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ABSTRACT

Feeding dairy calves at high intensity has been 
demonstrated to increase milk yield in later life. We 
investigated the effect of 3 different feeding regimens 
in the preweaning period on the metabolic and endo-
crine status during calfhood and in heifers at the onset 
of the first lactation. In trial 1, 57 German Holstein 
calves were allocated to 3 different feeding groups: milk 
replacer restricted to 6.78 kg/calf per day, 11.5% solids 
(MR-res, n = 20), milk replacer 13.8% solids, ad libi-
tum (MR-ad lib, n = 17), and whole milk ad libitum 
(WM-ad lib, n = 20). All calves received ad libitum 
colostrum for 3 d postnatal (p.n.). From d 4 to 27, 
all calves were fed according to their respective feed-
ing regimen, resulting in average intakes of 6.38, 9.25, 
and 9.47 kg/d in MR-res, MR-ad lib, and WM-ad lib, 
respectively. Thereafter, all calves were fed according 
to the MR-res regimen until weaning at d 55 (gradu-
ally until d 69 p.n.). Blood samples were collected on 
d 0 before colostrum intake and on d 1, 3, 11, 22, 34, 
43, 52, 70, 90, and 108 p.n. Liver biopsies were taken 
on d 19 and 100, and on d 22, 52, and 108 p.n. in-
travenous glucose tolerance tests were performed. The 
male calves (n = 8 to 10 per group) underwent also 
an insulin tolerance test on d 24, 54, and 110 p.n. The 
females (n = 28) from trial 1 were further reared and 
bred as common practice, and were enrolled in trial 2 
when beginning the last trimester of pregnancy. Blood 
samples were collected monthly antepartum starting 91 
d before calving and weekly (0–70 d) postpartum. Trial 
1 was subdivided into 4 phases (P): P0 (d 0–1), P1 (d 
2–27), P2 (d 28–69), and P3 (d 70–110 p.n.). In trial 

1, the leptin and adiponectin concentrations increased 
with colostrum intake. Differences in fatty acids, insu-
lin, adiponectin, revised quantitative insulin sensitivity 
check index (RQUICKI), and variables from the glu-
cose tolerance tests were largely limited to P1. The 
MR-res group had greater RQUICKI and fatty acid 
values, and lower insulin and, as a trend, adiponectin 
concentrations than in 1 or both ad lib groups. These 
differences were partly sustained in P2 (fatty acids, 
adiponectin, and RQUICKI) and in P3 (adiponectin). 
The hepatic mRNA abundance of the gluconeogenic 
enzymes phosphoenolpyruvate carboxykinase and py-
ruvatcarboxylase increased from d 19 to 100. None of 
the blood variables were different between the groups 
when tested in pregnancy and lactation. Our results do 
not support a sustained deflection of metabolic regula-
tion by rearing at different feeding intensities; never-
theless, the differences observed during rearing might 
influence nutrient utilization in later life or the cellular 
development of organs, such as the mammary gland, 
and thereby affect milk yield. Further studies involving 
greater animal numbers and, thus, improved power will 
help to sort out the mechanisms of programming body 
function in later life via nutrition in early life.
Key words: dairy calf, metabolic programming, 
insulin sensitivity, adiponectin, RQUICKI

INTRODUCTION

Metabolic programming is defined as a permanent 
or long-lasting change in the structure or function of 
an organism arising from a stimulus or insult that 
acts during a sensitive or critical period in early life 
(Lucas, 1991). In dairy cows, nutrition during fetal or 
neonatal life can influence health and performance in 
later life (Bach, 2012). Feeding increased amounts of 
whole milk or milk replacer in the first weeks of rearing 
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was reported to increase milk yield in the first lacta-
tion as compared with the common practice of feeding 
calves restrictively (Shamay et al., 2005; Moallem et 
al., 2010). In addition, increased growth rates due to in-
creased intakes of concentrate in the first months of life 
were positively correlated with later milk yields (Bach 
and Ahedo, 2008; Heinrichs and Heinrichs, 2011). A 
meta-analysis of 12 studies on the topic demonstrated 
that long-term productivity benefitted from increased 
nutrient intake from milk or milk replacer during the 
preweaning period; those authors also stated that many 
studies were underpowered to appropriately test such 
effects (Soberon and van Amburgh, 2013).

