Animal 17 (2023) 101029

The international journal of animal biosciences

Contents lists available at ScienceDirect

Animal

Comparative targeted metabolomic profiles of porcine plasma and R

serum

Check for
updates

Samuele Bovo?, Giuseppina Schiavo?, Giuliano Galimberti®, Flaminia Fanelli ¢, Francesca Bertolini?,
Stefania Dall’Olio ¢, Uberto Pagotto ¢, Luca Fontanesi **

2 Department of Agricultural and Food Sciences, Division of Animal Sciences, University of Bologna, 40127 Bologna, Italy
b Department of Statistical Sciences “Paolo Fortunati”, University of Bologna, 40126 Bologna, Italy
¢ Department of Surgical and Medical Sciences, Endocrinology Unit, University of Bologna, 40138 Bologna, Italy

ARTICLE INFO

Article history:

Received 7 July 2023

Revised 1 November 2023
Accepted 2 November 2023
Available online 10 November 2023

Keywords:
Animal model
Biofluid
Metabolite
Pig

Sus scrofa

ABSTRACT

Metabolomics has been used to characterise many biological matrices and obtain detailed pictures of bio-
logical systems based on many metabolites. Plasma and serum are two blood-derived biofluids com-
monly used to assess and monitor the organismal metabolism and obtain information on the
physiological and health conditions of an animal. Plasma is the supernatant that is separated from the
cellular components after centrifugation of the blood that is first added with an anticoagulant. Serum
is obtained after centrifugation of the blood that has been coagulated. The choice of one or the other bio-
fluid for metabolomic analyses is related to specific analytical needs and technical issues, to problems
derived by the collection and preparation steps, in particular when specimens are sampled from animals
involved in field studies. Thus far, most of the metabolomic studies that compared plasma and serum
have been carried out in humans and very little is known on the pigs. In this study, we used a targeted
metabolomic platform that can detect about 180 metabolites of five biochemical classes to compare
plasma and serum profiles of samples collected from 24 pigs. To also obtain a cross-species comparative
metabolomic analysis, information for human plasma and serum derived from the same platform was
retrieved from previous studies. Statistical analyses included univariate and multivariate approaches
aimed at identifying stable and/or differentially abundant metabolites between the two porcine biofluids.
A total of 154 (~83%) metabolites passed the initial quality control, indicating a good repeatability of the
analytical platform in pigs. Discarded metabolites included aspartate and biogenic amines that were
already reported to be unstable in human studies. More than 80% of the metabolites had similar profiles
in both porcine biofluids (average correlation was 0.75). Concentrations were usually higher in serum
than in plasma, in agreement with what was already reported in humans. The univariate analysis iden-
tified 44 metabolites that had statistically different concentrations between porcine plasma and serum, of
which 28 metabolites were also confirmed by the multivariate analysis. The obtained picture described
similarities and differences between these two biofluids in pigs and the related human-pig comparisons.
The obtained information can be useful for the choice of one or the other matrix for the implementation
of metabolomic studies in this livestock species. The results can also provide useful hints to valuing the

pig as animal model, in particular when metabolite-derived physiological states are relevant.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Implications

lites had contrasting profiles in the two species. The results will
serve as a reference point for about 180 biomolecules of plasma

This study showed that porcine plasma and serum metabolomic
profiles are similar, even if differences for a few metabolites are
present. Some metabolites were also quite unstable or difficult to
quantify. What was observed in the two biofluids in pigs matched
the profiles already reported in humans but, again, several metabo-
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and serum in pigs. The obtained information will be useful to value
the pig as animal model when metabolomic profiles are useful to
link physiological and health conditions.

Introduction

A variety of biofluids (e.g., blood, urine, saliva, milk, rumen
fluid) can be sampled in livestock and then used for metabolomic
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analyses. The obtained profiles can disclose valuable information
to understanding the physiological states of the animals and
assessing the effect of different nutrients, feeding strategies, treat-
ments, pathological conditions, and genetic potentials, among
many other factors that may vary the metabolic profiles of the ani-
mals (Ametaj et al, 2010; Sun et al., 2015; Fontanesi, 2016;
Goldansaz et al., 2017).

Blood is a commonly used biofluid as, according to its circulat-
ing nature, its metabolic profile and cellular components provide a
global snapshot of clinical relevance that reflects an overall condi-
tion of the whole organism at the sampling time point. This profile
can be useful to investigate the effect of applied direct or indirect
perturbations. Blood is composed of two main components: (i)
the cellular fraction, constituted by red blood cells, white blood
cells and platelets and (ii) the liquid fraction, which is a straw-
coloured carrier that accounts for about 50-55% of blood volume
(Luque-Garcia and Neubert, 2007). Plasma and serum are two
blood-derived biofluids mostly used in blood metabolomic studies.
Plasma is the supernatant that is separated from the cellular com-
ponents after centrifugation of the blood that is first added with an
anticoagulant (e.g., ethylenediaminetetraacetic acid known as
EDTA, sodium citrate and heparin), which inhibits the blood from
clotting. Serum is obtained after centrifugation of the blood that
has been coagulated (Luque-Garcia and Neubert, 2007).

Blood metabolomics can be applied both to whole blood and to its
derived biofluids. However, the choice of the biological matrix may
be due to peculiar analytical needs or by logistic and technical issues
related to the sampling, handling of the specimens and preparation
steps, particularly when samples are collected in animals involved in
field studies. Metabolomics applied to whole blood would allow to
capture additional molecules, such as cofactors and antioxidants,
both highly present and characterizing red blood cells but that
would be lost when applying plasma or serum metabolomics
(Nagana Gowda and Raftery, 2023). However, as they are considered
unstable, handling these cell-derived metabolites is currently one of
the major bottlenecks of whole blood metabolomics, leaving the
space to the characterisation of more stable molecules from the
two blood-derived biofluids (Gil et al., 2015). Compared to serum,
plasma preparation is usually considered more reproducible and
faster since there is no need to wait for the blood to clot, it has alower
risk of haemolysis and thrombocytosis, and it is not usually affected
by any postcentrifugal coagulation interference which can occur in
serum (Hsieh et al.,, 2006; Luque-Garcia and Neubert, 2007). On
the other hand, plasma could still contain some platelets originally
present in the blood, as centrifugation might not always be able to
completely remove these cells, which, in turn, can alter the meta-
bolic content of this biofluid (Lesche et al., 2016). Both plasma and
serum contain about 95% water and several other components, but
the process of coagulation makes serum qualitatively different from
plasma because, in addition to all cells that are removed, clotting
removes fibrin clots and related coagulation factors, which are left
in the plasma (Luque-Garcia and Neubert, 2007).

