software 3.6, using the PhyloSeq [32], Vegan
[33], and microbiomeMarker [34] packages. Differences
between groups regarding Alpha diversity indices were
tested using a linear mixed model that included category
(IUGR, NORM), time (T1, T2, T3, T4), and their interac-
tion as fixed factors, with the litter of origin considered
as a random factor. Then, a separate model within each
time point was performed including only the category as
a fixed factor and the litter of origin as a random factor.
For Beta diversity, a dissimilarity matrix was constructed
using the Bray—Curtis distance matrix as metrics, and the
results were plotted using a non-metric multidimensional
scaling (NMDS) plot. Furthermore, the betadisper test
was conducted to test differences in the samples’ disper-
sion among the groups. Differences were tested using a
PERMANOVA (Adonis) model with 9,999 permutations,
including category, time, and their interaction, and litter
of origin as factors. A second PERMANOVA model was
then performed within each time point, including the
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category as a factor. For the differential analysis of taxa,
the LEfSe algorithm was used at the genus level. Specifi-
cally, taxa were considered significant if they possessed
a Linear Discriminant Analysis (LDA) score>4 and a
P,4j<0.05 within each time point, including the category
as a factor.

For the metabolome data, all calculations and statisti-
cal analyses were performed using Python. The Shap-
iro—Wilk test was performed to identify the metabolites
whose concentrations in the plasma showed a normal
distribution, and Student’s t-test was used to compare
their concentrations in plasma samples for the IUGR and
NORM groups. Metabolites whose concentrations did
not show a normal distribution were compared between
the two groups using the non-parametric Mann—Whit-
ney test. The Benjamini—-Hochberg correction was
applied in both cases to account for the risk I inflation
associated with multiple comparisons. Before being
subjected to unsupervised and supervised algorithms,
the concentration of each metabolite was normalised
and centred. Principal component analysis (PCA) and
orthogonal projection to latent structures-discriminant
analysis (OPLS-DA) were employed as unsupervised and
supervised methods in the multivariate analysis, respec-
tively. PCA was used for the identification of outliers
(Mahalanobis distance metric) as well as the spontane-
ous clustering of similar samples in the scatter plot of the
two principal components. In the OPLS-DA analysis, the
X matrix consisted of metabolite concentrations, while
the Y vector contained information regarding the group
(IUGR or NORM). The goodness of fit of the OPLS-DA
model (R2Y) was reported, and predictive performance
was assessed through cross-validation. Metrics such as
the predictive ability of the model (Q2Y) and the predic-
tive ability of permuted models (Q2Y-perm) were calcu-
lated for evaluation. OPLS-DA loading plots were used
to illustrate the metabolites that contributed the most to
the separation between the IUGR and NORM groups.
The identification of metabolites of interest was made
through the combination of the variable importance in
the projection (VIP) and the loading between the metab-
olite in the X matrix and the predictive latent variable
(pLV) of the model. Metabolites with VIP > 1.0 and abso-
lute high loading values were considered important in the
metabolomics signature [35].

Correlation analyses between microbiota and metabo-
lome data were performed using Python. Only metabo-
lites within the quantifiable range for each sample and
bacterial genera with an average relative abundance above
0.05% were included (bacterial genera with a relative
abundance of zero in most samples were excluded from
the analyses). The Shapiro—Wilk test was used to assess
the normality of the metabolite and bacterial genera
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distributions. For pairs where both variables followed a
normal distribution, Pearson’s correlation coefficient was
employed. Otherwise, Spearman’s correlation was used.
To account for the risk of false positives associated with
multiple comparisons, the Benjamini—Hochberg correc-
tion was applied. Correlations with a coefficient (r) >0.6
and a Benjamini—-Hochberg adjusted p-value <0.05 were
considered significant. A global analysis was first con-
ducted across all samples, followed by a targeted analysis
focusing on metabolites and bacterial genera that exhib-
ited significant differences between IUGR and NORM

pigs.

Results

Average daily gain from birth to slaughter

Throughout the lactation period, IUGR piglets exhibited
slower growth rates compared to their NORM littermates
(Table 1). The ADG of IUGR females was 0.16 kg/d lower
(P<0.01) than their NORM counterparts. Similarly,
IUGR castrated piglets grew 0.09 kg/d (P=0.06) slower
than the NORM castrates. From weaning to the end of
the starter period, IUGR pigs displayed a 0.08 kg/d lower
(P<0.01) ADG than the NORM group (Table 1). Like-
wise, in the grower period, IUGR pigs grew slower than
NORM pigs, as their ADG was 0.13 kg/d lower (P=0.01),
despite similar average daily feed intake (Table 2). In the
finisher period, IUGR status did not affect the growth
rates in terms of ADG (Table 1) nor the average daily
feed intake (Table 2). The BW at slaughter was compa-
rable between the two groups, although IUGR pigs were
18 days older (P<0.01) than NORM pigs. In addition,
IUGR pigs exhibited lower feed efficiency compared to
their NORM counterparts in both the grower (P=0.01)
and finisher periods (P=0.02, Table 2).