The current concepts regarding the mechanisms 
underlying increased milk yield in intensively reared 
dairy calves mainly comprise 3 different aspects: (1) 
improved gastrointestinal function and liver metabo-
lism resulting in greater feed digestibility and better 
nutrient utilization (Baldwin et al., 2004; Khan et al., 
2011); (2) stimulated development of the mammary 
parenchyma, which may in turn give rise to a greater 
capacity for milk production (Brown et al., 2005; Geiger 
et al., 2016); and (3) tuning of the endocrine regulation 
of metabolism in favor of milk synthesis in later life. 
In the latter context, insulin and insulin sensitivity are 
of central importance; the reduced insulin sensitivity 
of peripheral tissues observed in late pregnancy and 
early lactation facilitates the partitioning of nutrients, 
in particular glucose, toward the mammary gland, in 
which glucose uptake is largely independent of insulin 
(Bell and Bauman, 1997). Evidence from both animal 
models and epidemiological studies in humans shows 
that early nutrition may affect insulin action in later 
life (Martin-Gronert and Ozanne, 2012; Duque-Gui-
marães and Ozanne, 2013). Results from rat studies 
suggest that the early environment can also affect β-cell 
mass and function and, hence, insulin secretion (Tarry-
Adkins and Ozanne, 2011). Intensive feeding of male 
Holstein calves during the first 3 wk of life has been 
demonstrated to increase the numbers of islets of Lang-
erhans and the circulating concentrations of insulin at 
8 mo of age (Prokop et al., 2015). In the current study, 
we focused on the endocrine and metabolic alterations 
potentially induced by the feeding regimen in early life. 
We hypothesized that intensive feeding during the first 
4 wk of life will elicit sustained changes of metabolic 
hormones that will continue until lactation and pro-
mote milk production. In addition, we hypothesized 
that ad libitum feeding of whole milk will be more 
effective to yield a metabolic profile in favor of milk 
production as compared with milk replacer. To test 
these hypotheses and to elucidate the mode of action 
of the beneficial effects reported for intensive feeding of 
dairy calves during the first weeks of life on their later 

lactational performance, we aimed (1) to characterize 
their metabolic and endocrine status during differential 
feeding (d 4–27 of life), and (2) to evaluate whether 
potential differences might be sustained until d 110 of 
life and also during late pregnancy (last trimester) and 
the first 70 d of lactation.

MATERIALS AND METHODS

The 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). Two trials were conducted. 
Trial 1 was focused on the effects of different prewean-
ing feeding regimens in calves. In trial 2, the female 
calves from trial 1 were studied as heifers during late 
pregnancy and the first 70 d of lactation. Both tri-
als were performed at the Educational and Research 
Centre for Animal Husbandry, Hofgut Neumuehle, 
Muenchweiler a.d. Alsenz, Germany. The experimental 
design and the gross outcomes in terms of performance 
are presented in the companion paper by Korst et al. 
(2017). The experimental designs are described in brief 
in the following sections.

