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ABSTRACT

Adequate nutrition of calves is a fundamental require-
ment for efficient production in later life. Suboptimal
nutrition before weaning could have detrimental long-
term effects on metabolic health and could thereby
decrease production efficiency. In this study, the me-
tabolomic profiles of German Holstein calves reared on
whole milk ad libitum (n = 10), milk replacer ad libitum
(n = 9), and milk replacer in restricted amounts (n =
9) were compared. Furthermore, this profiling approach
was extended to the first lactation in the same animals
for characterizing the long-term effect of quantitative
and qualitative dietary manipulations affecting calves
during development in a period that is sensitive to
metabolic imprinting. Blood plasma samples were col-
lected on d 3, 22, and 52 of life as well as during wk 4
before and wk 3 and 8 after the first calving. Samples
were subjected to a targeted metabolomics analysis us-
ing the AbsolutelDQ p180 kit of Biocrates Life Science
AG (Innsbruck, Austria). Profiling of metabolomics
data was performed by principal component analysis
and heatmap visualization of the metabolome, as well
as by comparing fold changes and #test statistics of
metabolites. A quantitative identification of 180 plasma
metabolites was possible, belonging to the metabolite
classes of acyl-carnitines, AA, biogenic amines, phos-
phatidylcholines, lysophosphatidylcholines, sphingo-
myelins, and hexoses. Comparing metabolite concen-
trations between ad libitum-reared and restrictively
reared animals revealed significant differences both
during calfhood as well as during first lactation. Most
dominantly, acylcarnitines of both short- and long-
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chain length were more abundant in ad libitum reared
animals in the long-term, suggesting alterations in
mitochondrial function, most likely indicating adaptive
mechanisms of energy expenditure. Furthermore, plas-
ma sphingomyelin concentrations were affected by ad
libitum versus restricted milk replacer feeding, which
can imply long-term modulatory mechanisms affecting
insulin sensitivity. The functional characterization of
the identified metabolic patterns, particularly the al-
terations of single lipid species, is required for further
improving our understanding of the links between early
nutrition shaping metabolic development and a healthy
productive life of Holstein dairy cows.

Key words: calf nutrition, metabolic imprinting,
metabolomics

INTRODUCTION

Adequate nutrition of dairy calves is considered a
fundamental factor for an optimal lifetime productiv-
ity and for profitability in dairy systems (Heinrichs,
1993). Average daily gain during early age was shown
to influence milk production in the first lactation
(Zanton and Heinrichs, 2005). In support of this con-
cept, several studies documented that a higher plane
of nutrition during the preweaning period (i.e., ad
libitum vs. restricted liquid feeding) was associated
with enhanced productive performance in adult life
(Shamay et al., 2005; Khan et al., 2011; Soberon et al.,
2012). However, in addition to quantitative adequacy
of macronutrients in liquid feed (milk or milk replacer)
used for calf rearing, liquid feed quality and, particu-
larly, presence of non-nutritive feed components such as
bioactive molecules supporting neonatal development
(i.e., growth factors, peptides) should be considered
(Bartol et al., 2013). These molecules are present in
whole milk, and calves fed whole milk ad libitum were
found to produce more milk during their first lacta-
tion than calves fed milk replacer ad libitum (Moal-
lem et al., 2010). In addition to increased milk yield,
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enhanced organ growth, mammary gland development,
and gut-associated immune system development were
associated with a higher plane of preweaning nutrition
(Geiger et al., 2016; Wilson et al., 2017; Hammon et al.,
2018). Presumably, epigenetic mechanisms play a role
in maintaining long-term effects of preweaning nutri-
tion, accounting for stable alterations in the phenotype
as a form of metabolic imprinting (Bartol et al., 2013).
Furthermore, early life is a critical period for shaping
allometric growth and development of the mammary
gland (Bach, 2012; Esselburn et al., 2015).

Previous studies reported a substantial amount of
data on the links between nutrition, growth rate, and
later productive performance, but less is known about
the underlying metabolic pathways. In particular, we
have a knowledge gap on the longitudinal changes of
metabolic phenotypes at a molecular level that would
extend our understanding on the differential long-term
effects of preweaning nutrition. In the current study,
we investigated this issue at different levels, and the
present paper is the third part focusing on changes of
the plasma metabolome of calves and later of the same
animals as heifers. Calves were differentially reared on
either whole milk ad libitum or milk replacer ad libitum
or milk replacer at restricted amounts, and were fol-
lowed up as heifers until their first lactation. Growth
performance, production performance, and economic
aspects of a higher plane of nutrition in relation to an
enhanced production performance were already pub-
lished as part one (Korst et al., 2017). In the second part
of the study, conventionally used markers of metabo-
lism and endocrine system in calves and heifers were
analyzed (Kesser et al., 2017). However, these markers,
including serum free fatty acids, BHB, glucose, insulin,
adiponectin, leptin, and a surrogate index for estimat-
ing insulin sensitivity (revised quantitative insulin sen-
sitivity check index; RQUICKI), failed to differentiate
between heifers that experienced different preweaning
nutrition as calves. To extend this investigation, the
objective of the present paper was to perform a sys-
temic screening of the plasma metabolome to search
for acute as well as for long-lasting metabolic changes
linked to the described nutrition before weaning. To do
so, a targeted metabolomics approach assessing mark-
ers of basic cellular physiological and pathophysiologi-
cal pathways was used to assess metabolic profiles of
the animals across nutritional treatments and along the
time axis. The purpose of characterizing such metabolic
profiles was to visualize the dynamic development of
the metabolic network influenced by nutrition-derived
metabolic imprinting effects. The fundamental hypoth-
esis of this approach was that nutrient availability and
the source of nutrients (whole milk vs. milk replacer)
during early life can modulate cellular physiological
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pathways of growth, development, maturation of im-
mune and endocrine systems, as well as energy sensing
and expenditure. These could collectively be defined as
metabolic imprinting, as a sum of processes modulating
efficiency (i.e., amount of output by utilizing the avail-
able resources) of growth, maintenance, and production.
The desired optimum efficiency can be described as the
maintenance of cellular processes in a healthy status
and assuring an equilibrium between maintenance of
body resources and production output at the same
time. It might be technically challenging to identify
a causative relationship between metabolic imprint-
ing and later production outcome, but analyzing the
metabolic phenotype can improve our understanding of
this relationship because distinct metabolic profiles can
reflect associations between nutritional treatments and
production profiles.