Body composition determined by dual X-ray
absorptiometry

Regardless of sex, the proportions of bone, lean mass,
and fat mass in relation to body mass were unaffected
by the IUGR status at weaning. The only notable differ-
ence between the two groups was observed in bone min-
eral density, which was higher (P=0.03) in IUGR pigs
compared to their NORM counterparts (Table 3). Simi-
larly, the percentages of lean and fat mass in the body
were similar between IUGR and NORM pigs at the end
of the starter period. However, the proportions of bone
(P<0.001) and bone mineral density (P=0.02) in relation
to body mass were lower in IUGR compared to NORM
pigs at the end of the starter period (Table 3). In the fin-
isher period, there were no differences between IUGR
and NORM castrates, nor between IUGR and NORM
females (Table 3).
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Table 1 Average daily gain during lactation, starter, grower, and finisher periods
Category' P-value?
Item? IUGR NORM females castrates SEM* Category Sex Category*Sex
Lactation® 0.14 0.26 0.21 0.19 0.015 <0.01 0.30 <0.01°
Starter 0.34 042 0.38 0.38 0.022 <0.01 0.70 0.29
Grower 0.80 0.93 0.83 0.90 0.034 0.01 0.05 0.34
Finisher 0.92 0.97 0.90 0.99 0.027 0.24 <0.001 0.65

Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) at birth and sex on average daily gain (ADG, kg/d) from birth to slaughter
' Category = IUGR: piglets with the highest brain-to-liver weight ratio (BrW/LW); NORM: piglets with the lowest BrW/LW

2 p-value for the main effect of the category, sex, and their interaction

3 ADG =average daily gain

4 Pooled SEM

5 One piglet (NORM = 1) died during the lactation period (IUGR=12, NORM=11)

6 Significant interaction between category and sex: IUGR females (n=8): 0.13% kg/d; NORM females (n=7): 0.29° kg/d; IUGR castrates (n=4): 0.15* kg/d; NORM
castrates (n=4): 0.24 kg/d. Different letters (a, b, ) indicate statistically significant (P < 0.05) differences between groups

Table 2 Growth performance traits in the grower and finisher periods

Category’ Sex P-value?
Item* IUGR NORM females castrates SEM3 Category Sex Category x Sex
Number of pigs 12 12 12 12
Body weight at the start of, kg
Grower period 254 268 26.5 256 1.77 0.36 0.19 0.07
Finisher period 629 634 63.2 63.1 0.58 046 091 0.56
Slaughter 108.0 110.0 106.0 112.0 1.14 042 <0.001 0.56
ADFI, kg/d
Grower period 1.7 1.8 17 1.8 0.05 0.30 0.03 0.66
Finisher period 27 28 26 29 0.08 0.73 <0.001 0.80
Total feed intake, kg
Grower period 86.6 828 83.2 86.2 142 0.07 0.06 0.41
Finisher period 1350 131.8 125.7 141.1 432 0.59 <0.01 0.20
Gain-to-feed ratio
Grower period 047 0.49 048 048 0.005 0.01 0.61 049
Finisher period 034 035 034 035 0.005 0.02 0.83 0.07
Age, d
Grower period 76 72 75 74 2.1 0.10 0.59 048
Finisher period 129 119 122 17 2.7 <0.0001 0.12 0.78
Slaughter 177 159 171 165 36 <0.001 0.21 0.36

Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) at birth and sex on growth performance traits
! Category: IUGR = pigs with the highest BrwW/LW; NORM: pigs with the lowest BrwW/LW

2 p-value for the main effect of the category, sex, and their interaction
3 Pooled SEM
4 ADFI average daily feed intake, expressed as g per day

Faecal microbiota

A total of 3,436,549 sequence reads were attributed to a
total of 9,256 Amplicon Sequence Variants (ASV) dis-
tributed among all samples, see Supplementary Table 2,
Additional File 1. The relative rarefaction curves illus-
trated the tendency to plateau for all the samples,

suggesting that the sequencing depth was sufficient to
describe the variability within the microbial communities
analysed among the samples (see Supplementary Fig. 1,
Additional File 1). One sample from the NORM group
was removed from the analysis due to the low num-
ber of reads. The taxonomic assignment resulted in the
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Table 3 Body composition at weaning, end of the starter period and end of the finisher period
Category' Sex P-value?
Item* IUGR NORM Females Castrates SEM3 Category Sex Category X Sex
Bone mass, %
Weaning 2.35 2.21 228 2.28 0.114 0.50 0.97 0.15
End of starter period 1.65 1.80 1.74 1.71 0.017 <0.001 0.07 0.68
End of finisher period 2.04 2.05 2.15 1.94 0.065 0.96 <0.001 0.56
Bone mineral density, %
Weaning 0.008 0.005 0.006 0.006 0.0007 0.03 0.87 0.29
End of starter period 0.002 0.003 0.002 0.002 0.00005 0.02 0.17 0.90
End of finisher period 0.0012 0.0011 0.0012 0.0011 0.00002 0.14 <0.01 0.06
Lean mass, %
Weaning 86.7 87.7 87.0 874 0.58 0.27 0.65 0.90
End of starter period 90.0 90.1 90.2 90.0 0.19 0.53 037 0.97
End of finisher period 78.8 79.7 80.7 77.8 0.50 0.59 0.07 0.02
Fat mass, %
Weaning 11.0 10.1 104 10.7 0.61 041 0.64 091
End of starter period 84 8.1 8.1 84 0.20 0.22 0.31 0.95
End of finisher period 19.1 183 17.2 20.2 0.52 047 0.04 0.01