Although the clotting process makes these two biofluids differ-
ent for several clinical-relevant components (such as metal ions,
proteins and enzymes), plasma and serum can be used interchange-
ably in many laboratory assays (Luque-Garcia and Neubert, 2007).
In terms of small molecules (i.e., metabolites), these two matrices
have very similar compositions, which do not substantially alter
their gross metabolome profile, as shown in human blood-derived
biofluids (Liu et al., 2010; Psychogios et al., 2011; Wedge et al.,
2011; Yu et al., 2011; Breier et al., 2014; Suarez-Diez et al., 2017).
However, more detailed investigations, that compared these two
biofluids in humans, indicated that serum contains higher metabo-
lite concentrations than plasma for a few metabolite classes and
that additional minor differences or absence of some metabolites
in one or the other biofluid occur (Yu et al., 2011; Liu et al,
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2018b; Kiseleva et al., 2021; Sotelo-Orozco et al., 2021; Vignoli
et al,, 2022). It is however not clear if similar differences are also
present between plasma and serum prepared from pigs.

Few studies carried out in pigs analysed both blood matrices in
the same experimental design. Bovo et al. (2016) investigated
plasma and serum-targeted metabolomic profiles to identify differ-
ences between two pig breeds. Other studies carried out in pigs for
several different aims analysed only one of the two biofluids, and
comparisons of their metabolomic profiles could not be possible
(Solberg et al., 2010; Bovo et al., 2015; Metzler-Zebeli et al.,
2015; Liu et al., 2018a; Luise et al., 2020; Wu et al., 2020).

In this study, we used a targeted metabolomic analytical
approach, which measured about 180 metabolites belonging to
several biochemical classes, coupled with a specifically applied sta-
tistical methodology, to investigate differences in metabolomic
profiles between plasma and serum prepared from pigs. The results
that we obtained in the two porcine biofluids were then used for a
comparative analysis against the human plasma and serum meta-
bolomic profiles reported by previous studies with the same tar-
geted metabolomic platform (Yu et al., 2011; Breier et al., 2014).
The results obtained by comparing the metabolomic profiles of
the two porcine biofluids and the pig-human comparative analysis
provided interesting information (i) that will serve as reference
point in pigs, (ii) that will be useful to choose one or the other bio-
fluid in studies aimed to defining biomarkers of physiological per-
turbations in pigs, and (iii) that will be relevant to value the pig as
animal model when links with the human physiological conditions
can be described at the metabolome level.

Material and methods

All pigs used in this study were kept according to the Italian and
European legislations for pig production. All described procedures
followed the Italian and European Union regulations for animal
care and slaughter. Pigs were not raised or treated in any way for
the purpose of this study. All animals were slaughtered in a com-
mercial and authorised abattoir following standard procedures.
Therefore, no other ethical statement is needed.

Pigs and blood samples, plasma and serum

A total of 24 healthy pigs were included in this study: 12 Italian
Large White and 12 Italian Duroc pigs. Six castrated males and six
entire gilts were considered in each breed. Animals were part of
the same batch, fed and handled in the same ways. When animals
were about 155 * 5 kg live weight, they were subject to a fasting
period of ~12 h, transported to a commercial abattoir and slaugh-
tered in the morning at about 0800 h, after electrical stunning. Ani-
mals entered the slaughtering plan within 5 min, and blood was
collected just after jugulation directly from the draining carotid
artery into two different tubes (the serum tube included a gel sep-
arator and clot activator). For all animals, samples were processed
within two hours, including the centrifugation step at 4 °C. We
obtained 12 tubes of plasma and 12 tubes of serum that were
divided into aliquots and frozen at —80 °C till metabolomic analy-
sis. Additional details on the pigs, their feeding, the slaughtering
and blood sampling procedures and the processing of the collected
blood are given by Bovo et al. (2016).

Metabolomic analyses of pig samples and quality control

A targeted metabolomic approach was adopted to explore the
plasma and serum metabolomes of the pigs. Analyses were based
on the Biocrates AbsoluteIDQ™ p180 kit (Biocrates Life Science AG,
Innsbruck, Austria) that allows to quantify a panel of a total of 186
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metabolites, covering seven analyte subclasses: acylcarnitines (n.
40), amino acids (n. 21), biogenic amines (n. 19), monosaccharides
(hexoses including glucose; n. 1), lyso-phosphatidylcholines (n. 14),
phosphatidylcholines (n. 76) and sphingomyelins (n. 15). Samples
were included in one single Biocrates plate, and metabolomic analy-
ses were run on an analytical platform composed by a Series 200
HPLC system (Perkin Elmer, Inc., Waltham, MA, USA) coupled with
an API 4000 QTrap mass spectrometer (AB-Sciex, Framingham, MA,
USA). The different analyte classes were subjected to either liquid
chromatography-tandem mass spectrometry or flow injection
analysis-tandem mass spectrometry. The Biocrates plate also
included three replicated samples that were used as quality control
standards to evaluate the quantification reliability. Based on quality
controls, a CV was derived for each small molecule; metabolites pre-
senting a CV > 20% were excluded from the bioinformatic analyses.
More details about the metabolomic analyses, the list of targeted
metabolites and data quality check and filtering procedures are
reported in Bovo et al. (2015 and 2016) and in Supplementary
Table S1.