The overall aim of the study presented in this manu-
script series was to establish the potential link of meta-
bolic imprinting deriving from rearing calves on whole
milk versus milk replacer and rearing calves ad libitum
versus restrictively to an altered production efficiency
profile at the time when these calves develop into heifers
and enter production. We evaluated the effect of liquid
feed source and availability on growth performance and
later production performance as well as the associated
economic investment-return aspects in the first part of
this series (Korst et al., 2017). In the second part, we
investigated how the endocrine system was affected in
these calves and heifers (Kesser et al., 2017). Finally,
the aim of the currently presented third part was to
characterize phenotypic patterns linked to the previ-
ously reported production profiles as a metabolic profil-
ing approach and to generate novel hypotheses regard-
ing molecular mechanisms of early nutrition-derived
metabolic imprinting in Holstein dairy heifers.

MATERIALS AND METHODS
Animals, Nutritional Treatments, and Sampling

All animal experiments were performed in strict ac-
cordance with the German Law for the Protection of
Animals and were approved by the relevant authority
(Landesuntersuchungsamt Rheinland-Pfalz, Koblenz,
Germany; G 11-20-026). The trials were conducted on
calves and later during the first lactation of the same
animals as heifers at the Educational and Research Cen-
tre for Animal Husbandry, Hofgut Neumiihle, Miinch-
weiler an der Alsenz, Germany. The effects of different
feeding intensities on performance and production, as
well as on metabolic and endocrine status from birth
over the first lactation, were previously published (Kes-
ser et al., 2017; Korst et al., 2017). The current study
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was conducted by using all female calves used in the
aforementioned trials and using the same animals later
as heifers. A detailed description of feed ingredients and
nutrient composition and the gross outcome regarding
performance was published by Korst et al. (2017) and is
summarized below. The experimental design is graphi-
cally displayed in Supplemental Figure S1 (https://doi
.org/10.3168/2018-14559).

Nutritional Interventions During Calfhood.
Twenty-eight female German Holstein calves were en-
rolled in the present study. All calves received at least
2 L of colostrum milked from their dam within 2 h
after birth. From the second feeding until d 3 of age,
all calves received colostrum and transition milk ad
libitum from their dam. On d 4, calves were randomly
assigned to 1 of the 3 nutritional treatment groups
(balanced for birth weight and parity of the dam) and
from d 4 to 27 of age they were fed accordingly. Calves
of the milk replacer-restricted group (MR-res, n =
9) received milk replacer (11.5% solids; 39°C drinking
temperature) limited to 6.78 kg of liquid fed/d (equals
0.78 kg of milk replacer powder/d); calves of the milk
replacer ad libitum group (MR-adlib, n = 9) and the
whole milk ad libitum group (WM-adlib, n = 10) had
free access 24 h/d to milk replacer (13.8% solids) or
whole milk, respectively. Measured liquid feed intake
between d 2 and 27 was 6,385 + 39, 9,249 + 150, and
9,470 £ 137 g/d (means = SEM) in the MR-res, MR-
adlib, and WM-adlib groups, respectively. The acidified
milk replacer (pH 4.7) was provided by Trouw Nutri-
tion Deutschland GmbH (Burgheim, Germany). The
milk replacer consisted of 50% skim milk, 25% dried
whey, 16.5% blend of plant oils (palm oil, coconut oil,
sunflower oil), 3% glucose, 3% pregelatinized wheat
flour, and 2.5% mix of trace elements and vitamins (ac-
counting for 3,250 IU of vitamin A, 650 IU of vitamin
Ds, 32.5 mg of vitamin E, 26 mg of vitamin C, 13 mg
of iron, 1.04 mg of copper, 15.6 mg of zinc, 5.2 mg of
manganese, 390 pg of iodine, and 45.5 pug of selenium
per liter of milk replacer solution). Nutrient composi-
tion of the milk replacer powder was 23.0% CP, 17.0%
crude fat, and 7.4% crude ash on a DM basis, 96.6%
DM. The whole milk was saleable bulk tank milk (aver-
age 3.9% fat and 3.3% protein) from Hofgut Neumiihle
(Miinchweiler a.d. Alsenz, Germany) and was acidified
with 2 mL of acidifier/L of milk (Schaumacid; H. W.
Schaumann GmbH, Pinneberg, Germany) to attain a
pH of 4.6. The whole milk was supplemented with a
mix of trace elements and vitamins (1 mL/L of Milki-
vit Quick-Mix, Trouw Nutrition Deutschland GmbH),
which resulted in an added amount of 12 mg of iron,
1 mg of copper, 2.5 mg of zinc, 2.5 mg of manganese,
20 pg of cobalt, 40 g of selenium, 4,000 TU of vitamin
A, 400 IU of vitamin Dj, 30 mg of vitamin E, 7.5 mg

of vitamin C, 0.5 mg of vitamin K, 3.0 mg of vitamin
By, 2.0 mg of vitamin B, 1.0 mg of vitamin By, 8.0 pg
of vitamin By, 20 pg of biotin, 10 mg of niacin, 6.0 mg
of calcium-D-pantothenate, and 160 pg of folic acid per
liter of milk.