Effect of classifying the pigs based on the brain-to-liver weight ratio (BrW/LW) at birth and sex on the relative bone mass, bone mineral density, lean mass and fat

mass at weaning, end of the starter period, and end of the finisher period

! Category: IUGR = pigs with the highest BrW/LW; NORM: pigs with the lowest BrW/LW

2 p-value for the main effect of the category, sex, and their interaction
3 pooled SEM

4 Percentage of total mass

Number of pigs scanned at weaning: [IUGR=12; NORM = 11; females = 15; castrates = 8; IUGR females = 8; IUGR castrates =4; NORM females =7; NORM castrates =4
Number of pigs scanned in the starter period: IUGR = 12; NORM = 12; females = 12; castrates = 12; IUGR females = 7; IUGR castrates =5; NORM females =5; NORM

castrates=7

Number of pigs scanned in the finisher period: IUGR=11; NORM=11; females=11; castrates=11; IUGR females = 6; IUGR castrates =5; NORM females =5; NORM

castrates=6

Significant interaction between category and sex: IUGR females: 79.5%°° %; NORM females: 81.8 %; IUGR castrates: 78.12 %; NORM castrates: 77.6° %. Different letters

(a, b, ) indicate statistically significant (P < 0.05) differences between the groups

Significant interaction between category and sex: IUGR females: 18.322 9%; NORM females: 16.0%; IUGR castrates: 19.92 %; NORM castrates: 20.5% %. Different letters (a, b)

indicate statistically significant (P < 0.05) differences between the groups

identification of 22 phyla, 117 families, and 338 genera.
The most abundant phyla were Firmicutes (70.89 + 14%)
and Bacteroidota (21.11 +11%). The most abundant fami-
lies were Lactobacillaceae (20.93 + 17%), Lachnospiraceae
(12.34+6%), and Prevotellaceae (11.67 +9%). The most
represented genera were Lactobacillus (16.63+15%),
Streptococcus (4.76 £ 6%), and HT002 (3.69 £ 6%).

Line plots showing the Alpha diversity values within
the TUGR and NORM groups across different time
points are displayed in Fig. 1. The time (i.e., age of the
pigs) significantly affected the Chaol and Shannon
indices (P<0.001 and P<0.001, respectively), while
the InvSimpson index was not affected. No effects
were observed for the category or for the interaction
between category and time. Separate models within
each time point were then fitted. No significant differ-
ences between the IUGR and NORM categories were
observed at T1, T2, and T3, except for a tendency

for higher Chaol (P=0.066) and Shannon indices
(P=0.053) in the IUGR group compared to the NORM
group at T2.

The Adonis test carried out on Beta diversity showed
a significant effect of the category (P=0.011, R*=0.017),
time (P=0.001, R?=0.185), their interaction (P=0.016,
R?=0.039), and by the litter of origin (P=0.016,
R?=0.039). Samples tended to cluster according to the
IUGR/NORM status within each time point, as evi-
denced by the NMDS plot in Fig. 2. Separate Adonis
models on the Beta diversity matrix at each time point
were then carried out. At T1, the Beta diversity was
affected by the category (P=0.002, R*=0.083) and lit-
ter of origin (P=0.001, R*=0.616). At T2, a tendency
was recorded (P=0.079, R*=0.068) for the category,
and no differences were observed for the litter of origin.
At T3, the Beta diversity was affected by the category
(P=0.027, R?=0.066), and a trend was observed for the
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Fig. 1 Microbial Alpha diversity within IUGR and NORM categories over time. Line plots showing the Alpha diversity values within each category
(IUGR = pigs affected by intrauterine growth restriction; NORM =normal pigs) over time, measured with the Chao1 (panel A), Shannon (panel B),
and InvSimpson (panel C) indexes. T1=day 16+0.6; T2=day 63+8.6; T3=day 119+ 11.4; T4=day 162 + 14.3 of age. The time significantly affected

the Chao1l (P<0.001) and Shannon (P<0.001) indices

litter of origin (P=0.082, R*=0.301). At T4, no effect was
observed on Beta diversity.

To identify which taxa contributed to the differences
among the categories, the LEfSe algorithm on the data
aggregated at the genus levels was applied within each
time point. No differences were observed at T4. The
microbiological markers observed at T1, T2, and T3
are shown in Fig. 3A-C, respectively. At T1, the IUGR
group showed higher abundances of Clostridium sensu
stricto 1 (LDA score=4.55; P,4;=0.029) and Romboutsia

(LDA score=4.04; P,4;=0.047), while the NORM group
was characterised by a higher abundance of Ruminococ-
cus (LDA score=4.39; P,;;=0.010). At T2, IUGR pigs
had higher abundances of Prevotellaceae NK3B31 group
(LDA score=4.5; P,;;=0.021), Rikenellaceae RC9 gut
group (LDA score=4.49; P,;=0.030), and Alloprevotella
(LDA score=4.26; P,;;=0.030), while the NORM group
showed a higher abundance of HT002 (LDA score =4.27;
P,4j=0.048), an uncultured genus of Lactobacillaceae
family. At T3, the IUGR group was characterised by
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Fig. 2 Microbial Beta diversity within IUGR and NORM categories over time. NMDS plot using Bray—Curtis dissimilarity matrix showing
the differences in bacterial composition between pigs affected by intrauterine growth restriction (IUGR) and normal pigs (NORM) over time (panel
A) and atT1 (panel B), T2 (panel C), T3 (panel D), and T4 (panel E). T1=day 16 £0.6; T2=day 63+ 8.6; T3=day 119+ 114, T4=day 162+ 14.3 of age
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Fig. 3 Microbiological markers observed over time in IUGR and NORM pigs. The LDA plot shows the bacterial markers characterising pigs affected
by intrauterine growth restriction (IUGR) and normal pigs (NORM) at T1 (panel A), T2 (panel B), and T3 (panel C). No differences were observed at T4.
T1=day 16+0.6;T2=day 63+8.6; T3=day 119+ 11.4;,T4=day 162+ 14.3 of age

