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Abstract: Protein imbalance during pregnancy affects women in underdeveloped and developing
countries and is associated with compromised offspring growth and an increased risk of metabolic
diseases in later life. We studied in a porcine model the glucose and urea metabolism, and circulatory
hormone and metabolite profile of offspring exposed during gestation, to maternal isoenergetic
low-high (LP-HC), high-low (HP-LC) or adequate (AP) protein—carbohydrate ratio diets. At birth,
LP-HC were lighter and the plasma acetylcarnitine to free carnitine ratios at 1 day of life was lower
compared to AP offspring. Plasma urea concentrations were lower in 1 day old LP-HC offspring than
HP-LC. In the juvenile period, increased insulin concentrations were observed in LP-HC and HP-LC
offspring compared to AP, as was body weight from HP-LC compared to LP-HC. Plasma triglyceride
concentrations were lower in 80 than 1 day old HP-LC offspring, and glucagon concentrations lower
in 80 than 1 day old AP and HP-LC offspring. Plasma urea and the ratio of glucagon to insulin were
lower in all 80 than 1 day old offspring. Aminoacyl-tRNA, arginine and phenylalanine, tyrosine
and tryptophan metabolism, histidine and beta-alanine metabolism differed between 1 and 80 day
old AP and HP-LC offspring. Maternal protein imbalance throughout pregnancy did not result in
significant consequences in offspring metabolism compared to AP, indicating enormous plasticity by
the placenta and developing offspring.

Keywords: maternal protein restriction; offspring; body weight; carbohydrate and urea metabolism;
metabolomics; porcine model

1. Background

The Developmental Origins of Health and Disease hypothesis proposes that exposure
of the developing fetus to a hostile uterine environment during critical phases of growth
and development can significantly impact the offspring’s short- and long-term health [1,2].
Inadequate nutrition during pregnancy, both in composition and amount, is a significant
stressor on the developing embryo/fetus as the mother is the sole source of nutrients. In
underdeveloped and developing countries, access to sufficient amounts/quality protein
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sources is difficult and has become a major public health problem [3,4]. Studies have shown
that exposure to maternal protein undernutrition during fetal development can affect the
structural and functional features of offspring and lead to an increased propensity for
chronic disease [2]. In addition, human and animal studies have shown that it is not just
maternal protein undernutrition that negatively impacts fetal development, but protein
excess too [5-9].

The majority of animal studies examining the effect maternal protein imbalance on
offspring development, have been performed in rodents, which, at birth, are developmen-
tally less mature than human infants [10]. In many of these rodent studies the effect of
maternal diet composition on offspring development and health, semi-synthetic diets were
used [11-13]. However, it remains controversial whether these models adequately reflect
the transgenerational effects of diet. Additionally, exposure has been conducted during
both gestation and lactation [13-16], complicating analysis of how in utero exposure is
linked to the onset of metabolic diseases later in life.

The pig is a well-established animal model for studying the effect of maternal nutrition
on offspring metabolism in humans [17-19], whose post-natal development is closely
related to that of humans [20,21]. Thus, we developed a model of intrauterine growth
restriction using a modest dietary protein imbalance, in first-pregnancy sows, by feeding
them isoenergetic [22] low protein to high carbohydrate (LP-HC; 1:10.4), high protein to low
carbohydrate (HP-LC; 1:1.3) or adequate (AP; 1:5) diets, throughout pregnancy. Offspring
from all three diet groups were then cross-fostered to sows fed an AP diet throughout, to
remove any influence the pregnancy diet may have on post-natal development. Using
this model, we have reported that the modulated protein to carbohydrate ratios result in
altered fetal cortisol regulation (LP-HC) [6], birth weight, body composition, mitochondrial
biogenesis and gene methylation (LP-HC), adipocyte energy processes and lipid transport,
hepatic cell cycle and proliferation (LP-HC, HP-LC), and muscle filament and cell cycle
progression in the offspring (HP-LC) [22-29]. Several of these companion studies assessed
the impact of offspring age on the hepatic and muscle transcriptome and found that age
had a stronger effect than maternal diet, implying considerable offspring resilience towards
exposure to a mildly imbalanced maternal protein diet in utero [26-29].

Metabolomics is a tool that can provide a snapshot in time of biological processes un-
derpinning experimentally observed phenotypic, proteomic and transcriptomic changes [30].
The circulatory metabolite and hormone profiles can be most informative as they reflect
systemic changes (interactions from all the organs affected) by, for example, the nutritional
insult used in a dietary model of protein imbalance. Metabolomics has been applied to
a variety of studies in pigs [31-33], but only few exploring the plasma metabolome of
neonatal piglets [34,35]. Therefore, the objectives of this study were twofold: (1) First, we
were interested to know whether exposure to a moderate dietary protein imbalance in
utero, known to moderately reduce neonatal birth weight, would also affect the metabolism
of offspring during the juvenile stage. (2) Second, whether the investigation of plasma
metabolite profiles and metabolic function in porcine offspring exposed to maternal pro-
tein imbalance during pregnancy could shed light on the previously reported proteomic,
transcriptomic and phenotypic changes in this model [22,24-27,34,35]. Therefore, we char-
acterized the glucose and urea metabolism, and circulatory hormone and metabolite profile
of porcine offspring exposed to a maternal LP-HC and HP-LC diets during gestation, and
explored the associations with the different phenotypic, proteomic and transcriptomic data
previously reported with this porcine model of mild dietary protein imbalance.

2. Methods
2.1. Experimental Pregnancy Diets

Experimental pregnancy diets were formulated to have an adequate (AP; 12.1% crude
protein, 3.7% crude fat, 7.4% crude fiber), low (LP-HC; 6.5% crude protein, 2.9% crude fat,
8.9% crude fiber) or high (HP-LC; 30% crude protein, 3.7% crude fat, 10.3% crude fiber)
protein concentration [22]. Diets were isoenergetic (13.7 MJ] of metabolizable energy /kg)
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with a protein to carbohydrate ratio of 1:5, 1:10.4 and 1:1.3, respectively. This required
the addition of crystalline L-amino acids (AA) to the LP-HC and HP-LC diets to achieve
AA proportions similar to the AP diet. In order to test and compare practical diets under
real-world conditions we refrained from semi-synthetic diets and extremely low or high
protein levels as previously reported [36-38]. However, it should be noted that the low
and high protein levels used in the present study are clearly below and in excess of the
required dietary protein level, respectively, as recommended for primiparous sows [39]. In
the LP-HC group, the intake of indispensable AA was 50% less than recommendations,
whereas in the HP-LC group, gilts consumed ~250% of indispensable AA, as compared
with the AP group [22]. As the experimental diets were isoenergetic, the different dietary
protein levels were balanced by different levels of carbohydrates and fat. Thus, the content
of digestible and non-digestible carbohydrates and fat in LP-HC/HP-LC differed from the
(AP) control diet.

Gilts were fed the experimental diets twice daily (07:00 and 15:00 h) throughout
pregnancy (Figure 1) and had free access to water.

Body weight
Body weight Blood sampling
Blood sampling (Plasma and serum biochemical
(Plasma and serum biochemical parameters and targeted metabolites)
parameters and targeted metabolites) |
1 day prior to | Age class 80 days

insemination

) . Age class 1 day euthanasia
Sows assigned 5
to diet group cuthanasia 76 days old
68 days old Urea
| 60 days old Intravenous turnover

Catheter glucose measurements

- insertion tolerance test
Pregnancy
I AP, diet group I

I LP-HC, diet group Age class 80 day
Cross fostered
l HP-LC, diet group to AP sows at 1 day 71 days old
Intravenous
Birth insulin

challenge
* Birth weight

* Litter composition
(Suckle colostrum from birth sow for the first 24-36 h)

Figure 1. Experimental design. Primiparous sows were fed low (LP-HC; 1:10.4, n = 18), high (HP-LC;
1:1.3, n = 16) or adequate (AP; 1:5, n = 17) protein to carbohydrate ratio diets from 1 day prior to
insemination until birth.

2.2. Animals and Postnatal Offspring Diets

The animal study was conducted from 2005 to 2008, with all animal care and ex-
perimental procedures conducted in accordance with the German Animal Welfare Act
approved by the State Office for Agriculture, Food Safety and Fishing Mecklenburg-Western
Pomerania, Germany (7221.3-1.1-006/04; 7221.3-1.2-05/06; 7221.3-1.2-013/06).

German Landrace sows were sourced from the experimental pig facility of the Re-
search Institute for Farm Animal Biology. One day prior to insemination, gilts (1 = 93) were
randomly assigned to one of three pregnancy diets: AP, LP-HC or HP-LC. At 115 days post
insemination labor was induced, as previously described [22]. Litter characteristics were
recorded immediately after birth and detailed results reporting gilt development, feed
intake and colostrum composition of the entire cohort have been previously published [22].