Birth weight was not different between the groups.
For the first 7 d of life, all calves were kept in individual
straw-bedded hutches (Flixbox, Mayer Maschinenbaug-
esellschaft mbH, Tittmoning, Germany) and fed twice
daily by a teat bucket. From d 8 onwards, calves were
housed in straw-bedded group pens with an automatic
feeding system (Vario Kombi, Forster-Technik GmbH,
Engen, Germany). Calves of the different groups were
mixed in the pens, and differential feeding was achieved
with transponder collars, through which the calves had
access to their group-specific diet. All calves had free
access to water, grass hay (first cut, not chopped), and
concentrate.

The period of differential nutrition in the present
study lasted solely from d 4 to 27 of age. From d 25 to
27, calves of the MR-adlib and the WM-adlib groups
were gradually adapted (reducing the daily feed intake
by 0.86 kg on average) to the MR-res feeding regimen
(11.5% solids, maximal daily allowance of 6.78 kg liquid
feed), on which they continued until d 55. Thereafter,
all calves were gradually stepped down to 2 kg of lig-
uid feed by d 69 (i.e., reducing daily offers by 0.34 kg
of liquid feed). From d 70 onwards, liquid feed supply
was entirely stopped and all calves had free access to a
TMR (on a grass silage/corn silage/pressed beet pulp
silage basis, DM 48.2%, 6.8 MJ /kg of DM) for lactating
dairy cows. From birth until d 70, daily feed intake and
energy intake values were recorded and calculated and
BW was measured once weekly, as described in Korst
et al. (2017).

Follow-Up as Heifers During First Lactation.
The same 28 animals were used to study long-term ef-
fects of preweaning nutrition on metabolism. They were
kept in a loose-housing system with high boxes and
rubber mattresses, were fed a TMR for heifers (on a
grass silage basis, DM 38.4%, 5.8 MJ/kg of DM), and
were Al after reaching an age of at least 15 mo. From
3 wk before expected calving date onwards they were
given free access to a TMR for lactating dairy cows (on
a grass silage/corn silage /pressed beet pulp silage basis,
DM 44.8%, 7.0 MJ /kg of DM).

Collection of Blood Plasma Samples. Blood
samples were taken on d 3 (before start of the experi-
mental feeding), 22 (with all 3 groups being on differen-
tial experimental feeding), and 52 (after readjustment of
equal feeding conditions for all groups) from the calves
by jugular venipuncture, as well as on wk 4 prepartum,
wk 3 postpartum, and wk 8 postpartum at heifer age by
coccygeal venipuncture. Access to feed was withdrawn
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2 h before blood sampling. Blood samples were col-
lected in commercially available fluoride-heparin tubes
(Sarstedt AG, Niimbrecht, Germany) and were centri-
fuged within 30 min at 2,000 x ¢ for 15 min at 20°C.
Heparin-prepared plasma is one of the recommended
specimen for the Absolute IDQ p180 metabolomics kit
(Biocrates Life Science AG, Innsbruck, Austria); how-
ever, it should be noted here that systematic differences
are known for a few metabolites of this kit, depend-
ing on the used blood preparation method (serum vs.
EDTA plasma vs. heparin plasma; Siskos et al., 2017).
Plasma was immediately frozen and stored at —20°C
for 1 yr until analysis. To rule out metabolite loss dur-
ing storage, metabolite availability was validated by
comparing metabolite concentrations detected in our
study (in 3-d-old calves), with concentrations measured
in plasma samples that were stored at —80°C for 1 mo
after collection (n = 6, 3-d-old calves from the same
farm with the same nutritional and housing conditions).
Storage conditions (1 yr at —20°C vs. 1 mo at —80°C)
were found to have no significant effect on metabo-
lite concentrations, analyzed by principal component
analysis and t-test.

Metabolomics Analysis

Plasma metabolome analysis was performed in all
samples by the AbsoluteIDQ p180 kit (Biocrates Life
Science AG). The analytical procedure was performed
in the laboratory of Biocrates Life Science AG accord-
ing to the manufacturer’s standard protocol, as briefly
presented below. This kit-format targeted metabolomics
measurement was used to identify and quantify up to
188 metabolites belonging to 5 compound classes: ac-
ylcarnitines (40), proteinogenic and modified AA (19),
glycerophospho- and sphingolipids (76 phosphatidyl-
cholines, 14 lysophosphatidylcholines, 15 sphingomy-
elins), biogenic amines (19), and hexoses (1). A detailed
list of the compounds is shown in Supplemental Table
S1 (https://doi.org/10.3168/jds.2018-14559). The fully
automated assay was based on phenylisothiocyanate
derivatization in the presence of internal standards
followed by flow injection analysis-MS/MS [acylcar-
nitines, (lyso-) phosphatidylcholines, sphingomyelins,
hexoses] and LC-MS/MS (AA, biogenic amines) using
a Sciex 4000 QTRAP (Sciex, Darmstadt, Germany) or
a Xevo TQ-S Micro (Waters, Vienna, Austria) instru-
ment with electrospray ionization. The experimental
metabolomics measurement technique is described
in detail by patent US 2007/0004044 (Ramsay et al.,
2007). All preanalytical and analytical procedures were
performed, documented, and reviewed according to the
ISO (2008) certified in-house quality management rules
and guidelines of Biocrates Life Sciences AG.
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Data Analysis and Visualization