a higher abundance of p-2534-18B5 gut group (LDA
score=4.3, P,;=0.03) from the Bacteroidales order,
while the NORM group was characterised by a higher
abundance of Prevotella_9 (LDA score =4.6; P,4;<0.001).

Plasma metabolome

From the plasma samples of 24 pigs (IUGR=12,
NORM=12) collected at T1, 65 metabolites were ana-
lysed. Of the 65 metabolites measured at T1, 44 were in
the quantitation range for each sample and were analysed

statistically. The others were not detectable in any or
most of the plasma samples after centrifugation and were
excluded from the statistical analysis (Supplementary
Table 3, Additional File 1). Only leucine and 2-aminobu-
tyrate exhibited significant differences between IUGR
and NORM pigs at T1, with IUGR pigs showing lower
plasma concentrations of both metabolites compared to
the NORM group (P<0.01). Nevertheless, after applying
the Benjamini—Hochberg correction, none of the metab-
olites demonstrated significant differences between the
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Fig. 4 Principal component analysis of the metabolomic data at T1. Scatter plot visualising the principal components of the unsupervised principal
component analysis (PCA) of the metabolomic data from the samples collected on day 16 £0.6 (T1) of age before (a) and after (b) the removal

of outliers. Each data point is represented by its coordinates in the first and second principal components. The data points belonging to the normal
pigs (NORM) are plotted in blue, and those belonging to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. Samples

do not group together according to the IUGR/NORM status in the scatter plot of the PCA first principal plan

IUGR and NORM pigs. The PCA analysis identified two  the IUGR and NORM pigs, and the PCA analysis contin-
outliers (both from the IUGR group), and no spontane- ued to show a lack of spontaneous grouping of the sam-
ous sample grouping was observed (Fig. 4, Panel A). Even  ples (Fig. 4, Panel B).

after the removal of outliers, no significant variations The OPLS-DA model enabled good group discrimi-
were observed in the metabolite concentrations between  nation (R2Y=0.85, Fig. 5, Panel A) but weak predictive
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Fig. 5 Orthogonal partial least squares discriminant analysis of the metabolomic data at T1. a Scatter plot visualising the principal components

of the supervised orthogonal partial least squares discriminant analysis (OPLS-DA) of the metabolomic data from the plasma samples collected
onday 16+0.6 (T1) of age after the removal of outliers. Each data point is represented by its coordinates in two components: predictive latent
variable (pLV) and orthogonal latent variable (oLV). The data points belonging to the normal pigs (NORM) are plotted in blue, and those belonging
to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. The samples group together according to the IUGR/NORM status

in the scatter plot of the OPLS-DA first principal plan. b OPLS-DA loadings plot of the metabolomic data from the plasma samples collected at T1
after the removal of outliers; x-axis: metabolites present in the plasma; y-axis: loadings for each metabolite. Loadings indicate the contribution

of each metabolite to the separation between the two groups: pigs affected by intrauterine growth restriction (IUGR) and normal pigs (NORM).
Positive loadings indicate that higher levels of the metabolite are associated with the NORM groups, while negative loadings indicate higher levels
in the IUGR group. The metabolites with the highest positive and negative loadings contribute the most to the separation between the two groups
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ability and a high risk of overfitting (Q2Y=-0.47, Q2Y
perm test=0.04). Plasma metabolites that contrib-
uted the most to the separation between the IUGR and
NORM groups are shown in the OPLS-DA loading plot
in Fig. 5, Panel B. None of the metabolites could signifi-
cantly differentiate the two groups as all had a VIP score
of less than 1 in the OPLS-DA analysis (Table 4).

From the plasma samples of 24 pigs (IUGR=12,
NORM=12) collected at T2, 65 metabolites were ana-
lysed. Of the 65 metabolites measured at T2, 44 were in
the quantitation range and were and were analysed sta-
tistically. The others were not detectable in any or most
of the plasma samples and were excluded from the sta-
tistical analysis (see Supplementary Table 4, Additional
File 1). Arabinose, arginine, ascorbate, asparagine, cre-
atine, dimethyl-sulfone, glyoxylate, proline, and sarco-
sine exhibited significant differences between IUGR
and NORM pigs at T2. Nevertheless, after applying the
Benjamini—-Hochberg correction, only asparagine was
significantly different between the IUGR and NORM
groups. The PCA analysis showed one outlier (from the
NORM group) and a tendency of the samples to sponta-
neously group (Fig. 6, Panel A). After the removal of the
outlier, asparagine was still the only metabolite showing
significant variations between IUGR and NORM pigs.
Compared with the NORM group, IUGR pigs had signifi-
cantly lower (P<0.05 and t-statistic # 0) concentrations of
asparagine at T2 (Fig. 7). The PCA analysis continued to
show a tendency for spontaneous sample grouping after
the removal of the outlier (Fig. 6, Panel B). The OPLS-DA
model enabled good group discrimination (R2Y=0.77,
Fig. 8, Panel A) but weak predictive ability and a high
risk of overfitting (Q2Y=-1.48, Q2Y perm test=0.05).
Plasma metabolites that contribute the most to the sepa-
ration between the IUGR and NORM groups are shown
in the OPLS-DA loading plot in Fig. 8, Panel B. None of
the plasma metabolites showed a VIP >1.0 in the OPLS-
DA analysis (Table 5).