At farrowing, experimental male and female (AP = 80, LP-HC = 74, HP-LC = 85)
offspring from 51 litters (AP = 17, LP-HC = 18, HP-LC = 16) spread across 8 experimental
blocks were selected for the current study (Figure 1). For the first 24-36 h of life, all
experimental piglets remained with their mother to ensure sufficient uptake of colostrum.
Within 36 h after birth, age class 1 day piglets (AP, n = 53; LP-HC, n = 49; HP-LC, n = 58) were
euthanized with T61 (Tetracaine hydrochloride 5 mg/mL, mebezonium iodide 50 mg/mL,
Embutramid 200 mg/mL, Intervet Deutschland GmbH, Unterschleiffheim, Germany).
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While age class 80 day piglets (AP = 27, LP-HC = 25, HP-LC = 27) were cross-fostered
to standardized litters (11 piglets/sow) from sows (parity 2—4) fed AP pregnancy and
standard lactation diets (Figure 1). This was done to remove potential postnatal effects
of gilt experimental diet and litter size on measurements taken after the colostrum intake
period (24-36 h post birth). At day 6 of life, all experimental male piglets were castrated.
Post-weaning (day 28 of life) piglets had ad libitum access to the same standard commercial
diets [40]. From day 28 of life, piglets were provided with a starter diet (Turbostart,
15 MJ ME/kg; Trede & von Pein, Dammfleth, Germany) for 4 days, before being introduced
to a conventional pig starter diet (Porcistart 14 M] ME/kg; Trede & von Pein, Dammfleth,
Germany). At day 48, piglets were switched to a grower diet (Porcibig; 13.8 M] ME/kg;
Trede & von Pein, Dammfleth, Germany) until day 76 when they were provided with
Vormast Cafo Top (13.6 M] ME/kg; Trede & von Pein, Dammfleth, Germany). At day 79,
offspring were fasted overnight for 12 h and then euthanized via exsanguination after
electro-stunning at day 80 (Figure 1).

Offspring body weight (BW) for both age classes was determined at birth and at
euthanasia. For age class 80 day, body weight was also recorded at days 28, 35, 42, 49 and
56, and on day 68 (intravenous glucose tolerance test (IVGTT) and glucose turnover test),
day 71 (intravenous insulin challenge (IIC) and day 76 (urea turnover).

2.3. Blood Sampling

At euthanasia, blood samples were collected into Li-Heparin tubes (Sarstedt, Ger-
many) for both age classes and centrifuged for 20 min at 1576 x g and 4 °C to obtain plasma.
A subset (age class 1 day: AP, n =23; LP-HC, n = 28, HP-LC, n = 18; age class 80 day: AP,
n =13; LP-HC, n = 14; HP-LC, n = 7) of blood samples from blocks 1-4 was collected into
Serum Z tubes (Sarstedt, Germany), and left at room temperature for 2 h to coagulate and
obtain serum. Plasma and serum samples were stored at —80 °C for subsequent clinical
chemistry and targeted metabolite analysis. Clinical chemistry samples were analyzed
within three months after collection, while targeted metabolite samples were analyzed eight
years after collection. We have previously shown that the overall stability of the metabolites
stored at —80 °C for five years is very good [41], and our own data (unpublished) shows
that 7 years has the same low or non-impact. At day 60, the age class 80 d offspring were
surgically fitted with an indwelling jugular catheter, to allow frequent blood sampling as
previously described [42]. All offspring were fasted for 16 h overnight and a basal blood
sample was collected 15 and 5 min prior to the start of each experimental protocol. At day
68, an IVGTT and glucose turnover measurements were conducted. Blood samples were
collected 2, 3, 5, 8, 10, 15, 20, 30, 40, 60 and 240 min post injection and treated according
to the work in [42]. The resulting plasma samples were stored at —20 °C, and subsequent
analyses performed within 1 year of collection. At day 71, an IIC was performed, and blood
samples were taken 5, 10, 15, 30, 45, 60, 75, 90, 120, 150, and 180 min relative to dosing.
At day 76, the same offspring were utilized for urea turnover measurements and blood
samples were collected 5, 10, 15, 20, 30, 60, 90, 120, 150, 240 and 360 min post injection.
Blood samples were treated according to [42] and the resulting plasma samples were stored
at —80 °C for subsequent analyses. Intravenous insulin challenge samples were analyzed
within 3 months of collection, while urea turnover samples were analyzed within one year
of sample collection.

2.4. Plasma and Serum Biochemical Parameters

Plasma glucose, non-esterified fatty acids (NEFA), triglycerides, total cholesterol and
urea concentrations were measured at the University of Veterinary Medicine Hannover,
Germany [42]. Serum high-density lipoprotein (HDL) and low-density lipoprotein (LDL)
cholesterol concentrations were measured using HDL (650207) and LDL (969706) choles-
terol kits from Beckman Coulter GmbH (Krefeld), at the Institute for Clinical Chemistry
and Laboratory Medicine, University of Rostock. Plasma insulin (PI-12K) and glucagon
(GL-32K) were measured by radioimmunoassay using commercially available porcine
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kits (Biotrend Chemikalien GmbH, Ko6ln, Germany). The minimum detectable concentra-
tion as reported by the kit manufacturer was 1.611 pU/mL and 18.453 pg/mL (£2 SD),
respectively, while the intra- and inter-assay coefficients of variance were for insulin (8.4%
and 9%) and glucagon (4% and 8.1%). The glucagon to insulin ratio was calculated as the
glucagon concentration in nmol/L divided by the insulin concentration in nmol/L. The
glucose to insulin ratio was calculated as the glucose concentration in mmol/L divided by
the insulin concentration in pmol/L.

2.5. Intravenous Glucose Tolerance Test/Insulin Challenge and Glucose Turnover Measurements

At day 68, offspring were given a mixed bolus of 0.2 g glucose (Glucose 50, Braun,
Melsungen AG, Melsungen, Germany) and 1.5 mg of '3Cg-glucose (99 atom% 3C; Berlin—
Chemie AG, Berlin, Germany) per kg BW through the jugular catheter, for IVGTT and
glucose turnover measurements. Plasma samples were used to determine glucagon, glu-
cose and insulin concentrations for the IVGTT and plasma glucose turnover was calculated
according to [43]. Glucose concentrations were measured using a microplate absorbance
reader (Sunrise™, Tecan Austria GmbH, Grodig/Salzburg, Austria), while insulin and
glucagon concentrations were measured as described in the previous section. The enrich-
ment of 13Cg-glucose was measured by GCMS in positive chemical ionization mode after
conversion to aldonitrile pentaacetate derivatives using m/z 328 (m + 0) and m/z 334
(m + 6) as diagnostic ions, and the glucose turnover was calculated according to [44]. At
day 71, an intravenous insulin challenge was conducted by administering a 0.5 1.U./kg BW
bolus of porcine insulin (27 I.U./mg; Sigma-Aldrich, Taufkirchen, Germany), as reported
in a companion study [45]. Glucose was determined as described above.

2.6. Urea Turnover Measurements

At day 76, pigs were given a bolus injection of 3.5 mg °Nj-urea (99 At.-% °N,
Chemotrade, Leipzig) per kg BW through the jugular catheter. Plasma >N urea enrichment
was measured as tert-butyldimethylsilyl derivatives by GCMS with positive chemical
ionization in selected ion monitoring mode for m/z 231 to 233 quantification and urea
turnover rate was determined [46].

2.7. Targeted Metabolomics

Targeted metabolite analysis was conducted using a subset of plasma samples
(n = 8/diet/age class) which were derived from 36 different litters and balanced for
offspring sex. Analysis was based on LC-ESI-MS/MS and FIA-ESI-MS/MS measurements
using the AbsoluteIDQ™ p180 Assay Kit (Biocrates Life Sciences AG, Innsbruck, Austria).
The assay utilized 10 uL plasma and enabled 188 metabolites to be quantified; 39 acyl-
carnitines + free carnitine, 21 amino acids (AA; 19 proteinogenic + citrulline + ornithine),
21 biogenic amines, 90 glycerophospholipids (14 lysophosphatidylcholines (lysoPC) and
76 phosphatidylcholines (PC)), 15 sphingolipids and hexoses (sum of hexoses—about 90—
95% glucose) simultaneously. The abbreviation Cx:y is used to describe the total number
of carbons (x) and double bonds (y) of all chains, respectively [47]. For LC-ESI-MS/MS
and FIA-ESI-MS/MS, compound identification and quantification were based on sched-
uled multiple reaction monitoring measurements. The method of AbsoluteIDQ™ p180
Kit conforms with the EMEA-Guidelines “Guideline on bioanalytical method validation”
(21 July 2011) [48], which implies proof of reproducibility within a given error range. Mea-
surements were performed as described by the manufacturer (manual UM-P180). The
limit of detection (LOD) was set to three times the value of the zero samples (PBS). The
AbsoluteIDQ™ p180 Kit assay procedures, metabolite nomenclature, sample handling
and mass spectrometric analyses have been all previously described in detail [47].