Statistical analyses for pig plasma and serum metabolites

For each metabolite, Pearson’s correlation coefficient was used
to evaluate the agreement between plasma and serum measure-
ments. A nominal P < 0.05 was used to consider correlation coeffi-
cients statistically valid.

Differences between the two porcine blood-derived biofluids
and the identification of differentially abundant metabolites were
tested by applying univariate and multivariate statistics as follows.
Principal Component Analysis (PCA) was run on the quality-
checked dataset. Before PCA, variables (metabolite concentrations)
were scaled to have unit variance. Considering the paired structure
of the data, Wilcoxon signed-rank test was used to assess, in a uni-
variate way, differences in metabolite abundances. Differences
were evaluated at a nominal P < 0.05 and considering the Bonfer-
roni correction (P < 0.05/154). We then applied Sparse Multi-
Level Partial Least Squares Discriminant Analysis (SML-PLS-DA)
as supervised multivariate approach to detect differentially abun-
dant metabolites. Briefly, two matrices describing the within-
subject variation and between-subject variation were obtained
(Westerhuis et al., 2010), the former subjected to sparse PLS-DA
for variable selection as described by Luise et al. (2020).

We also evaluated the relative concentration difference
between serum and plasma (A%; Bovo et al, 2016) for each

. . _x -s -p
metabolite (i), expressed as A%; = %' x 100, where x; and x;
X

denote the average metabolite abundance of the i metabolite in
serum and plasma, respectively.

To evaluate the relationship between unique pairs of metabo-
lites we used Spearman’s Rank correlation coefficient (p). Serum
and plasma datasets were analysed separately. Two correlation
matrices were obtained and then used to evaluate the difference
between the two pig biofluids by subtraction of matrices and
obtaining a third correlation matrix (serum minus plasma).

Correlations, Wilcoxon signed-rank test P and A% measures
were calculated within each breed and for the combined overall
population (i.e., all 24 pigs considered together, analyses at the
pig population level). PCA and sML-PLS-DA were run at the popu-
lation level only. All analyses were carried out in R v.3.4.2 (R
Development Core Team, 2022).

Human plasma and serum metabolomic profiles used in the
comparative analyses

Results of two studies carried out in humans, obtained by using
the same Biocrates targeted metabolomic platform, applied to
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compare the concentration of plasma and serum metabolites, were
retrieved from the related literature (Yu et al., 2011; Breier et al.,
2014). The study of Yu et al. (2011) reported the concentration of
122 metabolites measured in plasma and serum samples collected
from 83 healthy adult humans (about 50% males and 50% females,
with age that ranged from 51 to 84 years) and the study of Breier
et al. (2014) reported the concentration of 159 metabolites mea-
sured in plasma and serum samples collected from 20 healthy
humans with a mean age of 30 years (1/4 males and 3/4 females).
These studies can be considered to have a compatible experimental
design with that of our study in pigs, where one sampling time
point of adult animals was considered and plasma and serum were
sampled with the same anticoagulant and clotting system used in
the human studies. Supplementary Table S2 reports information on
the analysed metabolites in these two human studies, the list of fil-
tered metabolites, their average plasma and serum concentration
used to compute A% statistics, and the Wilcoxon signed-rank test
P-values used in the comparative analyses with the results
obtained in pigs.

Results
Pig metabolomic profiles: Filtered metabolites

A total of 154 out of 186 analysed metabolites (~83%) passed
the quality control step as they presented a CV% < 20. Of the 154
retained pig metabolites, a total of 62 metabolites (~40%) had a
CV% < 5 and a total of 109 metabolites (~70%) had a CV% < 10.
The complete list of the retained and discarded metabolites and
their CV%s is reported in Supplementary Table S1.

Six metabolites (aspartate, histamine, 3-nitro-tyrosine, cis-4-
Hydroxyproline, phenylethylamine, symmetric dimethylarginine)
had measured concentrations lower than the limit of detection in
the QCs replicates. Four of these metabolites (histamine, 3-nitro-
tyrosine, cis-4-Hydroxyproline and phenylethylamine) had the
same problems also in the study of Breier et al. (2014) who anal-
ysed human plasma and serum samples [(no problems related to
the limit of detection were reported by Yu et al. (2011)].

Of the 32 metabolites that were discarded either because of CV%
or limit of detection issues (26 and six metabolites, respectively),
13 were also excluded from subsequent analyses by Breier et al.
(2014) and 17 (out of 25 possible matches; the study lacks the
quantification of biogenic amines) were also excluded from further
analyses by Yu et al. (2011) for problems of potential instability or
heterogeneity of results in humans (Supplementary Tables S1 and
S2). Seven of these metabolites (C16:1-OH, C18:1-OH, lysoPC a
C24:0, lysoPC a C26:0, PC aa C26:0, PC aa C30:2, SM C22:3), that
showed high CV% and that might represent highly unstable
metabolites, were discarded by our study in pigs and by both stud-
ies in humans. The Venn diagrams reported in Supplementary
Fig. S1 show the overlapping set of metabolites that were retained
and discarded in our study with those that were considered by the
two studies in humans (Yu et al., 2011; Breier et al., 2014).

Differences between plasma and serum metabolomic profiles in pigs

Pearson’s correlation coefficients were calculated for each
metabolite over the two biofluids, within each breed and at the
population level, i.e. considering the analysed pigs altogether (Sup-
plementary Tables S3-S5). Correlations had a nominal P < 0.05 for
94 (61%), 116 (75%) and 129 (84%) out of 154 metabolites, for Ital-
ian Duroc, Italian Large White and all pigs together, respectively.
For these metabolites, correlations ranged from r = 0.57 (glu-
tamine) to r = 0.98 (acetylornithine), from r = 0.55 (C14:2) to
r=0.99 (C2), and from r = 0.40 (C16-OH) to r = 0.98 (acetylor-
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nithine), for the three groups of pigs (i.e., Italian Duroc, Italian
Large White and all pigs together), respectively. When correcting
the P, the number of significant correlations decreased to 16
(min r = 0.83), 64 (min r = 0.82) and 94 (min r = 0.67) metabolites
for Italian Duroc, Italian Large White and all pigs together, respec-
tively. Considering the correlations irrespectively from their signif-
icance level, we observed an overall medium-high value between
the two matrices, with a mean + SD of r = 0.77 = 0.10 (me-
dian = 0.78), r = 0.85 + 0.11 (median = 0.88), r = 0.75 * 0.15 (me-
dian = 0.81) for Italian Duroc, Italian Large White and the whole
population, respectively. We observed an overall low correlation
for acylcarnitines (Fig. 1a).