Trial 1

German Holstein calves (29 females and 28 males) 
were studied from April 2012 to January 2013 during 
their first 110 d of life. All calves were born spontane-
ously at term and received colostrum milked from their 
dam within 2 h after birth via a teat bucket in the 
calving pen next to their dam. The calves were then 
transferred to individual straw-bedded hutches (Flix-
box, Mayer Maschinenbaugesellschaft mbH, Tittmon-
ing, Germany) and fed twice daily by a teat bucket 
with colostrum from their dam for the first 3 d of life. 
The amounts offered per meal were sized to exceed the 
actual intake; the latter was quantified by subtracting 
the residual milk from the total amount offered per 
meal. The mean colostrum intake in the subsequently 
formed feeding groups was not different; the average 
daily intake during the 3-d colostrum phase was 5,982 
± 176 g (mean ± SEM). The differential feeding was 
started on d 4 postnatal (p.n.). The calves were ran-
domly allocated to 3 different feeding groups balanced 
for sex and BW: one received milk replacer (MR; 
Neumühle sauer, Trouw Nutrition Deutschland GmbH, 
Burgheim, Germany) restricted to a maximum of 6.78 
kg/d (MR-res; 11.5% solids; n = 20, each 10 males 
and females); the second group had ad libitum access 
to MR (MR-ad lib; 13.8% solids; n = 17, 8 males and 
9 females); and the last group had ad libitum access to 
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whole milk [WM-ad lib; acidified tank milk, 1 mL of 
Schaumacid/L (H. W. Schaumann GmbH, Pinneberg, 
Germany) supplemented with a mix of trace elements 
and vitamins (1 mL/L of Milkivit Quick-Mix/L, Trouw 
Nutrition Deutschland GmbH); n = 20, 10 males and 
10 females]. From d 8 until 69 p.n., the calves were 
kept in straw-bedded group pens with an automatic 
feeding system (Vario Kombi, Förster-Technik GmbH, 
Engen, Germany). All groups had free access to hay 
and water from d 8 p.n. onwards, and concentrate was 
available for all calves from d 8 until 69 by an auto-
matic feeding system (Vario Kombi). Differential feed-
ing was continued until d 27 p.n. Thereafter, the calves 
of the MR-ad lib and WM-ad lib groups were gradually 
adapted (within 2 d) to the feeding regimen of the MR-
res group; all calves continued on this regimen until d 
55 p.n. until gradual weaning was done on d 69. From 
d 70 until the end of the trial at d 110 p.n., calves were 
housed in group pens and had free access to a TMR for 
milking cows (see companion paper; Korst et al., 2017).

Birth weight was recorded and, thereafter, the calves 
were weighed weekly and also before a tolerance test 
(see below) was performed. Health status and eventual 
medical treatments were recorded regularly. As illus-
trated in Figure 1, blood samples were taken immedi-
ately after birth (d 0) before colostrum consumption 
and on d 1, 3, 11, 22, 34, 43, 52, 70, 90, and 108 p.n. 
from the jugular vein and serum and plasma were pre-
pared. All blood samples from ≥1 d p.n. were collected 
after the calves were suspended from access to liquid 
and solid feed 2 h before blood sampling. Samples were 
stored at −20°C until analyses.

Liver biopsies were taken on d 19 and 100 p.n. After 
shaving, disinfection, and local anesthesia (5 mL of Iso-
caine 2%, Selectavet Dr. Otto Fischer GmbH, Weyarn-
Holzolling, Germany), a small incision was made with a 
scalpel between the 11th and the 12th rib on a line be-
tween the olecranon and the tuber coxae, and biopsies 
(~50 mg) were obtained with sterile 14-gauge biopsy 
needles (Dispomed Witt oHG, Gelnhausen, Germany). 
The samples were immediately snap-frozen in liquid 
nitrogen and stored at −80°C until further analysis. 
After the biopsy, the puncture site was treated with 
antiseptic spray (Oxytetracycline spray blue, Bayer 
Health Care AG, Leverkusen, Germany).

In addition, i.v. glucose tolerance tests (GTT) were 
performed in all calves on d 22, 52, and 108 and i.v. 
insulin tolerance tests (ITT) were performed on d 24, 
54, and 110 in the male calves only. The protocols used 
were described earlier by Bossaert et al. (2009) and 
Oikawa and Oetzel (2006). At least 4 h before the tests, 
calves had no access to milk, hay, and TMR. For the 
GTT, the calves were i.v. infused with glucose (150 mg/
kg of BW, Glucose 40%, Selectavet Dr. Otto Fischer 

GmbH). Blood samples were collected from the jugular 
vein −10, −5, 4, 8, 12, 18, 25, 36, 45, 60, 90, and 120 
min relative to the glucose infusion. For the ITT, the 
calves were i.v. infused with 0.05 IU/kg of BW of hu-
man recombinant insulin (Actrapid Penfill, Novo Nord-
isk A/S, Bagsværd, Denmark) and blood was sampled 
at −15, −5, 15, 30, and 45 min relative to the infusion.

For testing the relationship between the concentra-
tion of adiponectin in colostrum and milk with the 
serum concentrations, we collected blood samples from 
22 additional German Holstein calves before their first 
colostrum intake on d 0 and thereafter on d 1, 2 h after 
the last colostrum feeding. In total (i.e., including the 
calves from trial 1), we had serum samples from these 
2 d available from 79 calves. Colostrum from the day 
of calving and milk samples (7 DIM) from the respec-
tive dams (n = 79) were also collected and all samples 
stored at −20°C until analysis.