Relationship between faecal microbiota and plasma
metabolome

In the global analysis, which included all metabolites
and bacterial genera, no significant correlations (r>0.6
and P<0.05) between metabolites and bacteria were
identified at either time point (T1, T2) after correcting
for multiple comparisons. The same result was found
when analysing all metabolites and only the bacterial
genera that differed between IUGR and NORM pigs.
Finally, even in a targeted analysis focusing exclusively on
metabolites and bacterial genera that differed between
IUGR and NORM pigs, no significant correlations were
observed at any time point following correction for mul-
tiple comparisons.
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Table 4 Metabolites of interest at day 16+0.6 (T1)

Metabolite VIP Loading
Tyrosine 0.20 -0.04
Leucine 0.20 0.04
Aspartate 0.19 0.04
Sarcosine 0.19 0.17
Alanine 0.18 0.27
Myo-inositol 0.16 0.26
Serine 0.16 0.17
Citramalate 0.15 0.32
2-Oxoglutarate 0.15 0.18
Glycerol 0.15 0.25
Acetate 0.14 0.19
2-Aminobutyrate 0.14 0.25
Threonine 0.13 -0.24
Beta-alanine 0.13 —-0.04
Arginine 0.13 -0.18
Phenylalanine 0.13 0.14
Lysine 0.13 0.14
Glucose 0.12 0.25
Glyoxylate 0.12 0.06
Glutamine 0.12 0.25
Isoleucine 0.11 0.19
3-Hydroxyisobutyrate 0.11 0.01
TMAO 0.11 -0.12
Citrate 0.10 0.10
Dimethyl-sulfone 0.09 0.18
Glycine 0.09 —-0.02
Ascorbate 0.09 0.18
Mannose 0.08 0.16
Betaine 0.08 0.17
Asparagine 0.08 0.01
Succinate 0.08 -0.12
Formate 0.07 -0.13
Creatine 0.07 -0.09
Valine 0.07 0.14
3-Aminoisobutyrate 0.06 —-0.08
Acetone 0.06 -0.11
Methionine 0.06 -0.04
N,N-dimethylglycine 0.05 0.01
Arabinose 0.04 0.05
Fumarate 0.03 -0.06
Trans-4-hydroxy-L-proline 0.02 0.02
Proline 0.02 —-0.03
Lactate 0.02 —-0.03
Choline 0.01 —-0.02

Identification of metabolites of interest at day 16+0.6 (T1) of age through the
combination of the variable importance in the projection (VIP) and the loading
between the metabolite in the X matrix and the predictive latent variable (pLV)
of the OPLS-DA model. Metabolites are sorted by decreasing VIP
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Fig. 6 Principal component analysis of the metabolomic data at T2. Scatter plot visualising the principal components of the unsupervised principal
component analysis (PCA) of the metabolomic data from the samples collected on day 63 £8.6 (T2) of age before (a) and after (b) the removal
of outliers. Each data point is represented by its coordinates in the first and second principal components. The data points belonging to the normal
pigs (NORM) are plotted in blue, and those belonging to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. Samples tend
to group together according to the [UGR/NORM status in the scatter plot of the PCA first principal plan
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Fig. 7 Plasma asparagine concentration of IUGR and NORM

pigs at T2. Box plot showing the different plasma asparagine
concentrations observed between pigs affected by intrauterine
growth restriction (IUGR) and normal pigs (NORM) at day 63 +8.6 (T2)
of age; x-axis: IUGR: 12 piglets with the highest brain-to-liver weight
ratio (Brw/LW); NORM: 12 piglets with lower BrW/LW; y-axis: plasma
metabolite concentration (mmol/L)

Discussion

Microbiota and metabolome analyses hold the poten-
tial to identify biomarkers of IUGR and offer insights
into the underlying mechanisms of this condition. To
our knowledge, this is the first time the effect of IUGR
on physiological traits has been evaluated based on the
piglets’ BrW/LW at birth.