Differences between plasma and serum profiles were first
investigated using the unsupervised multivariate approach of
PCA. The first two principal components accounted for 25 and
15% of the total variance, respectively. The effect of the biological
matrix is only slightly evident, as captured by the principal compo-
nent 2 (Fig. 1b).

According to the Wilcoxon signed-rank test and applying a
nominal P < 0.05, a total of 65 (Italian Duroc), 86 (Italian Large
White) and 98 (all pigs) metabolites had concentration differences
between the two biofluids. All results of this analysis are reported
in Supplementary Tables S3-S5. Fifty-five metabolites were in
common between the two breeds, when the test was run sepa-
rately in Italian Large White and Italian Duroc groups. Fig. 1a
shows both A% and r values for the whole profile considered in
all investigated pigs. In general, considering A%, concentrations
were higher in serum than in plasma. After applying Bonferroni
correction, however, significant results remained for a total of 44
metabolites (28.4%) only when all pigs were analysed together
(Table 1 and Supplementary Table S5). These 44 metabolites
belong to all the investigated metabolite classes except for
monosaccharides. A total of 33 out of 44 metabolites had a concen-
tration higher in serum than in plasma. Amino acids and acylcar-
nitines were two analyte classes that had only higher
concentration in serum. Among the metabolites with significantly
higher concentration in serum, five out of 33 had a A% > 20 (argi-
nine, C10:2, putrescine, taurine and serotonin) whereas for
metabolites with Bonferroni significantly higher concentration in
plasma, eight out of 11 had a A% < —20 (spermine, spermidine,
acetylornithine, PC aa C42:0, PC ae C42:0, PC aa C42:1, PC ae
C42:1,PCaa C40:1, PCae C30:0, PC aa C28:1). The metabolites with
the largest differences were serotonin (P = 1.19 x 1077, A% = 74.3)
and spermine (P = 2.20 x 107>; A% = —40.5).

A B
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After these evaluations, we applied sML-PLS-DA, a supervised
multivariate approach able to select the most discriminant vari-
ables (i.e., metabolites) taking into consideration the paired struc-
ture of the dataset. Based on the sML-PLS-DA scores ty1 and ty?2
obtained from the analysis of the within-subject variation matrix,
results demonstrated that the metabolomic profiles clearly clus-
tered into two groups representing the plasma and serum biologi-
cal matrices (Fig. 1c). In particular, separation of the two clusters
was due to 28 selected metabolites belonging to five metabolite
subclasses (two acylcarnitines, five amino acids, four biogenic ami-
nes, 16 phosphatidylcholines and one sphingolipid) having a non-
zero regression coefficient. Selected metabolites had a generally
higher concentration in plasma (except for six metabolites). It
was also interesting to note that all 28 metabolites selected with
the multivariate approach were also selected by using the univari-
ate approach. Among these 28 metabolites, only 17 were differen-
tially abundant with a significant correlation between the two
biofluids (correlations with nominal P < 0.05 in both breeds; corre-
lation at the population level with P < 0.05, Bonferroni corrected).
Putrescine, asparagine, and lysoPC a C17:0 had the highest (abso-
lute value) regression weights, with absolute delta values that ran-
ged from 8 to 31%.

We then evaluated the relationship between unique metabolite
pairs. Fig. 2 shows the correlation matrices (based on Spearman’s
Rank correlation coefficient) obtained for serum (Fig. 2a) and plasma
(Fig. 2b) metabolites. Data are reported in Supplementary Table S6.
Both biofluids had medium-high correlation coefficients between
metabolites belonging to the same metabolite class whereas corre-
lations between classes were lower. Comparison of correlation coef-
ficients between the two biofluids (Fig. 2c; delta correlation matrix)
highlighted stable within-class metabolite correlations. A total of
2 968 and 2 335 correlations (involving 147 and 146 metabolites)
had P < 0.05 (|p| > 0.405) in serum and plasma, respectively. By
merging these results, a total of 2 029 metabolite pairs had a rela-
tionship in at least one biofluid and 1 638 metabolite pairs had a
relationship in both. A total of 24 differentially abundant metabo-
lites (out of the 28 identified) had statistically significant correla-
tions. Of those, high difference in delta correlation was observed
for the serotonin-taurine metabolite pair [that moved from
p=084(P=3.6 x 107°7) in plasma to p = 0.45 (P = 0.028) in serum|]
and the C14:1-C18 metabolite pair [that moved from p = 0.48
(P =0.015) in plasma to p = 0.90 (P = 2.3 x 107°°) in serum].

For the most significant metabolite pairs (P < 0.001; |
pl > 0.629), we then evaluated their connectivity (number of
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Fig. 1. Representations of metabolomic differences between porcine plasma and serum. (A) Pearson’s correlation coefficient (r) and A% values are presented; each point
represents a metabolite; AA: amino acid; AC: acylcarnitine; BA: biogenic amine, H1: hexoses, LPC: lyso-phosphatidylcholine, PC: phosphatidylcholine, SM: sphingomyelin;
(B) Principal Component Analysis (PCA); each point represents a pig sample; (C) Sparse Multilevel Partial Least Squares Discriminant Analysis (SML-PLS-DA); each point

represents a pig sample.
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Table 1
Metabolites (n. 44) that showed differences between serum and plasma concentration in the 24 analysed pigs. Metabolites are listed from the lowest to the highest A% value.