Trial 2

After finishing trial 1, the heifer calves (n = 28) were 
kept in straw-bedded group pens and had ad libitum 
access to a TMR for milking dairy cows and were then 
transferred to a loose-housing system with high boxes 
in the stable for the milking cows at 5 to 6 mo of age. 
Upon reaching 15 mo of age, estrus detection was 
started using activity sensors (foot rescounter via Dairy 

Figure 1. Sampling scheme in trial 1 and 2. Phases (P): P0 = d 
0–1; P1 = d 2–27; P2 = d 28–69; P3 = d 70–110; P4 = d 91–30 ante 
partum; P5 = calving until d 21 postpartum; P 6 = d 28–70 postpar-
tum. GTT = glucose tolerance test; ITT = insulin tolerance test.
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Plan C 21, GEA Farm Technologies GmbH, Boenen, 
Germany) and visual observation. Pregnancies were 
confirmed by veterinary rectal palpation. On average, 
heifers were first inseminated at 15 ± 1 mo of age and 
received a TMR for dry cows until 21 d before expected 
calving, when they were integrated into the herd with 
the lactating dairy cows. During this time they had free 
access to the TMR for high-yielding dairy cows offered 
in weighing troughs (Insentec B. V., Marknesse, the 
Netherlands). The heifers were transferred to individual 
calving pens 5 to 7 d antepartum (a.p.). After calving, 
the calves were separated; the heifers were milked twice 
daily (0500 and 1530 h) and kept in a group pen with 
ad libitum access to the TMR for the first 5 d post-
partum (p.p.). For the remaining lactation, the heifers 
were returned to the weighing troughs and received a 
TMR for high-yielding cows.

Milk was sampled monthly over the first lactation 
(305 DIM) as combined aliquots from the evening and 
the next morning milking. Samples were stabilized with 
Bronopol (2-bromo-2-nitropropane-1,3-diol, Sigma-
Aldrich, Taufkirchen, Germany) and transported to the 
regional laboratory of the milk-recording organization 
(Landeskontrollverband Rheinland-Pfalz-Saar e. V., 
Bad Kreuznach, Germany), where milk fat, protein, 
lactose, and SCC were analyzed via infrared analyzer 
(MilkoScan FT-6000, Foss Analytical A/S, Hillerød, 
Denmark).

Body weight was recorded every second month start-
ing 111 d p.n. After calving, BW was recorded twice 
daily after milking via an automatic scale (GEA Farm 
Technologies GmbH). Health status and eventual medi-
cal treatments were recorded regularly. Blood samples 
were collected from the coccygeal vein monthly before 
the expected calving date (starting 91 d a.p.), at calv-
ing, and thereafter in weekly intervals until d 70 p.p.

Analyses

The concentrations of fatty acids, glucose, and BHB 
were determined in the serum samples obtained in both 
trials by an automatic spectrophotometer (ABX Pentra 
400, Horiba ABX, SAS, Montpellier, France). In trial 1, 
we used kits for glucose (#553–230, MTI Diagnostics, 
Idstein, Germany), fatty acids (#434–91795, WAKO 
Chemicals GmbH, Neuss, Germany), and BHB (# RB 
1007, Randox Laboratories, Crumlin, UK). In trial 2, 
we used kits for glucose (#A11A01667, Horiba ABX), 
fatty acids (#434–91795, WAKO Chemicals GmbH), 
urea (#LT-UR 0010, Labor + Technik, Berlin, Ger-
many), and BHB (# RB-1008, Labor + Technik). The 
concentration of total plasma protein (TPP) in the calf 
samples was measured by a hand-held refractometer 

(RF.5612, Euromex Microscopen B.V., Arnhem, the 
Netherlands).

Hormone Analyses. For trial 1, RIA was used for 
determining the insulin concentrations (IM3210, Insu-
lin IRMA KIT, Immunotech, Beckman Coulter, Brea, 
CA) as described previously (Schulz et al., 2015). The 
intra-assay coefficient of variation (CV) was 7.6% and 
the interassay CV was 10.7%; the limit of detection 
(LOD) was 3.95 μU/mL.