Plasma metabolome data (absolute concentrations of
compounds) were analyzed following the same analy-
sis pipeline as described by Kenéz et al. (2016). We
analyzed the data in MetaboAnalyst 3.0 (Xia et al.,
2015) after normalization by log-transformation and
Pareto scaling. Principal component analysis (PCA)
was used as an unsupervised method to display dif-
ferences in metabolic profiles between the sampling
time points and across treatments. For the following
analyses, metabolome data of d 22 and 52 as well as wk
—4, 3, and 8 were all normalized to the first sampling
point (d 3) to reduce noise in the data set and compare
all metabolites to a uniform baseline (until d 3 no dif-
ferential treatment was applied to the animals). The
data set consisting of all metabolite concentrations was
analyzed by repeated measures ANOVA for time effect
and treatment effect, also considering interactions be-
tween the 2 and applying false discovery rate correction
in MetaboAnalyst (time series + 1 experimental factor
design). To demonstrate which metabolites were most
affected by time in calves and heifers, a heatmap of
the 30 most significant metabolites (based on ANOVA
time effect P-value) was plotted using the average
values of the sampling time points separately for the
3 treatment groups. Metabolite concentrations were
compared between MR-adlib versus MR-res animals
separately on d 22 and 52 as well as wk —4, 3, and 8
by t-test with false discovery rate (FDR) adjustment
for multiple comparisons in R (version 3.4.0; R Foun-
dation for Statistical Computing, Vienna, Austria) to
identify the metabolites that were significantly affected
by preweaning nutritional treatments. Volcano plots
were created in R to show the number and distribution
of significantly affected metabolites (FDR-adjusted P
< 0.05). The same way, t-tests were performed and vol-
cano plots were created for comparing MR-adlib versus
WDM-adlib animals. For identifying the most significant
metabolites shown in the volcano plots, a table of the
corresponding metabolites with their fold change (FC)
and FDR-corrected P value (t-test) was created.

Body weight in calves and heifers and milk yield in
heifers were plotted in GraphPad Prism version 6.07 for
Windows (GraphPad Software, La Jolla, CA). These
data were previously published and discussed in part 1
and part 2 of this manuscript series (Kesser et al., 2017;
Korst et al., 2017) for a larger number of calves (both
female and male) and the same cohort of heifers. To
remain consistent with the currently presented metabo-
lomics data set, BW data of the currently used female
calves were reanalyzed for time effect, treatment effect,
and respective interactions by repeated-measures 2-way
ANOVA and Tukey’s post-test in GraphPad Prism.
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This ANOVA test was also used to reanalyze BW and
milk yield data of the heifers.

RESULTS AND DISCUSSION
Growth and Production Performance

The growth and production data shown here were
first published in the first and second part of this series
(Kesser et al., 2017; Korst et al., 2017); however, to
establish adequate context they are briefly indicated
and rediscussed here with a selective focus on meta-
bolic aspects. The ad libitum fed calves (MR-adlib and
WM-adlib) had greater BW during the period from
d 21 to 56 of life (P < 0.05), as shown in Figure 1.
Furthermore, the slopes of the weight development
show that the ad libitum-fed calves gained increasingly
more weight during the period of differential nutrition
(until d 27) compared with the MR-res calves. After
switching to the restricted feeding regimen for all calves
(after d 27), the MR~adlib and WM-adlib calves grew
slower and reached similar final weights around d 63
of life as the MR-res calves. Total ME intake (liquid
feed and concentrate) during d 2 to 27 was 13.0 £
0.14, 21.5 £+ 0.39, and 26.2 £ 043 (P < 0.01) and
during d 28 to 69 was 23.3 £ 0.21, 21.7 + 0.20, and
23.5 + 0.21 (P = 0.89) in the MR-res, MR-adlib, and
WM-adlib calves, respectively (MJ/d, means + SEM;
as published in Korst et al., 2017). To summarize, a
higher plane of nutrition led to enhanced growth rates,
but this enhancing effect was rapidly diminished once
the previously provided energy surplus was no longer
available. Even though calves did not differ in their BW
from d 63 onward, they experienced different growth
dynamics beforehand. This can be linked to differential
macro- and micronutrient availability deriving from
liquid feed and to compensating for a lower liquid feed
availability with a higher voluntary solid feed intake
(Korst et al., 2017). Thus, MR-res calves most likely
experienced different dynamics of organ growth linked
to altered fat, protein, carbohydrate, or mineral metab-
olism compared with the ad libitum-fed calves during
the early postnatal period. This could trigger long-term
effects due to metabolic imprinting by affecting matu-
ration of metabolic processes (i.e., postnatal advance-
ment of metabolism due to organ growth and related
cellular hypertrophy and hyperplasia, development of
endocrine regulation and immune competence, possible
imprinting of energy-sensing signals). The mechanisms
involved might be imprinting of appetite during the
preweaning period and affected pancreatic 3-cell devel-
opment during young age, being a hallmark for reduced
insulin sensitivity and metabolic syndrome and even

influencing longevity, as described by the thrifty phe-
notype hypothesis in rat models and humans by Hales
and Barker (2001) and Hales and Ozanne (2003).

Analyzing production performance data during first
lactation revealed lower BW in heifers receiving MR-
adlib preweaning nutrition as calves, as shown in Figure
2A (Korst et al., 2017). Heifers from either the MR-res
or the WM-adlib group maintained higher BW during
the first 10 wk of lactation (P < 0.001). During the
same period, MR-res heifers had lower milk yield than
heifers receiving ad libitum nutrition in early life (Fig-
ure 2B, P < 0.02). Evaluating production performance
solely based on these 2 variables, WM-adlib heifers can
be associated with the most desired pattern, having
high milk yield and maintaining BW at the same time.
Although MR-adlib heifers also had high milk yield,
they experienced serious BW loss (Figure 2A), most
likely due to intensive adipose mobilization. Finally,
MR-res heifers did maintain high BW, but at the cost
of producing less milk, demonstrating lower production
efficiency. Transition dairy management aims for an
optimal homeorhetic adaptation marked by a balance
of well-maintained resources and an enhanced output,
as stated by Bauman et al. (1985), which could be best
achieved in the present study by the WM-adlib pre-
weaning nutritional strategy.