Class'  Metabolite? Plasma (mean + SD)>  Serum (mean * SD)*  r (pigs)® A% (pigs)’ sSML-PLS-DA® r(humans)’ Humans (S/P)® Humans (S/P)°
BA Spermine 0.56 £ 0.13 0.40 = 0.08 0.448* —40.51 —0.555 - - -
PC PC aa C28:1 1.17 £0.27 0.89 £ 0.29 0.615%* —31.02 —0.443 0.856 S S
BA Spermidine 0.82 + 0.31 0.63 + 0.25 0.826 -30.57 0.000 - - NA®
PC PC aa C42:0 0.18 + 0.03 0.14 £ 0.03 0.329 -29.20 —0.645 0.895 sn NA*
PC PC ae C42:1 1.61 £ 0.36 1.25+0.33 0.442 —28.80 0.000 0.731 N NA®
PC PC aa C42:1 0.13 £ 0.02 0.10 = 0.02 0.423 —-24.51 —0.696 0.837 S NA®
PC PC ae C30:0 0.50 £ 0.10 0.41 £ 0.10 0.532 —-22.11 0.000 0.884 S S
PC PC aa C40:1 0.36 £ 0.05 0.30 £ 0.06 0.474 —-21.07 —0.444 0.790 N NA®
LPC lysoPC a C17:0 1.07 £ 0.22 0.92 +0.18 0.840"* -16.81 —0.667 0.825 S S
PC PC ae C42:0 0.58 + 0.09 0.52 + 0.09 0.676 —-12.82 0.000 0.488 S NA®
BA Acetylornithine  10.50 + 4.92 9.61 +4.50 0.984"# -9.26 0.000 - - NA*
SM SM C18:1 3.28 + 0.47 3.57 £ 0.52 0.903"**  8.12 0.155 0.772 S S
PC PC ae C38:5 3.79 £ 0.56 413 +0.75 0.891°* 823 0.000 0.750 S S
PC PC aa C38:5 30.80 £ 4.65 33.70 £ 5.03 0.824"* 861 0.000 0.879 S S
PC PC aa C38:4 145.00 + 24.35 159.00 * 26.15 0.8837#  8.81 0.025 0.856 S S
PC PC ae C36:4 3.57 £ 0.56 3.93+0.75 0.884"* 916 0.000 0.794 S S
PC PC aa C36:1 37.80 £5.93 41.70 £ 6.03 0.796°* 935 0.000 0.867 S S
AA Asparagine 51.30 £ 10.72 56.60 + 10.80 0917 936 0.447 - - S
AA Leucine 214.00 £ 29.39 237.00 £ 34.57 0.840"* 970 0.139 0.677 s S
PC PC ae C36:3 3.43 £ 0.63 3.80 + 0.64 0.863* 974 0.041 0.823 S S
AA Methionine 47.60 = 9.45 52.80 + 9.66 0.871°* 985 0.000 0.670 S NA”
PC PC aa C34:1 67.60 £ 11.31 75.00 + 13.21 0.897°* 9.87 0.057 0.896 S S
PC PC ae C34:2 5.10 £ 0.92 5.66 + 0.98 0.848"*  9.89 0.000 0.837 S S
PC PC aa C40:5 19.70 + 3.55 21.90 £ 3.94 0.928"# 10.05 0.152 0.892 S S
PC PC aa C36:3 23.60 = 4.71 26.30 £ 5.14 0.9197# 10.27 0.074 0.889 S S
PC PC ae C36:2 5.06 + 1.00 5.65 + 1.15 0.903"# 10.44 0.017 0.861 S S
PC PC aa C36:4 56.30 £ 8.92 63.00 + 9.97 0.836°# 10.63 0.031 0.851 S S
PC PC aa C38:3 18.30 + 3.14 20.50 £ 3.79 0.864"# 10.73 0.029 0.884 S S
PC PC ae C38:4 6.88 + 1.09 7.71 £ 1.53 0.885"# 10.77 0.000 0.745 S S
PC PC aa C34:2 91.80 £ 17.94 103.00 £ 19.53 0.892"# 10.87 0.047 0.850 N S
PC PC aa C36:2 112.00 £ 16.19 126.00 = 18.56 0.8257# 11.11 0.093 0.847 S S
PC PC aa C34:3 3.03 £0.58 341 +0.63 0.893"# 11.14 0.076 0.886 S S
AA Proline 198.00 * 35.80 223.00 £ 39.92 0.822"# 11.21 0.000 0.889 S S
AA Histidine 110.00 £ 18.87 124.00 £ 18.53 0.763"# 11.29 0.000 0.589 S S
AA Tyrosine 88.60 + 18.24 100.00 £ 22.40 0.865# 11.40 0.000 0.708 S S
BA Sarcosine 11.30 £ 2.31 12.90 + 2.86 0.807"# 12.40 0.000 - - P
AA Phenylalanine 83.40 £ 11.04 96.00 £ 13.05 0.696"# 13.13 0.180 0.575 S S
AA Serine 118.00 = 18.50 138.00 = 19.58 0.632 14.49 0.142 0.774 S N
AC C3-DC (C4-OH) 0.05 £ 0.01 0.06 £ 0.01 0.546 15.66 0.284 0.056 - -
BA Taurine 160.00 * 34.14 206.00 + 24.03 0.454 22.33 0.440 - - S
AC C10:2 0.02 £ 0.00 0.03 £ 0.00 0.248 23.83 0.411 0.934 - S
BA Putrescine 0.91+0.25 1.31£0.32 0.727°%  30.69 0.469 - - S
AA Arginine 141.00 £ 25.33 229.00 £ 26.45 0.485 38.43 0.455 0.500 S S
BA Serotonin 1.37 £ 1.16 533 +£1.98 0.465 74.30 0.515 - - S

! AA: amino acid; AC: acylcarnitine; BA: biogenic amine; LPC: lyso-phosphatidylcholine; PC: phosphatidylcholine, SM: sphingomyelin.

2 Metabolites with P < 0.05 (Bonferroni corrected) at the Wilcoxon signed-rank test. Full names are given in Supplementary Table S1.