For trial 2, insulin was measured via RIA for porcine 
insulin (PI-12K, Linco Research, St. Charles, MO) that 
was validated for bovine serum previously (Hammon 
et al., 2009). The intra-assay CV was 8.2% and the 
interassay CV was 4.3%. The LOD was 1.61 μU/mL 
and the specificity for bovine insulin was 90%.

Leptin in serum, colostrum, and milk was measured 
by an ELISA developed in-house (Sauerwein et al., 
2004). The intra- and interassay CV were 3.6 and 7.8%, 
respectively; the LOD was 0.3 ng/mL. Adiponectin in 
serum, colostrum, and milk was measured by a modi-
fied ELISA, developed in-house, specific for bovine 
adiponectin (Mielenz et al., 2013; Kesser et al., 2015). 
Assay accuracy was confirmed by linearity and parallel-
ism of diluted samples. The LOD was 0.03 ng/mL; the 
intra- and interassay CV were 7 and 9%, respectively.

mRNA Abundance of Enzymes in Liver 
Samples. Quantitative PCR was carried out using 
a Mx3000P cycler (Stratagene, Agilent Technologies, 
CA) after total RNA extraction and cDNA synthesis, as 
described earlier (Saremi et al., 2012). For quantitative 
PCR, an inter-run calibrator and a negative template 
control were included in each run; for cDNA, a negative 
template control and a no reverse transcriptase control 
were included in each run. For each PCR reaction, a 
cDNA standard curve with serial dilutions was used 
to calculate efficiency-corrected relative quantities of 
the targets. Data were normalized with the geometric 
mean of the reference genes selected by qBASEplus 2.0 
(Biogazelle, Ghent, Belgium) as described earlier (Hos-
seini et al., 2010). The 3 reference genes identified as 
the most stable were eukaryotic translation initiation 
factor 3, subunit K (EIF3K), low-density lipoprotein 
receptor-related protein 10 (LRP10), and hippocalcin-
like (HPCAL1). The characteristics of the primers and 
the real-time PCR conditions are provided in Table 1.

Calculations and Statistical Analyses

For GTT, the means of concentrations from −10 and 
−5 min before the glucose infusion were considered as 
basal for glucose (GB) and insulin (IB), respectively. 
The difference between the basal and the peak con-
centrations was defined as ∆Peak-Basis. The area under 
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the curve (AUC) was calculated with GraphPad Prism 
(GraphPad Software Inc., La Jolla, CA) using the in-
crease of the glucose and insulin concentrations above 
the basal values until 120 min after the infusion.

For the ITT, the insulin-stimulated blood glucose 
response (ISBGR; %) was calculated based on the 
equation of Oikawa and Oetzel (2006): 

	 ISBGR (%) = [(GB − G30)/GB] × 100, 	

where GB is the basal glucose concentration (calculated 
as the mean between the glucose concentration in the 
samples taken before the insulin infusion (−10 and −5 
min) and G30 is the glucose concentration at 30 min 
thereafter.

Insulin sensitivity was estimated by the revised insu-
lin sensitivity check index (RQUICKI; Perseghin et 
al., 2001; Holtenius and Holtenius, 2007) according to 
the following equation: 

	 RQUICKI = 1/[log(Glucose, mg/dL) 	  

+ log(Insulin, μU/mL) + log(fatty acids, mmol/L)]. 

A low RQUICKI index indicates decreased insulin sen-
sitivity.

For the statistical comparisons, data from trials 1 
and 2 were divided into phases (P). Phase 0 = d 0 to 1 
p.n.; P1 = d 2 to 27 p.n.; P2 = d 28 to 69 p.n.; P3 = d 
70 to 110 p.n. for trial 1. For trial 2, the phases were P4 
= d 91 to 30 a.p., P5 = calving until d 21 p.p.; P6 = d 
29 to 70 p.p. However, in trial 2, the number of animals 
that could be considered (28 in total; i.e., 9 to 10 per 
group) was insufficient to allow for an adequate power; 
therefore, results must be considered as preliminary. 