2.8. Data Evaluation and Statistical Analysis

Offspring body weight data were analyzed using a mixed model that contained the
fixed effects of maternal diet, experimental block, offspring sex, litter size class (litters <13
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and >13 piglets according to 13 as the median of litter size), the random factor gilt nested in
maternal diet x experimental block (1-8) X litter size class and the interactions of maternal
diet x offspring sex and maternal diet X litter size class. Clinical blood parameters, glucose
and urea turnover data and fasted analyte values prior to IVGTT were analyzed with a
mixed model using the fixed effects of maternal diet, offspring age class and sex, with the
additional fixed effects of experimental block and litter size class, and the random factor
gilt nested in maternal diet x experimental block X litter size class x offspring age class,
and the interactions of maternal diet x offspring sex x offspring age class, maternal diet x
offspring age class and offspring sex x offspring age class. The model for IVGTT and IIC
were analyzed with a mixed model containing the fixed effects of maternal diet, offspring
sex, litter size class, the random factor gilt nested in maternal diet x experimental block x
litter size class x time, the interactions of maternal diet x offspring sex, maternal diet x
litter size class, maternal diet x time, maternal diet x offspring sex x time and maternal
diet x litter size class x time and an exponential spatial model (SP(EXP)) to account for
unequally spaced repeated measurements. Metabolite ratio and pool data were analyzed
using a model that contained the fixed effects of maternal diet, offspring age class, sex and
the interactions of maternal diet x offspring sex x offspring age class, maternal diet x
offspring age class and offspring sex x offspring age class. All statistical analyses were
conducted in SAS 9.4 (Copyright, SAS Institute Inc., Cary, NC, USA) and for all models,
least squares means (LSmeans) and their standard error (SE) were computed for each fixed
effect and analyzed with Tukey’s multiple comparison post hoc tests. Concentrations are
reported as LSmean values =+ SE. Significance is reported as p < 0.05.

Targeted metabolite data evaluation for quantification and quality assessment was
performed with the software packages MultiQuant 3.0.1 (Sciex Deutschland GmbH, Darm-
stadt, Germany) and MetIDQ™ (Biocrates Life Sciences AG). Internal standards served as
references for the calculation of metabolite concentrations (LM). Out of the 188 metabolites,
42 were excluded from all diet (AP, HP-LC and LP-HC) and age classes (1, 80 d) and subse-
quent analyses due to concentrations being below the LOD or lower limit of quantification
(Supplementary Table S1). Metabolite data were then analyzed with the use of MetaboAna-
lyst 5.0 [49]. Data were generalized logarithm (glog) transformed and quantile normalized
prior to statistical analysis. Datasets were first analyzed by principal component analysis
to lower data dimensionality and to acquire an overview by presenting trends, groupings,
and classify potential outliers. Samples were considered as outliers when they were sit-
uated outside the 95% confidence ellipse region of the model. The separation between
each diet group (AP v. HP-LC v. LP-HC) and age class (1 v. 80 d) was visualized using
partial least-squares discriminant analysis (PLS-DA), which is a common tool to perform
classification and regression in metabolomics. The method uses multivariate regression
techniques to optimize separation between different groups. The quality of the PLS-DA
model was verified by leave-one-out cross-validation using two performance indicators: Q?
(0.40 > Q% < 1.0), “goodness of prediction”, or predicted variation and R2(0.75 > R < 1.0),
known as the goodness of fit, or explained variation. In addition, classification accuracy is
also reported. Statistical significance of metabolite differences was assessed with paired
parametric t-test with false discovery rates (FDR; g-value) correction. The FDR p values less
than 0.05 were considered statistically significant. Metabolic pathway enrichment analysis
was performed using MetaboAnalyst 5.0. The human metabolome database (HMDB) ID of
significantly different compounds was uploaded and embedded in the human pathway
library for pathway analysis and hypergeometric tests, with pathway analysis algorithms
of the Fisher’s exact test, topology algorithms of relative betweenness centrality, and Kyoto
encyclopedia of genes and genomes (KEGG) pathway library version of Homo sapiens.
Calculation of relevant metabolite ratios and pools was performed using the MetIDQ™
RatioExplorer software package (Biocrates Life Sciences AG). This package is a module that
provides a set of preconfigured sums and ratios that have been reported to be informative
in clinical or pathophysiological studies (Supplementary Table S2).
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3. Results
3.1. Litter Characteristics and Offspring Body Weight

Characteristics for each litter used in the current study (experimental + non-experimental
piglets; AP, n =197; LP-HC, n = 167; HP-LC, n = 196) were assessed. Results showed that the
average piglet body weight, female and male offspring body weight and average live born
piglet body weight were lower from LP-HC compared to AP gilts (Supplementary Table S3).
No differences were observed in the other litter characteristics assessed (Supplementary
Table S3).

In the population of experimental piglets used in this study (AP, n = 53; LP-HC, n = 49;
HP-LC, n = 58), LP-HC offspring were significantly lighter than AP (p = 0.04) at day 1
of life, and HP-LC (p = 0.02) were significantly lighter than AP offspring at 80 days of
life (Table 1). There was a significant effect of litter size (p = 0.01) and the interaction of
maternal diet x litter size (p = 0.05) on body weight at day 1 of life. While maternal diet
(p = 0.03) had a significant effect on offspring body weight at 80 day of life. No other body
weight differences were observed (Supplementary Table 54).

Table 1. Body weight, plasma and serum biochemical parameters of 1 and 80 day old porcine
offspring exposed to low (LP-HC; 1:10.4), high (HP-LC; 1:1.3), or adequate (AP; 1:5) protein to
carbohydrate ratio diets during gestation.

Maternal Diet ! p Value, < 2
Parameters Age Class 3 AP LP-HC HP-LC Age Class
Body weight, kg
Day 1 land 80 day  1.44 +0.05°2 12540.05°  1.3340.052P -
Day 80 80 day 319+087%  30.64+078**  281+1.10P
Metabolites, mmol/L
Triglycerides 1 day 0.78 + 0.1 0.79 + 0.1 0.95+0.11°¢ <0.001
80 day 0.42 £+ 0.12 0.41 +0.12 0.50 +£0.124
Urea 1 day 5.054 0.372¢ 40140362 561 4 0.35°¢ <0.001
80 day 222 +0.404 22040429 21740414
Hormones
Glucagon, pg/mL 1 day 243 +35°¢ 198 £+ 35 296 +34°¢ <0.001
80 day 68 +414 50 + 40 524424
Insulin, pU/mL 1 day 6.97 + 1.60 3.31 + 1.57 9.02 + 1.52 0.86
80 day 6.41 4+ 1.82 6.92 £ 1.87 6.69 = 1.85
Glucagon:Insulin * 1 day 317 +041°¢ 3.63 £0.40° 242 +0.39°¢ <0.001
80 day 0.73 +£0.534 024 +0509 05040534

! Values are LSmeans + SE; Labeled LSmeans (*? p < 0.05) without a common letter differ within a row,
(¢4 p < 0.05) without a common letter differ within a column, based on Tukey post hoc analysis. 2 ANOVA F-Test.
Litter size (p = 0.01) and the interaction of Maternal diet x Litter size (p = 0.05) had a significant effect on the body
weight of 1 day old offspring, while Maternal diet (p = 0.03) had a significant effect on the body weight of 80 day
old offspring. > Number of animals; Age class 1 day (AP = 46-53; LP-HC = 47-49; HP-LC = 51-58), except for HDL
and LDL cholesterol (AP = 21-23; LP-HC = 28; HP-LC = 15-18). Age class 80 day (AP = 24-27; LP-HC = 23-25;
HP-LC = 22-26), except for HDL and LDL cholesterol (AP = 14; LP-HC = 14; HP-LC =7). 4 nmol/nmol.