3 Concentrations are expressed in pM.

4 Pearson’s correlation coefficient (r) between serum and plasma concentrations. Metabolites with P < 0.05 (Bonferroni corrected) at the pig population level are marked
with the star (*) symbol. Metabolites with nominal P < 0.05 in both single breeds are marked with the hash (#) symbol.

5 Positive values indicate higher values in serum than in plasma and vice versa.

6 Regression coefficient. Non-zero values indicate metabolites contributing to differentiate plasma and serum samples. Positive values indicate higher concentrations in
serum than in plasma and vice versa.

7 Correlation coefficients as retrieved from the study of Yu et al. (2011). P-value was not provided by the authors. Data are reported for the metabolites included in the
Biocrates p150 kit (Biocrates Life Science AG, Innsbruck, Austria) and that passed the quality control.

8 S: higher value in human serum. P: higher value in human plasma.”statistical non-significant difference. Data are reported from the study of Yu et al. (2011) for those
metabolites included in the Biocrates p150 kit (Biocrates Life Science AG, Innsbruck, Austria) and that passed the quality control.

9 S: higher value in human serum. P: higher value in human plasma. NA: info not provided; only the P is available.*statistically non-significant difference (P > 0.01). Data
are reported from the study of Breier et al. (2014) for the metabolites included in the Biocrates p150 kit (Biocrates Life Science AG, Innsbruck, Austria) and that passed the
quality control.

linked metabolites to a given metabolite; Supplementary
Table S7). Connectivity was generally higher in serum than in

Comparative metabolomic profiles between pigs and humans

plasma (78 metabolites had more connections in serum than in
plasma; 34 metabolites had more connections in plasma than
in serum) with a total of 873 involved correlations (metabolite
pairs) in serum and plasma, respectively, and involving a similar
number of metabolites (110 and 106). Arginine and PC aa C32:2
were the two metabolites that gained and lost more connections,
respectively, when the serum and the plasma matrices were con-
sidered, respectively.

To provide a first comparative picture of plasma and serum
metabolomic profiles between humans and pigs, we used the
information retrieved from the study of Yu et al. (2011). These
authors obtained targeted metabolomic profiles of human plasma
and serum using a previous version of the Biocrates platform that
detected a total of 163 metabolites. Out of these 163 metabolites,
122 passed the quality control and for 104 their concentration dif-
fered between the two biofluids, with a prevalence of higher level
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Fig. 2. Correlation matrices that showed the relationships between metabolites in pigs. (A) Serum; (B) Plasma; (C) Difference in correlation between serum and plasma (delta
correlation). Metabolites are ordered based on metabolite class. Acronyms of metabolite classes are reported in the legend of Fig. 1 and in Supplementary Table S1.

in serum than in plasma, similar to the results we obtained in pigs.
Of these metabolites, 111 (91%: 111/122) also passed the QC in our
pig study; therefore, it was possible to compare their level in the
two biofluids between the two species. Out of the 44 differentially
abundant metabolites in pigs, 32 were also differentially abundant
in humans (Yu et al., 2011), 26 of which had a common pattern in
humans and pigs (being higher in serum than in plasma in both
species), whereas the remaining six had an opposite pattern in
the two species (Fig. 3). The A% statistics of these 26 metabolites
was comparable between the two species except for serine and
phenylalanine whose A% values were almost twice as higher in
humans than in pigs. In both humans and pigs, arginine was the
metabolite with the highest A% value.

Among the biogenic amines, Breier et al. (2014) reported that
only sarcosine had a significantly lower concentration in serum
than in plasma. In our pig study, sarcosine concentration between
the two biofluids confirmed the difference reported in humans.
Spermine could not be compared since in humans, it did not pass
QC, whereas serotonin and putrescine had a similar pattern even
if in humans, the CV across all plates was above the 25% in refer-
ence samples (thus these data in humans should be considered
with caution). Taurine had the same profile, whereas the concen-
tration of spermidine and acetylornithine did not differ statistically
between the two biofluids.

Discussion

Plasma and serum are blood-derived biofluids commonly used
to assess and monitor the organismal metabolism. The information

A%

His
Leu
Met
Phe
Pro
Ser
Tyr
lysoPCa C17.0

[
<
m Pigs
B Humans (Yu et al., 2011)

PC aa C28:1
PC aa C34:1
PC aa C34:2
PC aa C34:3
PC aa C36:1

PC aa C36:2

provided by these two blood matrices are important to assess the
physiology and health status of an animal. Plasma and serum are,
in a few cases and contexts, considered interchangeable matrices
for several chemical-biochemical laboratory investigations even if
they are inherently different. A first intrinsic source of differences
comes from the biological nature of these fluids: during the coag-
ulation process, blood cells are metabolically active, leading to
changes in metabolite concentrations. Then, external non-
biologically derived factors, such as the addition of an anticoagu-
lant (plasma) or a clot activator (serum), can interfere the metabo-
lite concentration (i) by directly increasing or decreasing the
measured values of some metabolites, (ii) by interfering with the
detection of some metabolites, and (iii) by contributing to detect
additional or artificially added compounds that could be summed
to the intrinsically present metabolites (Siskos et al., 2017;
Vignoli et al., 2022). These elements are important in clinical meta-
bolomics since the reference range for each metabolite might be
related to the type of biofluid. Therefore, these aspects should be
considered when metabolomic analyses are aimed to identifying
novel blood-derived biomarkers for a variety of animal conditions.

A few studies have already evaluated the metabolite profile dif-
ferences between human plasma and serum, including the effects
of collection and handling procedures, such as the type of collec-
tion tube/agent (e.g., EDTA, citrate, clot activator, gel, etc.), the
postcollection sample processing time gap (e.g., 2, 4, 8 h postcollec-
tion), the storing condition (e.g., 4 °C, 22 °C) and the detection
methods and the analytical platforms (e.g., Nuclear Magnetic Res-
onance, Mass Spectrometry), among several other factors (Lopez-
Bascon et al., 2016; Cruickshank-Quinn et al., 2018; Kamlage
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Fig. 3. Comparison between differentially abundant metabolites between plasma and serum (n. 32) identified both in pigs and humans. Acronyms of metabolite classes are

reported in Supplementary Table S1.
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et al.,, 2018; Nishiumi et al., 2018; Paglia et al., 2018; Kennedy
et al.,, 2021). All these studies confirmed that the main source of
differences is due to the nature of the two biofluids, whereas other
factors can alter the within-matrix concentration without any sub-
stantial modifications that would confound or reverse the profiles
obtained in plasma with that obtained in serum.