Data were analyzed using the linear mixed model from 
SPSS version 22.0 (SPSS Inc., Chicago, IL). Normal 
distribution was tested by the Kolmogorov-Smirnov 
test and the Levene’s test was used to test the ho-
mogeneity of variances. The linear mixed model with 
Bonferroni post hoc tests was used for the metabolite 
and hormone concentrations as dependent variables 
to identify group, time, and sex (only trial 1) differ-
ences. Group, sex, and time, as well as the interaction 
between group and time were included as fixed effects 
and the animal as random effect. Differences between 
groups at each time point were tested with an ANOVA 
(normal distributed and homogeneity of variance) or 
a Kruskal Wallis Test (not normal distributed and no 
homogeneity of variance). Student’s t-test was used 
for the liver biopsies and the milk samples to identify 
differences between time points. Results are shown as 
means ± standard error of the mean. Correlations were 
calculated by Spearman analysis (ρ). Significant differ-
ences were declared at P < 0.05 and trends at P < 0.1.

RESULTS

Growth Performance and Milk Yields

Detailed information about performance data is pre-
sented in the companion paper (Korst et al., 2017). 
In brief, differences in BW, feed, and energy intake 
between the calves groups from trial 1 were observed 
mainly during P1. During this time, the calves in the 
MR-res group were lighter when compared with the 
ad libitum-fed animals. Whereas their consumption of 
concentrate at that time was numerically but not sta-
tistically higher, the energy intake from both liquid and 
solid feed was only 60 and 80% of the ME intake in the 

Table 1. Characteristics of primers and real-time PCR conditions

Gene1   Sequences (5′-3′)  
NCBI 
Accession No. bp

Concentration  
(nM)

Annealing  
(s/°C)

EIF3K          
  Forward CCAGGCCCACCAAGAAGAA NM_001034489 125 400 45/59
  Reverse TTATACCTTCCAGGAGGTCCATGT
HPCAL          
  Forward CCATCGACTTCAGGGAGTTC NM001098964 99 400 30/60
  Reverse CGTCGAGGTCATACATGCTG
LRP10          
  Forward CCAGAGGATGAGGACGATGT BC149232 139 400 30/61
  Reverse ATAGGGTTGCTGTCCCTGTG
PC          
  Forward ATCTCCTACACGGGTGACGT NM_177946 214 1,000 30/60
  Reverse TGTCGTGGGTGTGGATGTGCA
PCK1          
  Forward AACTCACGGTTCTGCACTCCA NM_174737 229 800 30/60
  Reverse GGTCGTGCATGATGACTTTGC  
1EIF3 = eukaryotic translation initiation factor 3; HPCAL = hippocalcin-like 1; LRP10 = lipoprotein receptor-related protein 10; PC = pyru-
vate carboxylase; PCK1 = (cytosolic) phosphoenolpyruvate carboxykinase.
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MR-ad lib and WM-ad lib groups, respectively. When 
all calves were fed according to the MR-res regimen 
for the remaining time of liquid feeding (P2), energy 
intakes with concentrate were greater in the WM-ad 
lib group than in the MR-ad lib group but were not 
different when compared with the MR-res group. At 
that time, the ADG of the MR-res group tended to 
greater values than in the MR-ad lib group, but was 
not different from the WM-ad lib group. At the end of 
trial 1 as well as in trial 2, these differences had disap-
peared. In trial 2, we found no differences in p.p. DMI, 
energy balance, BW, or milk composition. In addition, 
305-d milk yield of heifers from the WM-ad lib group 
was numerically, but not statistically, greater than in 
the MR-res and the MR-ad lib group (765 and 153 L, 
respectively).