Effect of intrauterine growth restriction on average daily
gain

The variations in performance observed in this study
align with the well-known differences between IUGR
and normal pigs reported in the literature and dem-
onstrated in our previous study in a larger population
[21]. IUGR pigs displayed a decreased ADG from birth
to the end of the grower period. Nevertheless, during
the finisher period, the ADG remained comparable
between IUGR pigs and their NORM counterparts.
Various studies have demonstrated a reduction in ADG
among IUGR pigs, from birth to weaning [36], from
birth to the growing phase [37, 38], and from birth to
slaughter [2, 39]. Similar to our findings, Alvarenga
et al. [38] reported that IUGR pigs, identified by low
birth weight, initially exhibited lower ADG from birth
to the grower phase. However, by day 150, their ADG
became comparable to that of normal pigs. These find-
ings confirm the diminishing influence of birth weight
on ADG over time [40, 41].
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Effect of intrauterine growth restriction on body
composition determined by dual X-ray absorptiometry

In the current experiment, there was no difference
between IUGR and NORM pigs in the bone, lean, and
fat tissue when expressed as a percentage of the body
mass at weaning. These results align with our previous
study [21] conducted on a larger population and are
consistent with the study of Lynegaard [37], in which
no differences in fat or muscle percentage were found
in relation to BW at 24 days of age between IUGR and
normal pigs. However, the bone mineral density was
significantly higher in IUGR pigs compared to their
NORM counterparts at weaning. The comparable
percentage of bone in IUGR and NORM pigs and the
higher bone mineral density in the IUGR group may
suggest a certain level of compensatory mechanisms
or adaptive responses to the growth restriction experi-
enced in the uterus.

At the end of the starter period, while the percent-
ages of lean and fat mass in the body remained similar
between IUGR and NORM pigs, there were significant
differences in the proportions of bone and bone min-
eral density. Specifically, IUGR pigs exhibited lower
proportions of bone and bone mineral density in rela-
tion to body mass compared to their NORM coun-
terparts. These findings are consistent with research
conducted on humans and rats, which demonstrated
reduced bone mass and density and increased risk for
osteoporosis in IUGR-affected subjects [42]. Pigs with
compromised skeletal development may be more sus-
ceptible to bone injuries, such as fractures, leading to
a reduction in animal welfare and an increase in veteri-
nary costs. The observed fluctuations in bone mineral
density during various developmental stages in IUGR
compared to NORM pigs indicate a dynamic and pos-
sibly adaptive reaction to the modification imposed by
growth restriction during foetal development. How-
ever, further research is necessary to understand the
underlying mechanisms causing these variations and
the potential impact on skeletal health.

At the end of the finisher period, IUGR castrated pigs
displayed a lower proportion of lean tissue and a higher
percentage of fat compared to NORM females. Regard-
ing lean and fat deposition, several studies reported that
pigs with a low birth weight had a decreased percentage
of muscle and an increased percentage of body fat than
their heavier littermates at slaughter [6, 20, 43]. How-
ever, in this study, there were no significant differences
between IUGR and NORM pigs of the same sex. Gener-
ally, female pigs have a higher proportion of lean tissue
and lower fat content compared to castrated pigs. This
variation in body composition between females and cas-
trates is well-established in the literature [44, 45]. In our
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Fig. 8 Orthogonal partial least squares discriminant analysis of the metabolomic data at T2. a Scatter plot visualising the principal components

of the supervised orthogonal partial least squares discriminant analysis (OPLS-DA) of the metabolomic data from the plasma samples collected

on day 63+8.6 (T2) of age after the removal of outliers. Each data point is represented by its coordinates in two components: predictive latent
variable (pLV) and orthogonal latent variable (oLV). The data points belonging to the normal pigs (NORM) are plotted in blue, and those belonging
to pigs affected by intrauterine growth restriction (IUGR) are plotted in red. The samples group together according to the IUGR/NORM status

in the scatter plot of the OPLS-DA first principal plan. b OPLS-DA loadings plot of the metabolomic data from the plasma samples collected

at after removal of the outlier; x-axis: metabolites present in the plasma; y-axis: loadings for each metabolite. Loadings indicate the contribution

of each metabolite to the separation between the two groups: pigs affected by intrauterine growth restriction (IUGR) and normal pigs (NORM).
Positive loadings indicate that higher levels of the metabolite are associated with the NORM groups, while negative loadings indicate higher levels
in the IUGR group. The metabolites with the highest positive and negative loadings contribute the most to the separation between the two groups
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Table 5 Metabolites of interest at day 63+8.6 (T2)

Metabolite VIP Loading
Asparagine 0.19 -0.24
Mannose 0.19 0.28
3-Aminoisobutyrate 0.18 0.15
Beta-alanine 0.18 0.24
Sarcosine 0.17 -0.13
Proline 0.16 -0.15
Fumarate 0.15 0.24
Arabinose 0.15 0.29
Ascorbate 0.14 0.27
2-Aminobutyrate 0.14 0.12
Aspartate 0.13 0.22
Succinate 0.13 -0.14
Glycine 0.13 0.11
Myo-inositol 0.13 0.10
Dimethyl-sulfone 0.12 0.27
Isoleucine 0.12 —-0.09
Acetate 0.12 0.23
Creatine 0.1 0.23
Acetone 0.1 0.17
Methionine 0.1 0.20
Glyoxylate 0.11 0.23
Citrate 0.11 -0.03
Arginine 0.10 0.16
Tyrosine 0.09 -0.15
Glucose 0.09 0.20
TMAO 0.09 —-0.02
Serine 0.08 -0.18
Phenylalanine 0.08 -0.03
Alanine 0.08 -0.17
Trans-4-hydroxy-L-proline 0.08 0.09
Lactate 0.07 —-0.09
Formate 0.07 -0.14
Glycerol 0.07 0.08
Lysine 0.07 0.14
2-Oxoglutarate 0.06 0.04
Citramalate 0.06 —-0.04
Glutamine 0.06 -0.10
Threonine 0.06 —-0.00
N,N-dimethylglycine 0.05 0.06
3-Hydroxyisobutyrate 0.04 0.09
Leucine 0.04 0.05
Choline 0.04 0.01
Betaine 0.03 —-0.06
Valine 0.01 -0.02

Identification of metabolites of interest at day 63 + 8.6 (T2) of age through the
combination of the variable importance in the projection (VIP) and the loading
between the metabolite in the X matrix and the predictive latent variable (pLV)
of the OPLS-DA model. Metabolites are sorted by decreasing VIP
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study, this difference was even stronger when comparing
castrated pigs exposed to IUGR to NORM females.