Therefore, in principle, differences could be also expected
between the metabolomic profiles of porcine plasma and serum
derived from the same animals. However, this question has not
been investigated thus far, as most of the studies in pigs explored
one or the other biofluid, but not both biofluids in the same exper-
imental design. It would be also reasonably expected that what
was observed in humans could not completely match the picture
derived from the plasma and serum of the pigs, despite the physi-
ological similarities between the two species. Therefore, in this
context, a more detailed comparison between humans and pigs
could give the possibility to dig into their fine differences that
would better value the pig as animal model when blood metabolo-
mic information is relevant to establish and interpret the links with
the human physiology. It is important to mention here that the
comparison of absolute metabolite concentrations between species
is always very complicated due to the difficulties in controlling
many environmental and technical conditions and match the same
physiological status in different species. For these reasons, relative
differences between the two biofluids can be more appropriated
for an across-species comparison.

The knowledge of difference between plasma and serum metabo-
lomic profiles has also a specific value for the pig when it is needed to
understand the mechanisms and physiological changes in response to
feeding strategies, treatments, pathological conditions, and many
other applied factors and perturbations that might be relevant in
pig breeding, husbandry, and health. This is particularly important
as some metabolite classes or specific metabolites (that might be con-
sidered as markers of different physiological conditions) could be
more concentrated or stable in one or the other biofluids.

Most studies carried out thus far in pigs mainly exploited untar-
geted metabolomics, by disclosing information for a small part of
the metabolome (about 10-40 metabolites or metabolomic fea-
tures). Few studies investigated more complex metabolomic pro-
files. For example, the Biocrates platform (150-190 metabolites
of different analyte classes) was used to analyse the porcine
plasma metabolome for a variety of purposes, but without evaluat-
ing the repeatability of the results and potential differences
between the two blood-derived matrices (Solberg et al., 2010;
Bovo et al., 2015; Metzler-Zebeli et al., 2015; Liu et al., 2018a;
Luise et al., 2020; Wu et al., 2020).

As a follow-up of our previous study where we investigated
metabolomic profile differences between the same two breeds of
pigs that we considered here (Bovo et al., 2016), in this study, we
aimed to provide, for the first time, differences between plasma
and serum-targeted metabolomic profiles of adult pigs. Samples
were selected to maximise the power of the metabolomic
approach: (i) we included pigs of two different breeds (Italian
Large White and Italian Duroc) to capture some within-species
variability; (ii) all animals were healthy and raised in the same per-
formance station at the same time, fed and handled in the same
ways, sampled at the same age and weight and after the same fast-
ing time, transported on the same vehicle to the same abattoir; (iii)
to minimise the effect of other confounding factors, samples were
also collected and then handled/processed in the same way and
day, by the same operator, and metabolomic analyses were run
in a single batch (i.e., one kit plate). In the present study, it was
not possible to evaluate if the measured concentrations precisely
reflected the physiological basal level of these metabolites in adult
pigs as, possibly, the effect of stressing preslaughter conditions
(e.g., animal transportation, changes of environment, introduction
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into the restrainer) could alter the abundance of certain metabo-
lites. However, the analytical process that here considered one
time point was optimal to precisely control several potential con-
founding effects and provide a reliable picture of differences
between plasma and serum. This simple experimental design also
provided a quite good match with a few similar studies reported in
humans (based on the same targeted metabolomic platform) that
otherwise, for the intrinsic difficulties to design across-species
comparative analyses, would not be possible to consider for the
evaluation of the human-pig similarities and differences. One of
the major strengths of our pig study compared to any other studies
in humans was that we could control many confounding factors
that, for obvious reasons, cannot be controlled in humans. On the
other hand, it is also worth noting that our study did not provide
a longitudinal profile and trend of the metabolomic picture that
would have requested the sampling at more time points.

We observed a good repeatability of the pig metabolomic pro-
files as more than 80% of the metabolites had a CV < 20%. About
5% of the amino acids and 31% of biogenic amines failed the CV
quality check, representing the most stable and the most unstable
analyte classes, respectively. In particular, only one amino acid
(i.e., aspartate) and five biogenic amines (i.e., histamine, 3-nitro-
tyrosine, cis-4-Hydroxyproline, phenylethylamine, symmetric
dimethylarginine) were difficult to quantify or were present with
traces below the limit of detection of the applied platform. This
was in line with our previous findings, where the same QC proce-
dures were applied for the analysis of porcine plasma of a larger
number of samples that also had to be run on more than one Bio-
crates kit plate, introducing additional variability (Bovo et al.,
2015). Instability of aspartate and biogenic amines was also evi-
denced in other studies that evaluated the cross-laboratory compa-
rability of plasma and/or serum metabolite measurements in
humans, mice, and rats with either the Biocrates p180 kit or Bio-
crates p400HR kit, another similar targeted platform that includes
most of the analytes of the kit that we used (Siskos et al., 2017;
Thompson et al., 2019).

Considering all pigs together, more than 80% of the metabolites
had similar relative profile in plasma and serum, with an average
r=0.75 = 0.15. These results denoted a quite high stability of the
metabolites that we analysed, as also evidenced by a similar result
(r = 0.81 = 0.10) reported in humans, where plasma and serum
were analysed with the same targeted metabolomic platform (Yu
et al., 2011). When this information was dissected between the
two pig breeds, correlations reflected the overall averaged infor-
mation: in Italian Large White, r = 0.85 + 0.11; in Italian Duroc,
r = 0.77 + 0.10. Therefore, it seems that differences in the blood
metabolomic profiles that we already observed between these
two breeds (Bovo et al., 2016) do not impact the respective paired
profiles of the two biofluids.