Metabolites

The comparisons of the hormone and metabolite 
concentrations in the different phases of both trials are 
presented in Table 2. The time courses of the circulat-
ing concentrations of fatty acids, glucose, and BHB are 
shown for both the calves and the heifers in Figure 2. 
In trial 1, the fatty acid concentration was lower in the 
MR-ad lib than in the MR-res and WM-ad lib group (P 
< 0.05). From d 11 to 34 p.n., glucose concentrations 
in the MR-res group were lower (P < 0.05) than in the 
MR-ad lib and the WM-ad lib groups. The BHB con-
centration was greater in the MR-res than in the MR-
ad lib group in trial 1. We observed no sex differences 
for fatty acids, glucose, and BHB. The concentrations 
of TPP increased about 1.2 fold after the first intake of 
colostrum (P < 0.001) until d 3 p.n. We found no group 
or sex differences for TPP throughout the entire trial. 
In trial 2, the heifers originating from the different rear-
ing protocols did not differ in fatty acids or glucose; 
only urea and BHB were different before parturition 
(P4). The WM-ad lib heifers had lower urea concentra-
tions than the MR-res and MR-ad lib groups (P = 0.1 
and P < 0.05, respectively) and tended to have lower 
BHB concentrations then the MR-ad lib group (P = 
0.1). Urea decreased around calving (P < 0.001) and 
increased toward the end of the trial (P < 0.001).

Hormones

The concentrations of adiponectin and insulin during 
both trials are shown in Table 2 and Figure 3. The MR-
res group tended (P = 0.07) to have lower adiponectin 
concentrations than the MR-ad lib group during trial 1. 
Female calves had greater adiponectin concentrations 
than male calves (P = 0.05). The MR-res group had 
lower (P < 0.05) insulin concentrations in blood than 

the WM-ad lib group in trial 1. On d 11 and 22 p.n. the 
MR-res group had lower (P < 0.05) insulin concentra-
tions than the MR-ad lib and the WM-ad lib groups. 
In trial 2, no significant group differences were observed 
for the insulin and adiponectin concentrations. The 
leptin concentrations, assessed only during trial 1, were 
not different between the feeding groups and are shown 
in Figure 4 with the mean leptin concentrations in co-
lostrum and milk. The RQUICKI data are presented 
in Table 2 and Figure 3 C. The WM-ad lib group had 
lower RQUICKI values than the MR-res group (P < 
0.05); no group differences were observed in trial 2.

GTT and ITT

The basal concentration, the peak concentration, 
∆Peak-Basis, and the AUC of insulin and glucose mea-
sured during the GTT are presented in Table 3. Differ-
ences between the groups were limited to P1. The basal 
concentrations of glucose and insulin were lower in the 
MR-res than in the MR-ad lib and WM-ad lib groups 
(P < 0.05), and male calves tended to have greater 
basal insulin concentrations (P < 0.1). No differences 
were observed in the peak concentrations of glucose; 
however, the peak insulin concentration was lower in 
the MR-res than in the WM-ad lib group (P < 0.05). 
The ∆Peak-Basis of glucose tended to be greater in the 
MR-res than in the MR-ad lib group (P < 0.01), and 
the ∆Peak-Basis of insulin was lower in the MR-res than 
WM-ad lib group (P < 0.05). The AUC of insulin was 
lower in the MR-res than in the WM-ad lib group (P 
< 0.05); however, no differences were observed in the 
AUC of glucose between groups and phases. In con-
trast, the AUC of glucose in male calves was greater 
than in female calves (P < 0.05). In Table 4 the ISBGR 
from the ITT (done in males only) is shown. Only in 
the MR-res group did we see a decrease of the ISBGR 
from P1 to P3 (P < 0.05). No differences between the 
groups were observed and only a numerical decrease 
from P1 to P3 in the ad libitum groups.

The mRNA abundances of PC and PCK1 are shown 
in Figure 5 A and B. Both mRNA abundances in-
creased from the first to the second biopsy (P < 0.01), 
but without any differences between the feeding groups 
or sexes.