3.2. Plasma and Serum Biochemical Parameters

At day 1 of life, the concentration of urea was significantly (p = 0.04) lower in LP-HC
than HP-LC offspring (Table 1). Comparisons between the two offspring age classes within
each maternal diet group showed the concentration of plasma triglycerides was lower
(p = 0.05) in neonatal compared to 80 day old HP-LC offspring. The concentration of urea
(AP, LP-HC, HP-LC; p < 0.001), glucagon (AP, HP-LC; p < 0.001) and the ratio of glucagon to
insulin (AP, LP-HC; p < 0.001, HP-LC; p < 0.001) was lower in neonatal compared to 80 day
old offspring, in all three maternal diet groups (Table 1). There was a significant effect of
offspring age class on total cholesterol (p < 0.05; (Supplementary Table S5), triglycerides,
urea, glucagon and the ratio of glucagon to insulin (p < 0.001; Table 1). No other differences
were observed (Supplementary Table S5).
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3.3. Intravenous Glucose Tolerance, Insulin Challenge and Turnover Studies

At 68 days of age, offspring were weighed and an IVGTT conducted. Plasma glucagon,
glucose and insulin concentrations were monitored, and ratios calculated. Glucose injec-
tion induced hyperglycemia, which returned to basal values between 15-20 min, and at
20 min LP-HC offspring had lower plasma glucose concentrations compared to HP-LC
(p =0.03, Figure 2A). At 3, 8 and 10 min, insulin concentrations were significantly (p < 0.05)
higher in both LP-HC and HP-LC compared to AP offspring (Figure 2B). No difference in
plasma glucagon (Supplementary Figure S1A), the glucose to insulin ratio (Supplementary
Figure S1B) or plasma glucagon to insulin ratio (Supplementary Figure S1C), or fasting
glucagon, glucose and insulin concentration values (Supplementary Table S6) was observed.
Additionally, no difference in body weight, the glucose or insulin area under the curve,
glucose turnover or pool size was observed (Supplementary Table S6). No difference in
body weight (data not shown), fasting glucose levels or response to the insulin challenge
were observed in offspring at day 71 (Supplementary Figure S2). No difference in urea
turnover was observed at day 76 (Supplementary Table S7).
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Figure 2. Intravenous glucose tolerance test conducted at 68 days of life in juvenile porcine offspring
exposed to low (LP-HC; 1:10.4, n = 25), high (HP-LC; 1:1.3, n = 27), or adequate (AP; 1:5, n = 25)
protein to carbohydrate ratio diets during gestation. Plasma concentrations of (A) glucose and
(B) insulin. Values are LSmeans + SE; means without a common letter differ (p < 0.05), based on
Tukey post hoc analysis.
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3.4. Targeted Metabolite Profiles

Partial Least Squares-Discrimination Analysis was utilized to clarify any potential
discrimination between the two-way group comparisons. The result of each comparison
showed this discrimination could only be made for age class (1 vs. 80 day) comparisons
within each diet group; AP, (Measure, 3 comps; Accuracy, 1; R2=0.97,Q%=0.98, Figure 3A),
LP-HC (Measure, 1 comp; Accuracy, 0.88; R? =0.59; Q? = 041, Figure 3B) and HP-LC
(Measure, 5 comps; Accuracy, 1; R = 1; Q? = 0.97, Figure 3C).
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Figure 3. Partial least square discriminate analysis (PLS-DA) and significantly different metabolites between age class 1 and
80 day porcine offspring exposed to low (LP-HC; 1:10.4), high (HP-LC; 1:1.3) or adequate (AP; 1:5) protein to carbohydrate
ratio diets during gestation. PLS-DA plot for (A) AP (Measure, 3 comps; Accuracy, 1; R2 =0.97; Q% = 0.98), (B) LP-HC
(Measure, 1 comp; Accuracy, 0.875; R2=059; Q% = 0.41), (C) HP-LC (Measure, 5 comps; Accuracy, 1; R?=1;,Q?= 0.97) and
(D) the number of differently abundant metabolites between the different offspring (black, higher; red, lower, in age class 80
compared to 1 day offspring). Red, green and blue symbols and areas denote the data of offspring exposed to AP, LP-HC
and HP-LC offspring, respectively.
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Analysis of the individual metabolites, and relevant metabolite ratios and sums
between the different diet groups within each offspring age class showed that the C2/C0
(acetylcarnitine to free carnitine) ratio was lower in 1 day old LP-HC compared to AP
offspring (Supplementary Table S8).

A comparison between the age classes within each diet group, identified for AP; 85 (43
increased /42 decreased), HP-LC; 81 (40 increased /41 decreased) and LP-HC offspring; 32
(18 increased /14 decreased) significantly different individual metabolites (Figure 3D) in 80
compared to 1 day. Subsequent analyses showed that 28 (13 increased /15 decreased) signif-
icantly different metabolites were shared between all three diet groups, 39 (16 increased /23
decreased) between AP and HP-LC groups, 2 (both increased) between AP and LP-HC
and 1 (increased) between LP-HC and HP-LC groups (Figure 3D) in 80 compared to 1 day.
Furthermore, 16 metabolites unique to the AP group were identified, whilst HP-LC had 13
and LP-HC had 1.

Pathway analysis via KEGG identified significant changes in aminoacyl-tRNA, argi-
nine and phenylalanine, tyrosine and tryptophan biosynthesis, histidine and beta-alanine
metabolism in AP and HP-LC offspring, between age classes 1 and 80 day (Table 2). An anal-
ysis of the significantly different metabolites shared between the AP and HP-LC offspring
showed significant changes in aminoacyl-tRNA, phenylalanine, tyrosine and tryptophan
biosynthesis, histidine and beta-alanine metabolism, between 1 and 80 d (Table 2).

Table 2. KEGG enrichment analyses of differentially abundant metabolites between age class 1 and
80 day porcine offspring exposed to low (LP-HC; 1:10.4), high (HP-LC; 1:1.3) or adequate (AP; 1:5)
protein to carbohydrate ratio diets during gestation.

Metabolites
Comparison KEGG Pathway o
Identified Total! pValue FDR
HP-LC Aminoacyl-tRNA biosynthesis 10 48 <0.001 <0.001
Arginine biosynthesis 4 14 <0.001  <0.001
Histidine metabolism 4 16 <0.001 <0.001
beta-Alanine metabolism 4 21 <0.001 0.01
Phenylalanine, .tyrosme a.md 2 4 <0.001 0.02
tryptophan biosynthesis
AP Aminoacyl-tRNA biosynthesis 8 48 <0.001 <0.001
Arginine biosynthesis 3 14 <0.001 0.03
Phenylalanine, .tyrosme E?nd 2 4 <0.001 0.03
tryptophan biosynthesis
Histidine metabolism 3 16 <0.001 0.03
beta-Alanine metabolism 3 21 <0.001 0.05
Shared by both Aminoacyl-tRNA biosynthesis 6 48 <0.001 <0.001
AP and HP-LC Histidine metabolism 3 16 <0.001 0.02
Phenylalanine, .tyrosme E?nd 5 4 <0.001 0.02
tryptophan biosynthesis
beta-Alanine metabolism 3 21 <0.001 0.03

! Total in pathway.

Analysis of the relevant metabolite ratios and sums between the different age classes
within each diet group showed that for AP offspring, the C2/CO0, Fischer’s ratio and
sum of aromatic AA; for HP-LC offspring, the C2/CQ0, citrulline/ornithine, Fischer’s ratio
and sum of aromatic AA; and for LP-HC offspring, the ratios of C2/C0 and symmetric
dimethylarginine/arginine were different (Supplementary Table S8).

4. Discussion

The aim of this study was to investigate alterations in the hormone and metabolic
processes of newborn and weaned juvenile porcine offspring exposed to protein imbal-
anced diets during the in utero period only. This is in contrast with previous studies in
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rodents where imbalanced diets were fed during pregnancy and lactation [11,13]. This
complicates separation of effects of in utero and early postnatal dietary exposure in the
offspring. We have previously shown in mice that a high protein diet fed to the dams
solely during lactation has a different effect on pre-weaning offspring growth and the liver
transcriptome, than in utero dietary exposure to the same diet [50,51]. Furthermore, as
we did not use semi-synthetic diets but real feedstuffs to design isoenergetic diets, the
three diets were not completely comparable in the levels of digestible and non-digestible
carbohydrates, as well as fat. Thus, we conclude that the effects LP-HC and HP-LC diets
had on the dams” metabolism (and indirectly on the offspring) was a shift in the inter-
mediary macronutrient metabolism as reported earlier [5,42,52]. However, note that the
composition of the non-digestible carbohydrates is unknown. Therefore, it is not known to
what extent the differences in fiber may have influenced the outcome of this study.