Thus, quality and quantity of early postnatal nutri-
tion determined later metabolic performance in Holstein
dairy cows. In particular, the shift of resources into
body mass maintenance or into milk production was
influenced by the early diet. The MR-res heifers were
programmed to maintain body mass before milk pro-
duction, whereas MR-adlib heifers were programmed
to produce milk irrespectively of body mass loss. Body
mass loss of lactating cows due to excessive adipose
mobilization is often related to production diseases
(Drackley, 1999; Ingvartsen, 2006). Only WM-adlib
heifers were able to maintain body mass and produce
milk on a high level, indicating that a sufficient amount
of whole milk during the first weeks of life is important
for later health and performance in Holstein dairy cows.
Not only is energy and macronutrient content of feed
important for healthy heifer development, but also mi-
cronutrients, particularly biologically active molecules,
which are rich in whole milk (Bartol et al., 2013). The
observed differences in production profiles can be linked
to fine-tuning mechanisms of specific metabolic path-
ways that might not be reflected by the conventionally
analyzed plasma biochemical compounds in part 2 of
this manuscript series (Kesser et al., 2017), but could
be characterized by a comprehensive exploration of
plasma metabolic profiles by metabolomics.
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Metabolic Phenotypes During Early Life
and First Lactation

The metabolomics kit used in the present study was
designed to quantitatively assess a defined set of me-
tabolites reflecting a wide variety of physiological and
pathophysiological cellular metabolic pathways and
related metabolic disorders, such as proinflammatory
status, dysregulation of glucose and lipid metabolism,
obesity-related disorders, insulin resistance, and mito-
chondrial dysfunction. In the bovine species, this panel
has been used to characterize cellular function and
dysfunction, immune system and defense mechanisms,
pre- and proinflammatory processes eventually coupled
with tissue damage, genetic mismatch with manage-
ment and production overload, as well as lack of opti-
mum efficiency (Hailemariam et al., 2014a,b; Imhasly
et al., 2014; Huber et al., 2016; Kenéz et al., 2016;
Dervishi et al., 2017). The purpose of those recently
published studies was to obtain a better understanding
of disease development and pathobiology as well as to
identify biomarkers by studying healthy and diseased
conditions (such as ketosis, fatty liver disease, and re-
tained placenta).
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The results of the present metabolomics study
provide insight into the gradual development of me-
tabolism during early life and during first lactation
using plasma samples of the same animals at multiple
stages of growth and production. As shown in Figure 3,
metabolic profiles, represented by the PCA scores, were
completely separated between calf age and heifer age. It
should be highlighted that the same animals were fol-
lowed up for 2 yr to characterize metabolic phenotypes
during calfhood and during first lactation.

The metabolites that demonstrated the most sig-
nificant changes depicting the massive metabolic trans-
formation that cattle undergo between the functional
monogastric state as calves and functional ruminants as
heifers can be seen in Figure 4. This shows that, among
the 30 most significant metabolites, several AA and the
sum of hexoses (assumedly mainly glucose) were higher
during calf age (especially on d 3 of life), whereas phos-
phatidylcholines and sphingomyelins were higher dur-
ing heifer age (especially in wk 8 after calving).

The significance of this metabolomics data set lies
in its long-term longitudinal and top-down systems-
oriented character. The strength of metabolomics is
to provide a descriptive insight into comprehensive

-+ WM ad libitum
-= MR ad libitum
-~ MR restricted

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105112

Days of life

Figure 1. Body weight development of calves during the first 16 wk of age. Between d 4 and 27 of life, calves were fed whole milk (WM)
ad libitum, milk replacer (MR) ad libitum, or MR restricted to 6 L/d. Calves reared on MR in restricted amounts had significantly lower live
weights during d 21 to 56 than calves reared ad libitum (either on MR or WM). Repeated measures 2-way ANOVA with Tukey’s post-test:
time = P < 0.001, diet = P < 0.001, interaction = P < 0.001; and asterisk (*) indicates P < 0.05 for MR restricted vs. MR ad libitum and MR
restricted vs. WM ad libitum on marked days. Arrows indicate times of blood sampling. Shown are group means £ SEM, n = 9 (for MR ad
libitum and MR restricted) and n = 10 (for WM ad libitum). Altered growth dynamics linked to differential nutrient availability or conversion
rate might trigger long-term metabolic effects and affect metabolic health and longevity. Color version available online.
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Figure 2. (A) Body weight and (B) daily milk yield in heifers
during first 10 wk of lactation. Between d 4 and 27 of life, calves were
fed whole milk (WM) ad libitum, milk replacer (MR) ad libitum, or
MR restricted to 6 L/d. Deriving from this longitudinal study, data
are shown for heifers receiving different preweaning diet during early
life as calves (WM ad libitum, MR ad libitum, or MR in restricted
amounts). Repeated measures 2-way ANOVA with Tukey’s post-test:
(A) BW: time = P = 0.95, diet = P < 0.001, interaction = P = 0.99;
(B) milk yield: time = P < 0.001, diet = P = 0.02, interaction = P
= 0.99. An asterisk (*) indicates P < 0.05 for MR ad libitum vs. MR
restricted and MR ad libitum vs. WM ad libitum on marked days.
Shown are group means + SEM, n = 9 (for MR ad libitum and MR
restricted) and n = 10 (for WM ad libitum). Color version available
online.