Quantitatively, metabolite concentrations in pigs were usually
higher in serum than in plasma (based on A% statistics), in line
with what was also shown in humans when (i) plasma EDTA and
serum with clot activator were used in the preparation of the
two biofluids (Yu et al., 2011; Breier et al., 2014), as we did for
the pig samples, or when (ii) the same plasma EDTA was used
but coupled with a different serum preparation system based on
gel tube (Paglia et al., 2018). These studies in humans indicate that
slight differences in serum preparation procedures do not substan-
tially modify the serum metabolite profile.

Based on the univariate analysis (Wilcoxon signed-rank test) that
we applied to mine the metabolomic pig data, 28.4% of the investi-
gated metabolites had statistically different abundances (P < 0.05;
Bonferroni corrected) between the two biofluids (when all pigs were
considered together). Separation between the plasma and serum
profiles was also captured with PCA, even if the reported low
explained variance indicated an overall similarity between the pat-
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terns of the two biofluids. Comparing the results that we obtained in
pigs with the results obtained in humans (Yu et al., 2011; Breier
et al.,, 2014), the human metabolome has more statistically different
concentrations between the two biofluids than the porcine profiles.
This general picture could give a first level of differences between
the two species, even if this information should be considered with
caution, as some differences can be ascribed to the methodologies
applied to filter the human and pig datasets and to the different sta-
tistical powers reached by the human and pig studies.

Differences in metabolite concentration between the two
biofluids in our targeted species, the pig, are also interesting to
be pointed out. SML-PLS-DA was applied to obtain a reliable list
of differentially abundant metabolites between the porcine plasma
and serum profiles, while considering both multiple explanatory
variables modelled jointly and the paired structure of data. This
approach has also other advantages, especially in the setting of
many variables in a small sample size, than the univariate analysis
of the data which might suffer from a limited statistical power. The
sML-PLS-DA retained 28 metabolites as the most discriminant
ones, all of which were also selected with the univariate approach.
In this metabolite set, serotonin had the highest positive sML-PLS-
DA regression weight (8 = 0.51), being also the metabolite with the
highest positive delta (A% = 74.3; serum concentration higher than
the plasma concentration). However, despite the notable difference
in abundance, its quantification seems quite challenging as corre-
lation between the two biofluids was almost evident at population
level (r = 0.46, P < 0.05) but variable between the two breeds (quite
lower for the Italian Duroc pigs r = 0.17, P < 0.05) for the presence
of outliers. Possible explanations for this variability could not be
only the instability of the metabolite (due to the closeness of their
level to the limit of detection) but could also be due to the effect of
genetic factors affecting their level and quantification (with differ-
ent alleles, and then, genotypes, segregating in the analysed pigs).
These aspects should be further investigated considering the key
role of serotonin as possible biomarker of neurological functions
and behaviour of the animals. Similarly, also arginine was in this
list of discriminant metabolites for the two biofluids even if it
had lower correlations. The same explanations related to this vari-
ability could be raised, also suggesting a modified impact depend-
ing on the type of biofluid. It is interesting to note that arginine
was also the metabolite with the highest difference in concentra-
tion between human plasma and serum, as reported by Yu et al.
(2011). Metabolites PC.aa.C42.1 and spermine were the porcine
analytes with the most negative sML-PLS-DA regression weight
(B = -0.69) and negative A (—40.5% at population level), respec-
tively. Also in these cases, quantification seems quite unstable: if
within breed correlations for PC.aa.C42.1 were in the range
r=0.36-0.52 (P > 0.05), for spermine the situation was quite puz-
zling, being the sign of correlation in the two breeds opposite (Ital-
ian Large White, r = 0.68, P < 0.05; Italian Duroc, r = —0.51, P> 0.05),
probably due to the presence of outliers caused by metabolite
instability and/or genetic factors segregating in the two breeds
(e.g., the analysed pigs could carry different genotypes at major
loci affecting their level). Only few metabolites (n.17) had similar
profiles between the two porcine matrices while presenting sub-
stantial differences in absolute abundances. These metabolites
included one biogenic amine (putrescine), three amino acids (as-
paragine, phenylalanine and leucine), SM:C18.1, lysoPC a C17 and
different phosphatidylcholines. The studies of Yu et al. (2011)
and Breier et al. (2014) confirmed the same profiles of these
metabolites in the human matrices except for lysoPC a C17.0,
whose concentration was reversed between humans and pigs (A
% values had opposite signs). The recent study of Kennedy et al.
(2021) confirmed the opposite profile of lysoPC a C17.0 concentra-
tion in the human biofluids wusing a different liquid
chromatography-tandem mass spectrometry analytical platform.
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Overall, what emerged from these results is the possibility to
predict, to some extent, (i) the physiological impacts and (ii) the
technical aspects that should be considered when metabolomic
analyses are run on different matrices. This has been shown and
supported by the double comparative analysis that we carried
out, where the metabolomic profiles were evaluated both (i)
between matrices in pigs and (ii) across matrices between species.
Moreover, this across-species comparison allowed to capture the
link between the metabolomic profiles of pigs and humans which
can be relevant to interpret and transfer information when the pig
is used as animal model.

Conclusions

Thousands of metabolites contribute to describe the profile of
animal biofluids. This study focused on porcine plasma and serum,
despite it captured one of the largest numbers of targeted metabo-
lites reported thus far in pigs, can give information on just the tip of
the “metabolome” iceberg, as many unknown undetected compo-
nents were not investigated. The obtained picture, however, pro-
vided important information that described similarities and
differences between these two biofluids in pigs and the related
comparisons human-pig, supporting the choice of one or the other
matrix for the implementation of extensive metabolomic studies in
pigs. The results can also provide useful hints to valuing the pig as
animal model, in particular when metabolite-derived physiological
states are important to establish the link between humans and pigs.
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