Low-protein diets fed during pregnancy have been shown to reduce offspring birth
weight in several species [13,14,36]. Results from the current study show that exposure
to a low-protein diet in utero significantly reduced the average birth weight of all live
born, female and male piglets by 15%, compared to AP offspring. Fetal growth restriction
in the current study was however much less severe than the 33 and 35% birth weight
reduction previously reported for maternal low protein diets throughout pregnancy with
0.5% protein [36,38]. In the sub-population of LP-HC and HP-LC offspring selected from
the litters for the growth, circulating metabolome and metabolic flexibility sections of
this study, there was no significant difference in birth weight. However, results from
the complete study population published in a companion paper show moderately lower
birth weight in LP-HC as well as in HP-LC litters compared to AP [22]. By 1 day of age,
LP-HC were lighter than AP offspring. From birth to 1 day of age, the only nutrient
source was colostrum from the birth mother, and body weight gain in the first days of
life is associated with colostrum quality [53], yield and intake [54]. Colostrum quality
from the gilts in the current study showed no significant difference in lactose, fat and
protein concentrations between the three pregnancy diet groups [22]. While colostrum
yield was not measured in the current study, it has been reported that maternal protein
restriction lowers colostrum yield and colostrum yield was positively correlated with the
concentration of plasma urea on the day before farrowing [55]. In a companion paper, we
reported that gilt and fetal plasma urea concentrations of HP-LC were significantly higher,
and LP-HC significantly lower compared to AP, at 94 days of pregnancy [5]. In addition,
results from the clinical blood parameters reported in the current study show that 1 day old
LP-HC offspring had lower plasma urea concentrations compared to HP-LC. We have also
reported in another companion paper that Galactokinase 1 gene expression in the liver of
1 day old LP-HC offspring was lower compared to AP, reflecting decreased galactose supply
due to low milk supply [24]. Thus, taken together these results suggest that the lower
body weight of 1 day old LP-HC offspring was potentially linked to reduced colostrum
yield/intake, whilst the lower plasma urea concentration was a potential carryover effect
from intrauterine environment.

In the current study, metabolic flexibility was assessed via IVGTT, IIC and glucose and
urea turnover in juvenile offspring only. Results from the IVGTT showed that insulin levels
were significantly higher during the first 10 min post glucose bolus injection in both LP-HC
and HP-LC piglets, indicating offspring from protein malnourished gilts required more
insulin to metabolize glucose than AP offspring. However, results from the IIC showed no
difference between offspring from the three dietary maternal groups. Thus, it appears that
glucose turnover in offspring from gilts fed a protein imbalanced diet may be more closely
related to greater insulin secretion than to differences in whole-body sensitivity to insulin.
Intravenous glucose tolerance tests in rodents exposed to maternal protein restriction
during gestation and suckling [15] or late-gestation [16], support this observation and
hypothesize it is linked to reduced pancreatic mass [56] and altered pancreatic 3 cell
function, resulting in reduced expression of specific insulin-signaling proteins. We have
previously reported reduced pancreatic mass in the juvenile LP-HC and HP-LC offspring
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used in the current study, suggesting a similar mechanism maybe responsible for insulin
regulation of glucose metabolism in these animals [57].

A review of companion studies investigating phenotypic, transcriptome (liver and
muscle) and proteome (subcutaneous adipose tissue) changes in the AP, LP-HC and HP-LC
offspring used in the current study was conducted [5,22,40,42,57]. It showed that there
were a significant number of differences observed in the muscle [29] and liver [28] of
HP-LC compared with AP offspring, and subcutaneous adipose tissue [25] of HP-LC and
LP-HC compared to AP, at 1 day of life, while significant differences in the liver of LP-HC
were also observed compared to AP offspring at 80 days of life [58]. However, although
the transcriptome and proteome differences were significant, their biological significance
is moderate, as the phenotypic differences were only modest. Yet, in the current study,
the targeted metabolomics performed on a sub-population of 1 and 80 day old LP-HC,
HP-LC and AP offspring identified only one difference between the offspring from the three
gestation diet groups; the C2/CO0 (acetylcarnitine to free carnitine) ratio, which was lower
in LP-HC compared to AP, at 1 day of life. This almost complete absence of significant
differences was unexpected, and indicates three potential hypotheses, that (1) there is a
compensatory role of the placenta ameliorating the metabolic effects the maternal diets
have on the dams, as observed for fetal plasma amino acid profiles suggesting only a
mild in utero insult [5]. (2) There is significant post-natal adaption by the organs of the
offspring by adequate nutrient supply via milk to maintain a stable circulating metabolome,
and/or (3) the plasma metabolites investigated are not very informative under constant
and adequate dietary conditions.

Another interesting result from the companion transcriptomic studies was that off-
spring age had a greater impact on observed differences than the maternal diet groups
within each age class [26-29], suggesting considerable resilience of offspring towards the
exposure to a mildly imbalanced maternal protein diet in utero. Thus, a similar assessment
was performed in the current study. Analyses revealed that AP and HP-LC offspring had
the largest number of differences between age class 1 and 80 day, which was reflected in
their clear PLS-DA separation, while LP-HC had less than half the number of differences,
with minimal PLS-DA separation. These results indicate that the plasma metabolome
of LP-HC offspring changed the least between the 1 and 80 day classes. This was fur-
ther highlighted after KEGG pathway analysis could only identify significant pathway
changes for HP-LC and AP offspring. Interestingly, the same five amino acid-related
KEGG pathways—aminoacyl-tRNA, arginine biosynthesis, phenylalanine, tyrosine and
tryptophan biosynthesis, histidine and beta-alanine metabolism—were identified in AP
and HP-LC offspring. In addition, the individual metabolites that significantly changed
in each of the five pathways changed (increased or decreased) in an identical manner. As
phenylalanine and tryptophan are essential amino acids, identified changes in this pathway
were linked to tyrosine synthesis from phenylalanine, while histidine metabolism appeared
to support the changes in arginine biosynthesis and overlap with changes in beta-alanine
metabolism. Thus, taken together, these results suggest that common metabolic pathways
were regulated in a similar manner between 1 and 80 day age classes of AP and HP-LC
offspring, and may explain why the metabolite sums of aromatic AA and Fischer’s ratio
changed in only HP-LC and AP offspring. The significance of these changes between 1 to
80 day age classes of AP and HP-LC but not in LP-HC offspring is unclear as this is the first
study to identify common pathways regulated by offspring exposed to HP-LC and AP diets
in utero. One potential explanation for the lack of age differences in the LP-HC offspring
metabolome could be that the metabolism of LP-HC offspring is less mature than in the
other two groups, or—described another way—that the developmental program of HP-LC
offspring is comparable to that of control (AP) offspring, but not that of LP-HC offspring.

5. Conclusions

In this study, we show that pre-natal exposure to an LP-HC or HP-LC maternal diet is
associated with moderate changes in the circulatory metabolite profile related to glucose
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and protein metabolism at 1 and 80 days of life. Offspring age was shown to have the
greatest impact. Similar pathway regulation between 1 and 80 day old HP-LC and AP
offspring was identified, indicating that, metabolically, these two groups were more similar
than LP-HC, and potentially LP-HC offspring were metabolically less mature.

The main contribution of our study is the finding of considerable metabolic resilience
and plasticity in the offspring when “real” maternal diets with only moderate protein defi-
ciency or excess are supplied during gestation. Furthermore, the blood plasma metabolome
as a reflection of metabolic adaptations to moderate maternal in utero protein imbalance
seems to indicate only a mild in utero insult. Another possible explanation would be that
negative consequences of a nutritional insult during prenatal life can be largely resolved
if the nutrient supply is adequate during the suckling period. Thus, our observations
may provide clues for the design of future meaningful studies examining the mid- and
long-term transgenerational effects of maternal pregnancy and/or lactation diets.
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test conducted at 68 days of life in juvenile porcine offspring exposed to low (LP-HC; 1:10.4, n = 25),
high (HP-LC; 1:1.3, n = 27), or adequate (AP; 1:5, n = 25) protein to carbohydrate ratio diets during
gestation. Plasma concentrations of, A glucagon, and ratios of B glucose to insulin and C glucagon to
insulin. Values are LSmeans =+ SE. Diet, Time and the interaction of Diet x Time are ANOVA F-Test
results, Figure S2: Intravenous insulin challenge conducted in 71 day of juvenile porcine offspring
exposed to low (LP-HC; 1:10.4), high (HP-LC; 1:1.3), or adequate (AP; 1:5) protein to carbohydrate
ratio diets during gestation. Values are LSmeans + SE. Diet and the interaction of Diet x Time are
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Author Contributions: All contributions are reported as per the “CRediT” taxonomy recommenda-
tions: Conceptualization, C.C.M.; methodology, Q.L.S. and C.C.M,; validation, Q.L.S., S.G., C.P. and
J.A; formal analysis, Q.L.S., I.S.L., S.G., G.D., C.P. and J.A.; investigation, Q.L.S. and L.S.L.; data cura-
tion, Q.L.S., C.P. and J.A.; writing—original draft preparation, Q.L.S. and C.C.M.; writing—review
and editing, Q.L.S.,, C.CM,, S.G., G.D., CP, J.A. and W.O,; visualization, Q.L.S.; supervision, C.C.M.;
project administration, C.C.M.; primary responsibility for final content, Q.L.S. and C.C.M. All authors
have read and agreed to the published version of the manuscript.