phenotypic profiles as an integral of internal (genetic,
epigenetic) and external (environment, nutrition)
factors (Patti et al., 2012). It has been recognized in
human metabolic research that this kind of approach,
exploring longitudinal influence of early life nutrition
and lifestyle, opens up new research areas addressing
(patho-) physiological processes leading to metabolic

function and dysfunction during adult age (Moco et al.,
2013). However, it has to be noted that the present data
set did not intend to identify biomarkers, because this
would require a greater number of biological replicates.
Instead, our data set intends and allows for creating
new hypotheses about metabolic programming that can
serve as a basis for further testing. In calves it was pre-
viously documented that nutritional and environmen-
tal factors are linked to later productive performance
(Shamay et al., 2005; Zanton and Heinrichs, 2005;
Moallem et al., 2010; Soberon et al., 2012); however,
to understand the underlying physiological mechanisms
in greater detail, more data on the long-term metabolic
development associated with distinct growth and pro-
duction performance levels are needed. Metabolomics
provides a useful tool to achieve this, but only a limited
amount of metabolomics data in calves are available
(focusing mainly on infectious diseases; Basoglu et al.,
2016). The descriptive presentation of metabolic pro-
files seen in Figure 3 gives a basic impression on the
dominance of the time effect that shapes metabolic de-
velopment in calves, with a less remarkable separation
according to the differential feeding and consequent
differences in growth performance. The high AA and
hexose (glucose) concentration during early neonatal
life was anticipated, in line with the rapidly decreas-
ing dietary availability of these nutritive components
with time. As expected, separated by a large time span,
metabolic profiles of heifers did not show any overlap
with the calves’ profiles; however, they also exhibited
a time-related shift around calving, as previously ob-
served in periparturient multiparous cows (Kenéz et
al., 2016). Compared with calves, heifers had remark-
ably higher concentrations of phosphatidylcholines and
sphingomyelins. Currently, these groups of lipid moi-
eties are triggering increasing research interest because
they are often linked to physiological and pathophysi-
ological regulation. Even though many details of the
exact biological function associated with the single
lipid molecules belonging to these compound classes are
not clear yet, they were recently often associated with
cellular regulation of inflammatory processes, energy
homeostasis, and insulin sensitivity (Gault et al., 2010;
Imhasly et al., 2015; Rico et al., 2015).

Ad Libitum versus Restricted Availability
of Milk Replacer

Comparing metabolite concentrations between MR-
adlib and MR-res animals revealed significant differ-
ences, predominantly during heifer age. In calves, only
1 of the acylcarnitines, hexadecenoyl carnitine (C16:1),
was found to be significantly different (FRD-corrected
P < 0.05, t-test) on d 22, as shown in the volcano plots
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combining FC and P-value statistics in Figure 5A. This
reflects an acute effect of the feeding regimens, with d
22 being a time point where calves actually were re-
ceiving different quantities of milk replacer and already
showing increasing differences in growth rate (Figure
1). As acylcarnitines are involved in mitochondrial
transport of fatty acids, a rise in C16:1 acylcarnitine
in MR-adlib calves indicated an acute link between
milk replacer availability and mitochondrial function.
Moreover, to follow the progressing dynamics of nutri-
tion and growth, d 52 was a time point where both
groups were fed the same restricted diet and MR-adlib

calves already had a decelerated growth rate due to the
reduced energy intake (Figure 1). At this phase of the
study, at d 52, no significant metabolites were identified
between MR-adlib and MR-res.

Confirming our hypothesis regarding long-lasting
metabolic effects of preweaning nutrition, we could
identify several metabolites with different abundance in
heifers deriving from the MR~adlib and MR-res groups.
We found 26, 24, and 17 metabolites out of 180 that
were different (FDR-corrected P < 0.05, t-test) at wk
—4, 3, and 8, respectively (Figure 5A). Table 1 lists
those affected metabolites that were significantly differ-

PCA Scores Plot
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Figure 3. Principal component analysis (PCA) of plasma metabolome data during early life (d 3, 22, and 52 of life) and around first calving
(wk —4, 3, and 8 related to calving). In this longitudinal study from birth to first lactation, the plasma metabolome (180 metabolites) of calves
and heifers was analyzed. Calves were fed whole milk ad libitum (WM-a; n = 10), milk replacer ad libitum (MR-a; n = 9), or milk replacer
restricted to 6 L/d (MR-r; n = 9) between d 4 and 27 of life. The PCA scores of individual animals assigned to different preweaning nutrition
(rearing on MR-a, MR-, or WM-a) are shown in different shades. Different colors indicate different sampling time (d 3, 22, and 52, wk —4, 3,
and 8). The most dominant effects seen on the PCA scores plot is the complete separation of metabolic profiles between calf age and heifer age
(indicated by the dashed black line). An ongoing shift of the metabolic profile with increasing age in calves and during the peripartum period in
heifers can be observed along the x-axis (blue — green — red; orange — purple — brown). Color version available online.
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Figure 4. Heatmap visualizing the most significant metabolic changes during early life (d 3, 22, and 52 of life) and around first calving (wk
—4, 3, and 8 related to calving). In this longitudinal study from birth to first lactation, the plasma metabolome (180 metabolites) of calves and
heifers was analyzed. Calves were fed whole milk ad libitum (WM-a; n = 10), milk replacer ad libitum (MR-a; n = 9) or milk replacer restricted
to 6 L/d (MR-r; n = 9) between d 4 and 27 of life. Normalized metabolite concentrations were averaged within sampling time points for the
3 treatment groups. The 30 most significant metabolites (based on repeated measures 2-way ANOVA, P-value for factor time) demonstrating
increase (in red) or decrease (in blue) during time [d 3, d 22, d 52 of life, week (w) —4, w +3, w +8 relative to first calving] are shown. Several
AA and the sum of hexoses were higher during calf age, whereas many lipid moieties were higher during heifer age. C10 = decanoylcarnitine;
t4-OH-Pro = trans-4-hydroxyproline; ADMA = asymmetric dimethylarginine; PC = phosphatidylcholine; SM = sphingomyelin (for a detailed
list of specific PC and SM moieties, see Supplemental Table S1; https://doi.org/10.3168/jds.2018-14559). Color version available online.
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Figure 5. Volcano plots presenting the fold change (FC) and t-test P-value of metabolites and indicating significant differences (false discov-
ery rate-adjusted P < 0.05, t-test, red symbols above the line) between the compared nutritional treatments during early life (d 3, 22, and 52 of
life) and around first calving (wk —4, 3, and 8 related to calving). In this longitudinal study from birth to first lactation, the plasma metabolome
(180 metabolites) of calves and heifers was analyzed. Calves were fed either whole milk ad libitum (WM-adlib; n = 10), milk replacer ad libitum
(MR-adlib; n = 9), or milk replacer restricted to 6 L/d (MR-res; n = 9) between d 4 and 27 of life. (A) MR-adlib vs. MR-res: Red symbols
in the upper right half of the plots are metabolites that had a greater concentration in the MR-adlib group compared with the MR-res group.
Note that several significant metabolites were identified at the time around first calving (wk —4, 3, and 8; indicated as symbols above the line).
(B) MR-~adlib vs. WM-adlib: Red symbols in the upper left half of the plots are metabolites that had a greater concentration in the WM-adlib
group compared with the MR-adlib group. Note that only a few metabolites were found to be significant and this was restricted to the time of
differential rearing period (d 22). Color version available online.
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ent at any of the studied time points. These metabolites
were consistent with the higher C16:1 acylcarnitine
concentrations found in calves of the MR-adlib group,
as several acylcarnitines were also found to be higher in
MR-adlib heifers than in MR-res heifers. Furthermore,
MR-adlib heifers had greater circulating concentrations
of the phosphatidylcholines C30:2 and lysophospha-
tidylcholines C24:0 as well as of the sphingomyelin
C26:1. Two other sphingomyelin compounds, sphingo-
myelin C18:1 and C24:1, as well as a-aminoadipic acid
were lower in MR-adlib heifers than in MR-res heifers.
These findings underline that quantitative differences
of the provided milk replacer not only acutely modu-
lated metabolism during the rearing period but also
affected development in calves leading to detectable
alterations of metabolism even during the first lacta-
tion. The underlying mechanism might be linked to the
altered growth dynamics, which not only affected organ
growth but also development and imprinting of various
metabolic and endocrine systems (Blum et al., 1985;
Yambayamba et al., 1996).