Effect of intrauterine growth restriction on faecal
microbiota
In this study, faecal samples were collected from IUGR
and NORM pigs at different time points and analysed for
microbiota composition. The objective was to provide
insights into the dynamic profile of faecal microbiota in
pigs affected by IUGR compared to normal pigs across
different developmental stages. At the phylum level, the
faecal microbiota of both IUGR and NORM pigs was
dominated by Firmicutes and Bacteroidetes at all time
points, which is consistent with the previous literature
[46—48]. Unlike other studies, the Alpha diversity of the
faecal microbiota in the lactation, starter, grower, and
finisher periods was not affected by IUGR status in our
experiment, except for a tendency for a higher Alpha
diversity in the IUGR group at the end of the starter
period. Zhang et al. [10] reported the Alpha diversity of
the jejunal microbiota in IUGR piglets, defined by their
birth body weight, to be significantly lower than that of
control piglets at 7 and 21 days of age, suggesting a dys-
biosis in the gut of IUGR piglets during the lactation
period. By contrast, Xiong et al. [39] observed that the
Alpha diversity of the jejunum and ileum microbiota in
IUGR pigs, identified based on their birth weight, was
significantly higher than in normal pigs at 25, 50, and
100 kg BW, indicating a more diversified intestinal micro-
biota in the IUGR pigs during the grower-finisher phase.
In our study, the Beta diversity of the faecal microbiota
across the lactation, starter, and grower periods was sig-
nificantly affected by IUGR status, with the samples clus-
tering according to the category within each time point.
Accordingly, in Xiong et al’s [39] study, Beta diversity
analysis showed that IUGR pigs had a different microbial
community in the small intestine at 25, 50, and 100 kg
BW compared to normal pigs. Regarding the differen-
tial abundance analysis at the genus level, our findings
revealed higher abundances of the genera Clostridium
sensu stricto 1 and Romboutsia in the IUGR group dur-
ing the lactation period, while the NORM group was
characterised by a higher abundance of Ruminococcus.
Ruminococcus belongs to the Lachnospiraceae family.
These bacteria ferment dietary fiber and produce short-
chain fatty acids, which play a beneficial role in the main-
tenance of intestinal health by improving barrier function
and reducing inflammation [39, 49, 50]. The lower abun-
dances of these bacteria in the IUGR pigs may contribute
to the higher morbidity and mortality [51], as well as the
reduced growth observed in IUGR compared to normal
piglets in this and other studies [2, 21, 38].
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At the end of the starter period, our results showed
higher abundances of Prevotellaceae NK3B31 group,
Rikenellaceae RC9 gut group, and Alloprevotella in the
IUGR pigs, while the NORM group exhibited a higher
abundance of HT002, an uncultured genus of the Lac-
tobacillaceae family. Le Sciellour et al. [52] reported a
positive link between the abundances of OTUs belonging
to Lactobacillaceae and the digestibility of nitrogen and
energy in grower—finisher pigs. In addition, Lactobacil-
laceae are also known to improve the health of the small
intestine by modulating the gut microbiota, promoting
beneficial fermentation, and exerting antagonistic activ-
ity against pathogens in pigs [53]. Considering the posi-
tive effect of Lactobacillaceae on the ability to digest
feed, the lower abundances of bacteria belonging to this
family may partly explain the reduced feed efficiency and
ADG of IUGR compared to NORM pigs observed in this
study and reported in the literature [2, 5, 21, 51]. How-
ever, at the same time point, the IUGR group showed
higher abundances of bacteria belonging to the Prevotel-
laceae family. These bacteria can degrade complex carbo-
hydrates and can help promote the intestinal health and
growth of pigs [52, 54].

At the beginning of the finisher period, the IUGR group
was characterised by a higher abundance of the p—2534-
18B5 gut group from the Bacteroidales order, while the
NORM group was characterised by a higher abundance
of Prevotella 9. Bacteria belonging to the Prevotellaceae
family, as mentioned above, are generally considered
beneficial for gut health because they are involved in
the fermentation of dietary fiber in the hindgut and the
resultant production of short-chain fatty acids [54]. A
reduction in these beneficial bacteria at the beginning
of the finisher period may be associated with the poorer
performance of IUGR-affected pigs compared to the
NORM counterparts observed during the grower period.

The findings of our study suggest dynamic changes in
faecal microbiota composition in pigs with IUGR com-
pared to normal pigs across different developmental
stages, independent of their diet. The observed differ-
ences in microbial composition, particularly in families
associated with short-chain fatty acid production and gut
health, may contribute to the impaired health and growth
of IUGR pigs.