Funding: Supported by the German Research Foundation (DFG PAK 24 ME 1420/8-1; C.C.M.) and
the German Federal Ministry of Research and Education (FUGATOplus, 0315132A; C.C.M.). The
funding sources had no role in the study design, collection, analysis, or interpretation of the data or
in writing the manuscript.


https://www.mdpi.com/article/10.3390/nu13093286/s1
https://www.mdpi.com/article/10.3390/nu13093286/s1

Nutrients 2021, 13, 3286 14 of 16

Institutional Review Board Statement: Ethical approval for all experimental procedures was ob-
tained by the relevant authorities of Mecklenburg-Vorpommern, Germany (Landesamt fur Land-
wirtschaft, Lebensmittelsicherheit und Fischerei, Mecklenburg-Vorpommern; LVL M-V /TSD/7221.3—-
1.1-006/04; LALLF M-V /TSD/7221.3-1.2-05/06; LALLF M-V /TSD/7221.3-1.2-013/06). All work
was conducted in accordance with the German animal protection regulations.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are available from
the corresponding author on reasonable request.

Acknowledgments: We thank R. Pfuhl, C. Rehfeldt, C. Kalbe, K. Brussow, I. Bruening, P. Junghans, M.
Tuchscherer, U. Luedtke, K. Karpati, S. Dwars and the team of the FBN experimental pig facility (all
Research Institute for Farm Animal Biology (FBN)) for their assistance with animal care and sample
collection. Furthermore, we thank from the Helmholtz Zentrum Miinchen, S. Becker (Metabolomics
and Proteomics Core Facility) for metabolomics measurements and A. Cecil (Metabolomics and
Proteomics Core Facility) for his bioinformatics support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Barker, D.J.; Eriksson, ].G.; Forsen, T.; Osmond, C. Fetal origins of adult disease: Strength of effects and biological basis. Int. ].
Epidemiol. 2002, 31, 1235-1239. [CrossRef]

2. McMillen, I.C.; Robinson, ].S. Developmental origins of the metabolic syndrome: Prediction, plasticity, and programming. Physiol.
Rev. 2005, 85, 571-633. [CrossRef] [PubMed]

3. Yang, Z.; Huffman, S.L. Nutrition in pregnancy and early childhood and associations with obesity in developing countries.
Matern. Child Nutr. 2013, 9 (Suppl. S1), 105-119. [CrossRef] [PubMed]

4. Ghosh, S. Protein Quality in the First Thousand Days of Life. Food Nutr. Bull. 2016, 37 (Suppl. S1), S14-521. [CrossRef]

5. Metzler-Zebeli, B.U.; Lang, 1.S.; Gors, S.; Brussow, K.P.; Hennig, U.; Nurnberg, G.; Rehfeldt, C.; Otten, W.; Metges, C.C. High-
protein-low-carbohydrate diet during pregnancy alters maternal plasma amino acid concentration and placental amino acid
extraction but not fetal plasma amino acids in pigs. Br. . Nutr. 2012, 108, 2176-2189. [CrossRef] [PubMed]

6. Kanitz, E;; Otten, W.; Tuchscherer, M.; Grabner, M.; Brussow, K.P.,; Rehfeldt, C.; Metges, C.C. High and low proteinratio
carbohydrate dietary ratios during gestation alter maternal-fetal cortisol regulation in pigs. PLoS ONE 2012, 7, e52748. [CrossRef]

7. Martin, L.J.; Meng, Q.; Blencowe, M.; Lagarrigue, S.; Xiao, S.; Pan, C.; Wier, J.; Temple, W.C.; Devaskar, S.U.; Lusis, A.].; et al.
Maternal High-Protein and Low-Protein Diets Perturb Hypothalamus and Liver Transcriptome and Metabolic Homeostasis in
Adult Mouse Offspring. Front. Genet. 2018, 9, 642. [CrossRef] [PubMed]

8.  Burdge, G.C.; Delange, E.; Dubois, L.; Dunn, R.L.; Hanson, M.A_; Jackson, A.A.; Calder, P.C. Effect of reduced maternal protein
intake in pregnancy in the rat on the fatty acid composition of brain, liver, plasma, heart and lung phospholipids of the offspring
after weaning. Br. ]. Nutr. 2003, 90, 345-352. [CrossRef] [PubMed]

9. Say, L; Gulmezoglu, AM.; Hofmeyr, G.J. Maternal nutrient supplementation for suspected impaired fetal growth. Cochrane
Database Syst. Rev. 2003. [CrossRef]

10. Carter, A.M. Animal models of human pregnancy and placentation: Alternatives to the mouse. Reproduction 2020, 160, R129-R143.
[CrossRef] [PubMed]

11.  Sutton, G.M.; Centanni, A.V.; Butler, A.A. Protein malnutrition during pregnancy in C57BL/6] mice results in offspring with
altered circadian physiology before obesity. Endocrinology 2010, 151, 1570-1580. [CrossRef]

12.  Mortensen, O.H.; Olsen, H.L.; Frandsen, L.; Nielsen, PE.; Nielsen, E.C.; Grunnet, N.; Quistorff, B. A maternal low protein diet has
pronounced effects on mitochondrial gene expression in offspring liver and skeletal muscle; protective effect of taurine. J. Biomed.
Sci. 2010, 17 (Suppl. S1), S38. [CrossRef] [PubMed]

13.  Zheng, J.; Xiao, X,; Zhang, Q.; Wang, T.; Yu, M.; Xu, J. Maternal Low-Protein Diet Modulates Glucose Metabolism and Hepatic
MicroRNAs Expression in the Early Life of Offspring dagger. Nutrients 2017, 9, 205. [CrossRef]

14. Aubert, P,; Oleynikova, E.; Rizvi, H.; Ndjim, M.; Le Berre-Scoul, C.; Grohard, P.A.; Chevalier, J.; Segain, ].P; Le Drean, G.; Neunlist,
M.; et al. Maternal protein restriction induces gastrointestinal dysfunction and enteric nervous system remodeling in rat offspring.
FASEB]. 2019, 33, 770-781. [CrossRef] [PubMed]

15. Fernandez-Twinn, D.S.; Wayman, A.; Ekizoglou, S.; Martin, M.S.; Hales, C.N.; Ozanne, S.E. Maternal protein restriction leads
to hyperinsulinemia and reduced insulin-signaling protein expression in 21-mo-old female rat offspring. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2005, 288, R368-R373. [CrossRef]

16. de Oliveira, J.C.; Gomes, R.M.; Miranda, R.A.; Barella, L.F.; Malta, A.; Martins, I.P,; Franco, C.C.; Pavanello, A.; Torrezan, R.;

Natali, M.R,; et al. Protein Restriction During the Last Third of Pregnancy Malprograms the Neuroendocrine Axes to Induce
Metabolic Syndrome in Adult Male Rat Offspring. Endocrinology 2016, 157, 1799-1812. [CrossRef] [PubMed]


http://doi.org/10.1093/ije/31.6.1235
http://doi.org/10.1152/physrev.00053.2003
http://www.ncbi.nlm.nih.gov/pubmed/15788706
http://doi.org/10.1111/mcn.12010
http://www.ncbi.nlm.nih.gov/pubmed/23167588
http://doi.org/10.1177/0379572116629259
http://doi.org/10.1017/S0007114512000414
http://www.ncbi.nlm.nih.gov/pubmed/22456348
http://doi.org/10.1371/journal.pone.0052748
http://doi.org/10.3389/fgene.2018.00642
http://www.ncbi.nlm.nih.gov/pubmed/30619467
http://doi.org/10.1079/BJN2003909
http://www.ncbi.nlm.nih.gov/pubmed/12908895
http://doi.org/10.1002/14651858.CD000148
http://doi.org/10.1530/REP-20-0354
http://www.ncbi.nlm.nih.gov/pubmed/33112767
http://doi.org/10.1210/en.2009-1133
http://doi.org/10.1186/1423-0127-17-S1-S38
http://www.ncbi.nlm.nih.gov/pubmed/20804614
http://doi.org/10.3390/nu9030205
http://doi.org/10.1096/fj.201800079R
http://www.ncbi.nlm.nih.gov/pubmed/30067379
http://doi.org/10.1152/ajpregu.00206.2004
http://doi.org/10.1210/en.2015-1883
http://www.ncbi.nlm.nih.gov/pubmed/27007071

Nutrients 2021, 13, 3286 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Burrin, D.; Sangild, P.T.; Stoll, B.; Thymann, T.; Buddington, R.; Marini, J.; Olutoye, O.; Shulman, R.J. Translational Advances in
Pediatric Nutrition and Gastroenterology: New Insights from Pig Models. Annu. Rev. Anim. Biosci. 2020, 8, 321-354. [CrossRef]
[PubMed]

Roura, E.; Koopmans, S.J.; Lalles, J.P.; Le Huerou-Luron, I.; de Jager, N.; Schuurman, T.; Val-Laillet, D. Critical review evaluating
the pig as a model for human nutritional physiology. Nutr. Res. Rev. 2016, 29, 60-90. [CrossRef]