The most prominent difference between MR-adlib
and MR-res, both in calf and in heifer age, was the low-
er concentration of acylcarnitines in the MR-res group.
Acylcarnitines are functionally associated with intracel-
lular fatty acid transport from the cytoplasm into the
mitochondria for oxidation to generate energy. Plasma
acylcarnitines are known to reflect diet-dependent ef-
flux rates that are determined by fatty acid oxidation
pathways mainly in liver and skeletal muscle (Schoone-
man et al., 2013). Acylcarnitine concentrations were
predominantly affected on the long-term in heifers
(both pre- and postpartum), and the fact that short-,
middle-, and long-chain acylcarnitines were consistently
involved indicates a systematic effect on mitochondrial
function. This persistent shift in plasma acylcarnitine
profile is most likely related to long-term mitochondrial
adaptation, due to epigenetic mechanisms in a similar
way as described for human obesity and type 2 diabe-
tes (Taylor et al., 2014), or due to endocrine factors
modulating lipid metabolism such as leptin resistance
described for metabolic syndrome (Jousse et al., 2011).
Nevertheless, the current data only support a descrip-
tive recognition of phenotypic patterns, providing a
basis for the generation of new hypotheses. To clarify
the mechanistic details of how mitochondrial transport
mechanisms are differentially affected in the long-
term, future studies are warranted. Furthermore, the
relevance of distinct mitochondrial functional profiles
for health status remains ambiguous. Having greater
plasma acylcarnitine concentrations was previously
associated with a healthier mitochondrial metabotype
and longevity in dairy cows due to active clearance of
excess lipid load (Huber et al., 2016). However, besides

this detoxifying mechanism that permits mitochondrial
efflux of overabundant acylcarnitines from tissues such
as liver (Ramsay, 2000), high plasma acylcarnitines can
also be interpreted as a sign for mitochondrial stress as-
sociated with depleted oxidative capacity and resulting
in a passive leakage of intermediary products into the
circulation (Koves et al., 2008).

Furthermore, the affected lipid moieties of the
phosphatidylcholines, lysophosphatidylcholines, and
sphingomyelins compound classes were described as
undergoing a strong decrease during times of metabolic
stress associated with parturition and early lactation
(Kenéz et al., 2016). Some of these compounds were
also associated with incidence of metabolic disorders
(Imhasly et al., 2014, 2015) and with insulin resistance
(Rico et al., 2015) in dairy cows. Nevertheless, further
research is needed for identifying the exact pathophysi-
ological and signaling function assigned to specific lipid
molecules in dairy cows.

Ad Libitum Milk Replacer- versus Whole
Milk-Based Rearing

Comparing the metabolic profiles of calves either
reared with milk replacer or with whole milk revealed
differences regarding the period of the differential feed-
ing. On d 22 of age, 2 of the measured 180 metabolites
were found to be different (FDR-corrected P < 0.05, #
test) between MR~adlib and WM-adlib calves, whereas
on d 52 no significantly different metabolites were
found (Figure 5B). During the first lactation, metabolic
profiles were found to be similar, with no significantly
different metabolites affected in the long-term. This
suggests that the differences seen in BW between these
heifers were either not associated with distinct meta-
bolic profiles or that the underlying metabolic altera-
tions were not reflected in the applied targeted meta-
bolic analysis. The present data suggest that a high
plane of preweaning nutrition (i.e., ad libitum avail-
ability of high-quality liquid feed) can lead to similar
metabolic profiles in the long-term, irrespective of the
liquid feed source (whole milk vs. milk replacer). How-
ever, as MR-adlib heifers were found to lose more BW
postpartum than WM-adlib heifers (Figure 2A), and
previous studies demonstrated long lasting metabolic
and endocrine effects of whole milk feeding (Moallem
et al., 2010; Bartol et al., 2013), it seems to be unlikely
that metabolic profiles remained fully unaffected by
milk replacer- versus whole milk-based rearing. Further
research is warranted to explore the potential involve-
ment of metabolic pathways beyond the ones that are
included in the presently used metabolomics assay,
such as pathways driving fat deposition and endocrine
interactions between mammary fad pad and mammary
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gland development (Moallem et al., 2010), as well as
associations between epigenetic mechanisms and female
reproductive function (Bartol et al., 2013).