Effect of intrauterine growth restriction on plasma
metabolome

In this study, plasma samples were collected from IUGR
and NORM pigs during the lactation period and at the
end of the starter phase to perform a metabolome analy-
sis. Considering the restricted glucose availability and
the increased adipocyte proliferation observed in IUGR
foetuses [17-19], along with the ongoing enhanced
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adipogenesis reported in postnatal life [19], we hypoth-
esised differences in plasma metabolites associated with
lipid and energy metabolism between IUGR and NORM
piglets at both time points. As no significant differ-
ences in metabolites were observed between the IUGR
and NORM pigs during the lactation period, we had to
partially reject our hypothesis. Nevertheless, tyrosine
and leucine emerged as the main contributors to the
separation between the IUGR and NORM groups in
the OPLS-DA analysis, showing lower concentrations in
the plasma of IUGR piglets in the lactation period. This
is in agreement with the findings of Lin et al. [55], who
reported reduced leucine and tyrosine concentrations
in the plasma of IUGR foetuses (defined by their foetal
weight) in late gestation, and He et al. [11], who observed
decreased serum tyrosine level in IUGR piglets, identi-
fied based on their birth body weight, at 21 days of age.
Leucine, an essential branched-chain amino acid, acts as
a nutrient signal to stimulate muscle protein synthesis in
both newborns [56, 57] and weaned pigs [58]. Tyrosine,
a non-essential aromatic amino acid, serves as a precur-
sor for catecholamines (dopamine, norepinephrine, and
epinephrine), crucial neurotransmitters in the central
and peripheral nervous systems, and thyroid hormones,
essential in the control of growth, development, and
metabolism. The lower concentrations of leucine and
tyrosine observed in [UGR-affected pigs may contribute
to the reduced growth observed in this study, as well as
the altered metabolism and impaired maturation of the
nervous system reported in IUGR-affected piglets [2, 4,
59]. However, it is important to interpret the identified
metabolites contributing to group separation with cau-
tion, as none of them showed a VIP > 1.0 in the OPLS-DA
analysis in our study.

At the end of the starter period, only asparagine was
significantly lower in the plasma of IUGR compared
to NORM pigs, and it was the metabolite that contrib-
uted the most to the separation between the IUGR and
NORM groups in the OPLS-DA analysis. Asparagine is
a non-essential amino acid involved in energy and amino
acid metabolism, as well as in protein synthesis [60].
Asparagine can act as a precursor for other amino acids
of the arginine family, such as aspartate, glutamine, and
glutamate, which are the major sources of ATP in mam-
malian enterocytes [61]. Additionally, asparagine con-
tributes to immune function, as demonstrated by studies
in weaned piglets, indicating its positive impact on the
intestine and liver during inflammation [62, 63]. Consid-
ering the physiological functions of asparagine, a lower
concentration of this amino acid could be associated
with the reduced growth of IUGR pigs compared to their
normal littermates and their higher susceptibility to dis-
eases, as reported in several studies [2, 5, 51]. However,
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other metabolites associated with lipid oxidation, energy,
and protein metabolism, which showed changes between
IUGR and normal pigs in other studies [11, 55], were not
affected in the present study. The literature on metabo-
lomic profiling in IUGR pigs across different growth
stages is limited, and the interpretation of the results is
challenging. There is currently no standardised definition
of IUGR, and the diagnosis is often based solely on the
BW of the foetus or the birth body weight of the piglet.
This may be one reason for the contradictory findings
[15].

Relationship between faecal microbiota and plasma
metabolome

To investigate the interplay between faecal microbiota
and plasma metabolome, correlation analyses between
bacterial genera and metabolites were conducted in this
study. However, despite using different approaches, our
correlation analyses did not reveal any significant rela-
tionships between metabolites and bacterial genera. The
absence of significant correlations may suggest a complex
interaction between the faecal microbiota and plasma
metabolome. It is also worth noting that many of the
metabolites analyzed in this study are associated with
the microbiota of the small intestine, while our analy-
ses focused on correlations between plasma metabolites
and faecal bacteria. This discrepancy could explain the
absence of significant correlations. Understanding the
link between gut or faecal microbiota and plasma metab-
olome profiles can provide insights into how microbial
composition influences systemic metabolism in pigs.

Conclusion

In conclusion, our study confirmed that growth restric-
tion in the uterus negatively affects the ADG from birth
to the end of the grower period. Growth restriction dur-
ing foetal development had a dynamic effect on bone
mineral density across different developmental stages.
In addition, IUGR had a significant and long-lasting
impact on the faecal microbiota composition in pigs,
from birth to the beginning of the finisher period. In con-
trast, growth restriction minimally affected the plasma
metabolome profile of pigs at different growing stages.
Identifying biomarkers associated with IUGR could pro-
vide novel insights into this condition, facilitating early
interventions and effective management strategies. The
successful treatment of the [IUGR-affected pigs holds the
potential to improve the overall efficiency of pig produc-
tion systems.
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Brw/LW Brain-to-liver weight ratio

cT Computed tomography

DXA Dual-energy X-ray absorptiometry
GIT Gastrointestinal tract

IUGR Intrauterine growth restriction

LDA Linear discriminant analysis

NMDS Non-metric multidimensional scaling
OPLS-DA Orthogonal projection to latent structures-discriminant analysis
PCA Principal component analysis

pLV Predictive latent variable

QY Predictive ability of the model
Q2Y-perm  Predictive ability of permuted models
R2Y Goodness of fit of the model
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