Chavatte-Palmer, P.; Tarrade, A.; Rousseau-Ralliard, D. Diet before and during Pregnancy and Offspring Health: The Importance
of Animal Models and What Can Be Learned from Them. Int. |. Environ. Res. Public Health 2016, 13, 586. [CrossRef]

Puiman, P; Stoll, B. Animal models to study neonatal nutrition in humans. Curr. Opin. Clin. Nutr. Metab. Care 2008, 11, 601-606.
[CrossRef]

Sciascia, Q.; Das, G.; Metges, C.C. REVIEW: The pig as a model for humans: Effects of nutritional factors on intestinal function
and health. . Anim. Sci. 2016, 94 (Suppl. S3), 441-452. [CrossRef]

Rehfeldt, C.; Lang, I.S.; Gors, S.; Hennig, U.; Kalbe, C.; Stabenow, B.; Brussow, K.P.; Pfuhl, R.; Bellmann, O.; Nurnberg, G.; et al.
Limited and excess dietary protein during gestation affects growth and compositional traits in gilts and impairs offspring fetal
growth. J. Anim. Sci. 2011, 89, 329-341. [CrossRef]

Altmann, S.; Murani, E.; Schwerin, M.; Metges, C.C.; Wimmers, K.; Ponsuksili, S. Somatic cytochrome ¢ (CYCS) gene expression
and promoter-specific DNA methylation in a porcine model of prenatal exposure to maternal dietary protein excess and restriction.
Br. J. Nutr. 2012, 107, 791-799. [CrossRef] [PubMed]

Altmann, S.; Murani, E.; Metges, C.C.; Schwerin, M.; Wimmers, K.; Ponsuksili, S. Effect of gestational protein deficiency and
excess on hepatic expression of genes related to cell cycle and proliferation in offspring from late gestation to finishing phase in
pig. Mol. Biol. Rep. 2012, 39, 7095-7104. [CrossRef] [PubMed]

Sarr, O.; Louveau, I; Kalbe, C.; Metges, C.C.; Rehfeldt, C.; Gondret, F. Prenatal exposure to maternal low or high protein diets
induces modest changes in the adipose tissue proteome of newborn piglets. J. Anim. Sci. 2010, 88, 1626-1641. [CrossRef]
[PubMed]

Oster, M.; Murani, E.; Metges, C.C.; Ponsuksili, S.; Wimmers, K. Transcriptional response of skeletal muscle to a low-protein
gestation diet in porcine offspring accumulates in growth- and cell cycle-regulating pathways. Physiol. Genom. 2012, 44, 811-818.
[CrossRef] [PubMed]

Oster, M.; Murani, E.; Metges, C.C.; Ponsuksili, S.; Wimmers, K. A low protein diet during pregnancy provokes a lasting shift of
hepatic expression of genes related to cell cycle throughout ontogenesis in a porcine model. BMIC Genom. 2012, 13, 93. [CrossRef]
[PubMed]

Oster, M.; Murani, E.; Metges, C.C.; Ponsuksili, S.; Wimmers, K. A high protein diet during pregnancy affects hepatic gene
expression of energy sensing pathways along ontogenesis in a porcine model. PLoS ONE 2011, 6, e21691. [CrossRef]

Oster, M.; Murani, E.; Metges, C.C.; Ponsuksili, S.; Wimmers, K. A gestational high protein diet affects the abundance of muscle
transcripts related to cell cycle regulation throughout development in porcine progeny. PLoS ONE 2012, 7, e34519.

Whitfield, P.D.; German, A.].; Noble, PJ. Metabolomics: An emerging post-genomic tool for nutrition. Br. J. Nutr. 2004, 92,
549-555. [CrossRef]

Bovo, S.; Mazzoni, G.; Galimberti, G.; Calo, D.G.; Fanelli, F.; Mezzullo, M.; Schiavo, G.; Manisi, A.; Trevisi, P.; Bosi, P et al.
Metabolomics evidences plasma and serum biomarkers differentiating two heavy pig breeds. Animal 2016, 10, 1741-1748.
[CrossRef] [PubMed]

Poupin, N.; Tremblay-Franco, M.; Amiel, A.; Canlet, C.; Remond, D.; Debrauwer, L.; Dardevet, D.; Thiele, I.; Aurich, M.K.;
Jourdan, F; et al. Arterio-venous metabolomics exploration reveals major changes across liver and intestine in the obese Yucatan
minipig. Sci. Rep. 2019, 9, 12527. [CrossRef]

Bovo, S.; Mazzoni, G.; Calo, D.G.; Galimberti, G.; Fanelli, F.; Mezzullo, M.; Schiavo, G.; Scotti, E.; Manisi, A.; Samore, A.B.;
et al. Deconstructing the pig sex metabolome: Targeted metabolomics in heavy pigs revealed sexual dimorphisms in plasma
biomarkers and metabolic pathways. J. Anim. Sci. 2015, 93, 5681-5693. [CrossRef] [PubMed]

Luise, D.; Bovo, S.; Bosi, P.; Fanelli, F.; Pagotto, U.; Galimberti, G.; Mazzoni, G.; Dall’Olio, S.; Fontanesi, L. Targeted metabolomic
profiles of piglet plasma reveal physiological changes over the suckling period. Livest. Sci. 2020, 231, 103890. [CrossRef]
Huang, S.; Li, N.; Liu, C,; Li, T.; Wang, W,; Jiang, L.; Li, Z.; Han, D.; Tao, S.; Wang, ]. Characteristics of the gut microbiota
colonization, inflammatory profile, and plasma metabolome in intrauterine growth restricted piglets during the first 12 hours
after birth. J. Microbiol. 2019, 57, 748-758. [CrossRef] [PubMed]

Davis, T.A.; Fiorotto, M.L.; Burrin, D.G.; Pond, W.G.; Nguyen, H.V. Intrauterine growth restriction does not alter response of
protein synthesis to feeding in newborn pigs. Am. . Physiol. 1997, 272 Pt 1, E877-E884. [CrossRef]

Thone-Reineke, C.; Kalk, P.; Dorn, M.; Klaus, S.; Simon, K.; Pfab, T.; Godes, M.; Persson, P.; Unger, T.; Hocher, B. High-protein
nutrition during pregnancy and lactation programs blood pressure, food efficiency, and body weight of the offspring in a
sex-dependent manner. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2006, 291, R1025-R1030. [CrossRef]

Schoknecht, P.A.; Pond, W.G.; Mersmann, H.].; Maurer, R.R. Protein restriction during pregnancy affects postnatal growth in
swine progeny. J. Nutr. 1993, 123, 1818-1825. [CrossRef]

Flachowsky, G.; Pallauf, J.; Pfeffer, E.; Rodehutscord, M.; Schenkel, H.; Staudacher, W.; Susenbeth, A. Empfehlungen zur Energie-und
Niihrstoffversorgung von Schweinen: 2006; DLG-Verlag: Frankfurt, Germany, 2006.


http://doi.org/10.1146/annurev-animal-020518-115142
http://www.ncbi.nlm.nih.gov/pubmed/32069436
http://doi.org/10.1017/S0954422416000020
http://doi.org/10.3390/ijerph13060586
http://doi.org/10.1097/MCO.0b013e32830b5b15
http://doi.org/10.2527/jas.2015-9788
http://doi.org/10.2527/jas.2010-2970
http://doi.org/10.1017/S0007114511003667
http://www.ncbi.nlm.nih.gov/pubmed/21880174
http://doi.org/10.1007/s11033-012-1541-z
http://www.ncbi.nlm.nih.gov/pubmed/22311036
http://doi.org/10.2527/jas.2009-2542
http://www.ncbi.nlm.nih.gov/pubmed/20081074
http://doi.org/10.1152/physiolgenomics.00050.2012
http://www.ncbi.nlm.nih.gov/pubmed/22759919
http://doi.org/10.1186/1471-2164-13-93
http://www.ncbi.nlm.nih.gov/pubmed/22424151
http://doi.org/10.1371/journal.pone.0021691
http://doi.org/10.1079/BJN20041243
http://doi.org/10.1017/S1751731116000483
http://www.ncbi.nlm.nih.gov/pubmed/27055632
http://doi.org/10.1038/s41598-019-48997-2
http://doi.org/10.2527/jas.2015-9528
http://www.ncbi.nlm.nih.gov/pubmed/26641177
http://doi.org/10.1016/j.livsci.2019.103890
http://doi.org/10.1007/s12275-019-8690-x
http://www.ncbi.nlm.nih.gov/pubmed/31187413
http://doi.org/10.1152/ajpendo.1997.272.5.E877
http://doi.org/10.1152/ajpregu.00898.2005
http://doi.org/10.1093/jn/123.11.1818