As listed in Table 1, the affected metabolites in these
calves were sphingomyelins (SM OH C14:1 and SM OH
C16:1), having significantly lower concentrations in the
MR-adlib calves compared with WM-adlib calves on
d 22. Finding significantly different metabolites only
on d 22 suggests that an altered metabolic profile was
induced directly or indirectly by acutely absorbed
components of the liquid feed. These might include fat,
protein, and carbohydrate components that were of
different source when comparing milk replacer versus
whole milk, as well as maternally derived bioactive
molecules present in whole milk but missing in milk
replacer, such as certain lipid species with a signaling
function (Bartol et al., 2013). Furthermore, the differ-
ence in vitamin and trace element composition between
milk replacer and whole milk has to be mentioned as a
potential influencing factor too. The correct functional
interpretation of the changed sphingomyelin profile
requires further research, as data availability on the ex-
act function of these compounds in preweaning calves
is limited. Available data from periparturient cows
show that the concentration of these sphingomyelins
decreases in times of metabolic stress during early lac-
tation (Kenéz et al., 2016), coinciding with an increase
in ceramide concentrations, presumably due to a higher
sphingomyelinase activity, which is associated with re-
duced insulin sensitivity (Rico et al., 2015). Whether
the ratio between sphingomyelins and ceramides plays
a role in metabolic programing in calves should be in-
vestigated in future studies.

Overall Study Outcome (Summary of Part 1,
Part 2, and Part 3)

This manuscript series investigated how preweaning
nutrition (i.e., source and availability of liquid feed)
affects growth and metabolism of calves and how these
dietary factors that affect calves in a sensitive time
frame of their development affect production perfor-
mance and metabolism in the long-term when these
calves grow into heifers and enter their first lactation.
Ad libitum feeding of milk replacer or whole milk ac-
celerated BW gain during the actual time of ad libitum
feeding (d 4-27 of life), but this benefit, compared with
the restrictively fed calves, was not further maintained
when the ad libitum feeding was discontinued. From an
economic point of view, ad libitum feeding was associ-
ated with higher costs during the rearing period than
restricted feeding, but the greater milk yield in the ad
libitum-reared heifers still accounted for positive re-
turns by the end of the first lactation (the returns over

rearing feed costs in WM-adlib heifers were found to be
2.5 and 0.6% above returns in MR-res and MR-adlib
heifers, respectively, as published in Korst et al., 2017).

The second and third part of the study investigated
the underlying hormonal and metabolic aspects of
heifer growth and development, focusing on differen-
tial longitudinal patterns as a function of preweaning
nutrition. The key findings of the study across the 3
parts of this manuscript series are summarized in Fig-
ure 6. Conventional metabolites (glucose, nonesterified
fatty acids, and BHB) and hormones were found to be
mainly affected during the period of ongoing dietary
treatments (d 4-27 of life). Among these effect, serum
insulin concentration was one of the most affected, be-
ing significantly lower in restrictively fed calves than
in ad libitum fed calves. However, no significant long-
term effects on conventional metabolites or hormones
could be confirmed in lactating heifers that could have
originated from the different preweaning nutritional
regimens. In contrast to the conventional metabolites
and hormones, the used metabolomics approach did
detect long-term differences in plasma metabolomic
profiles of heifers, particularly reflecting alterations
of mitochondrial function associated with ad libitum
versus restricted milk replacer-based rearing. This also
highlights the potential benefit of applying metabolo-
mics as a tool to acquire a more detailed picture of the
actual state of various metabolic pathways.

CONCLUSIONS

Restricted availability of milk replacer-induced al-
terations in the calf metabolism were persistently main-
tained for at least 2 yr, until the first lactation period.
In particular, acylcarnitines (both short- and long-
chain) were found to be affected, suggesting long-term
mitochondrial adaptation and, consequently, an altered
metabolic profile of energy expenditure. These findings
extend the previously documented relationship between
quantitative nutrient availability in early age and pro-
duction performance in later life. Moreover, providing
greater quantities of liquid feed in form of whole milk
to calves was associated with the desired production
profile of greater milk yield while maintaining body re-
sources during first lactation. The corresponding meta-
bolic phenotype indicated involvement of mitochondrial
adaptation to early life nutrient availability, reflected
by alterations in plasma acylcarnitine profile. In line
with recent studies focusing on metabolic flexibility and
metabolic dysregulation in farm animals, the current
investigation also identified phosphatidylcholines, lyso-
phosphatidylcholines, and sphingomyelins as significant
metabolite groups being altered by preweaning nutri-
tional interventions. As these metabolite groups are
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Figure 6. Graphical summary of the overall outcome of part 1, part 2, and part 3 of this manuscript series. This longitudinal study, from
birth to first lactation, assessed heifer growth and development based on performance, endocrine, and metabolomics profile parameters. Calves
were fed whole milk ad libitum (WM-a; n = 10), milk replacer ad libitum (MR-a; n = 9), or milk replacer restricted to 6 L/d (MR-r; n = 9)
between d 4 and 27 of life. Preweaning nutritional interventions acutely affected growth, plasma lipid profiles, and serum insulin concentrations,
which represent potential ways of metabolic imprinting leading to long-term modulation of production efficiency during first lactation. This was
supported by alterations in plasma acylcarnitine profiles and in milk yield, associated with differential preweaning nutrition.

structurally and functionally diverse and the (patho-)
physiological function of the single lipid moieties be-
longing to these groups are not well understood yet,
future research should be carried out to clarify mecha-
nistic relationships of these metabolites with metabolic
health in dairy cows. Consistent with previous studies,
our results show that investing into enhanced plane of
nutrition of calves should be emphasized and further in-
vestigated, because early nutritional interventions can
potentially modulate future milk production through
currently poorly understood metabolic processes.
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