Nutrients 2021, 13, 3286 16 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Rehfeldt, C.; Stabenow, B.; Pfuhl, R.; Block, J.; Nurnberg, G.; Otten, W.; Metges, C.C.; Kalbe, C. Effects of limited and excess
protein intakes of pregnant gilts on carcass quality and cellular properties of skeletal muscle and subcutaneous adipose tissue in
fattening pigs. J. Anim. Sci. 2012, 90, 184-196. [CrossRef]

Haid, M.; Muschet, C.; Wahl, S.; Romisch-Margl, W.; Prehn, C.; Moller, G.; Adamski, J. Long-Term Stability of Human Plasma
Metabolites during Storage at —80 degrees C. J. Proteome Res. 2018, 17, 203-211. [CrossRef]

Metges, C.C.; Lang, L.S.; Hennig, U.; Brussow, K.P; Kanitz, E.; Tuchscherer, M.; Schneider, F.; Weitzel, ] M.; Steinhoff-Ooster, A.;
Sauerwein, H.; et al. Intrauterine growth retarded progeny of pregnant sows fed high protein:low carbohydrate diet is related to
metabolic energy deficit. PLoS ONE 2012, 7, €31390. [CrossRef] [PubMed]

Corson, A.M.; Laws, |; Litten, ].C.; Dodds, PF; Lean, L].; Clarke, L. Effect of dietary supplementation of different oils during the
first or second half of pregnancy on the glucose tolerance of the sow. Animal 2008, 2, 1045-1054. [CrossRef]

Uken, K.L.; Vogel, L.; Gnott, M.; Gors, S.; Schaff, C.T.; Tuchscherer, A.; Hoeflich, A.; Weitzel, ].M.; Kanitz, E.; Troscher, A.;
et al. Effect of maternal supplementation with essential fatty acids and conjugated linoleic acid on metabolic and endocrine
development in neonatal calves. . Dairy Sci. 2021, 104, 7295-7314. [CrossRef] [PubMed]

Otten, W.; Kanitz, E.; Tuchscherer, M.; Grabner, M.; Nurnberg, G.; Bellmann, O.; Hennig, U.; Rehfeldt, C.; Metges, C.C. Effects of
low and high protein:carbohydrate ratios in the diet of pregnant gilts on maternal cortisol concentrations and the adrenocortical
and sympathoadrenal reactivity in their offspring. J. Anim. Sci. 2013, 91, 2680-2692. [CrossRef] [PubMed]

Muller, C.B.M,; Gors, S.; Derno, M.; Tuchscherer, A.; Wimmers, K.; Zeyner, A.; Kuhla, B. Differences between Holstein dairy
cows in renal clearance rate of urea affect milk urea concentration and the relationship between milk urea and urinary nitrogen
excretion. Sci. Total Environ. 2021, 755 Pt 2, 143198. [CrossRef]

Zukunft, S.; Sorgenfrei, M.; Prehn, C.; Moller, G.; Adamski, ]. Targeted Metabolomics of Dried Blood Spot Extracts. Chromatographia
2013, 76, 1295-1305. [CrossRef]

European Medicines Agency. Guideline on Bioanalytical Method Validation; European Medicines Agency (EMEA /CHMP/EWP/
192217/2009 Rev.1 Corr. 2): London, UK, 2011.

Chong, J.; Wishart, D.S.; Xia, ]. Using MetaboAnalyst 4.0 for Comprehensive and Integrative Metabolomics Data Analysis. Curr.
Protoc. Bioinform. 2019, 68, e86. [CrossRef]

Kucia, M.; Langhammer, M.; Gors, S.; Albrecht, E.; Hammon, H.M.; Nurnberg, G.; Metges, C.C. High-protein diet during
gestation and lactation affects mammary gland mRNA abundance, milk composition and pre-weaning litter growth in mice.
Animal 2011, 5, 268-277. [CrossRef]

Vanselow, ].; Kucia, M.; Langhammer, M.; Koczan, D.; Metges, C.C. Maternal high-protein diet during pregnancy, but not during
suckling, induced altered expression of an increasing number of hepatic genes in adult mouse offspring. Eur. J. Nutr. 2016, 55,
917-930. [CrossRef] [PubMed]

Metges, C.C.; Gors, S.; Lang, 1.S.; Hammon, H.M.; Brussow, K.P.; Weitzel, ] M.; Nurnberg, G.; Rehfeldt, C.; Otten, W. Low and
high dietary protein:carbohydrate ratios during pregnancy affect materno-fetal glucose metabolism in pigs. J. Nutr. 2014, 144,
155-163. [CrossRef]

Picone, G.; Zappaterra, M.; Luise, D.; Trimigno, A.; Capozzi, F; Motta, V.; Davoli, R.; Nanni Costa, L.; Bosi, P.; Trevisi, P.
Metabolomics characterization of colostrum in three sow breeds and its influences on piglets” survival and litter growth rates. J.
Anim. Sci. Biotechnol. 2018, 9, 23. [CrossRef] [PubMed]

Le Dividich, J.; Charneca, R.; Thomas, F. Relationship between birth order, birth weight, colostrum intake, acquisition of passive
immunity and pre-weaning mortality of piglets. Span. |. Agric. Res. 2017, 15, e0603. [CrossRef]

Loisel, F.; Farmer, C.; Ramaekers, P.; Quesnel, H. Colostrum yield and piglet growth during lactation are related to gilt metabolic
and hepatic status prepartum. J. Anim. Sci. 2014, 92, 2931-2941. [CrossRef] [PubMed]

Cox, A.R,; Gottheil, S.K.; Arany, E.J.; Hill, D.J. The effects of low protein during gestation on mouse pancreatic development and
beta cell regeneration. Pediatric Res. 2010, 68, 16-22. [CrossRef]

Rehfeldt, C.; Lefaucheur, L.; Block, J.; Stabenow, B.; Pfuhl, R.; Otten, W.; Metges, C.C.; Kalbe, C. Limited and excess protein
intake of pregnant gilts differently affects body composition and cellularity of skeletal muscle and subcutaneous adipose tissue of
newborn and weanling piglets. Eur. J. Nutr. 2012, 51, 151-165. [CrossRef] [PubMed]

Doring, F; Luersen, K.; Schmelzer, C.; Hennig, S.; Lang, I.S.; Gors, S.; Rehfeldt, C.; Otten, W.; Metges, C.C. Influence of maternal
low protein diet during pregnancy on hepatic gene expression signature in juvenile female porcine offspring. Mol. Nutr. Food Res.
2013, 57, 277-290. [CrossRef] [PubMed]


http://doi.org/10.2527/jas.2011-4234
http://doi.org/10.1021/acs.jproteome.7b00518
http://doi.org/10.1371/journal.pone.0031390
http://www.ncbi.nlm.nih.gov/pubmed/22328932
http://doi.org/10.1017/S1751731108002188
http://doi.org/10.3168/jds.2020-20039
http://www.ncbi.nlm.nih.gov/pubmed/33715856
http://doi.org/10.2527/jas.2012-6080
http://www.ncbi.nlm.nih.gov/pubmed/23482575
http://doi.org/10.1016/j.scitotenv.2020.143198
http://doi.org/10.1007/s10337-013-2429-3
http://doi.org/10.1002/cpbi.86
http://doi.org/10.1017/S1751731110001734
http://doi.org/10.1007/s00394-015-0906-1
http://www.ncbi.nlm.nih.gov/pubmed/25903260
http://doi.org/10.3945/jn.113.182691
http://doi.org/10.1186/s40104-018-0237-1
http://www.ncbi.nlm.nih.gov/pubmed/29527304
http://doi.org/10.5424/sjar/2017152-9921
http://doi.org/10.2527/jas.2013-7472
http://www.ncbi.nlm.nih.gov/pubmed/24802036
http://doi.org/10.1203/PDR.0b013e3181e17c90
http://doi.org/10.1007/s00394-011-0201-8
http://www.ncbi.nlm.nih.gov/pubmed/21559991
http://doi.org/10.1002/mnfr.201200315
http://www.ncbi.nlm.nih.gov/pubmed/23197441

	Background 
	Methods 
	Experimental Pregnancy Diets 
	Animals and Postnatal Offspring Diets 
	Blood Sampling 
	Plasma and Serum Biochemical Parameters 
	Intravenous Glucose Tolerance Test/Insulin Challenge and Glucose Turnover Measurements 
	Urea Turnover Measurements 
	Targeted Metabolomics 
	Data Evaluation and Statistical Analysis 

	Results 
	Litter Characteristics and Offspring Body Weight 
	Plasma and Serum Biochemical Parameters 
	Intravenous Glucose Tolerance, Insulin Challenge and Turnover Studies 
	Targeted Metabolite Profiles 

	Discussion 
	Conclusions 
	References