In trial 1, we noted a positive correlation between the 
RQUICKI values and the adiponectin concentrations 
across all samples (ρ = 0.37; P < 0.01). On d 0, before 
the first intake of colostrum, RQUICKI values and adi-
ponectin were negatively correlated (ρ = −0.32; P < 
0.05). This correlation changed to positive coefficients 
throughout the trial; on d 90 p.n. the correlation was ρ 
= 0.42 (P < 0.01). In trial 2, RQUICKI and adiponec-
tin were not correlated.
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Figure 2. Time-dependent changes (means ± SEM) of fatty acids (A), glucose (B), and BHB (C) from trials 1 (calves) and 2 (heifers). 
Lowercase letters (a–c, e) indicate differences between groups (P < 0.05); uppercase letters (B,D) indicate trends (P < 0.1). a/A = MR-ad 
lib vs. MR-res and WM-ad lib; b/B = MR-res vs. MR-ad lib; c/C = MR-ad lib vs. WM-ad lib, d/D = MR-res vs. WM-ad lib; e/E = MR-res 
vs. MR-ad lib and WM-ad lib. MR-res = milk replacer restricted; MR-ad lib = milk replacer ad libitum; WM-ad lib = whole milk ad libitum.
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Figure 3. Time-dependent changes (means ± SEM) of adiponectin (A), insulin (B), and revised quantitative insulin sensitivity check index 
(RQUICKI; C) from trials 1 (calves) and 2 (heifers). Lowercase letters (b, d, e) indicate differences between groups (P < 0.05); uppercase let-
ters (A, B, D, E) indicate trends (P < 0.1). a/A = MR-ad lib vs. MR-res and WM-ad lib; b/B = MR-res vs. MR-ad lib; c/C = MR-ad lib vs. 
WM-ad lib, d/D = MR-res vs. WM-ad lib; e/E = MR-res vs. MR-ad lib and WM-ad lib. The adiponectin concentrations of the MR-res calves 
were reported previously (Kesser et al., 2015). MR-res = milk replacer restricted; MR-ad lib = milk replacer ad libitum; WM-ad lib = whole 
milk ad libitum.
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In colostrum, the adiponectin concentrations were 
greater on d 1 than in milk from d 7 p.p. (P < 0.001; 
76.7 ± 3.2 vs. 3.8 ± 0.3 µg/mL; n = 79; i.e., samples 
from trial 1 and from 22 additional animals). The 
correlation between the adiponectin concentration in 
colostrum and the serum adiponectin concentration of 
the calves after their first colostrum consumption was ρ 
= 0.3 (P < 0.05; n = 79; additional calves). The same 
correlation was seen with leptin in colostrum and in 
serum of calves after their first colostrum consumption 
(ρ = 0.3; P < 0.05, n = 57; trial 1).

DISCUSSION

The different feeding regimens tested in the pres-
ent study affected the intake of both liquid and solid 
feeds, as reported in the companion paper (Korst et 
al., 2017). In brief, the ME from liquid feed during the 
differential feeding period (P1) was 1.9 fold higher in 
the ad libitum-fed groups than in the MR-res group. 
At the same time, the intake of concentrate was low, 
thus confirming earlier findings that calves eat only 

little solid feed during the first week of life (Khan et 
al., 2011). The intake of hay might have been different 
between the groups during calfhood and might have af-
fected rumen development and performance, as shown 
by Khan et al. (2012, 2016). Unfortunately, we could 
not measure the intake of hay that was offered ad libi-
tum; thus, we have to limit our discussion to the effects 
of concentrate intake. Whereas data about rumen and 
intestinal development could not be directly assessed, 
we have some indication from BHB concentrations in 
serum about rumen development, as discussed below. 
However, in the lactating heifers, we found no differ-
ences in DMI, BW, body condition, milk yields, and 
energy balance.

Metabolic Traits

The plasma concentrations of fatty acids, glucose, 
BHB, and TPP in the dairy calves were consistent with 
other studies (Hadorn et al., 1997; Hugi and Blum 1997; 
Hammon et al., 2002). Differences between groups were 
observed in P1 during the differential feeding; however, 

Figure 4. Time-dependent changes (means ± SEM) of serum leptin in calves (A; n = 57; trial 1) and leptin concentrations in colostrum 
and in milk from the corresponding dams (B). Different letters (a,b) indicate different leptin concentration in colostrum and milk (P < 0.01).
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after all groups were adapted to the same feeding regi-
men, these differences disappeared in our study. Similar 
adaptations were also reported in the literature (Hadorn 
et al., 1997; Rauprich et al., 2000; Prokop et al., 2015). 
The greater plasma glucose concentration occasionally 
observed in the ad libitum-fed dairy calves in our study 
(Figure 2) might be due to the higher intake of lactose, 
as observed in veal calves (Hugi et al., 1997). For BHB, 
differences between the feeding groups were limited to 
the time after differential feeding. When all calves were 
on the MR-res regimen (P2), the calves from the pre-
ceding WM-ad lib and MR-res groups had greater BHB 
concentrations than the MR-ad lib group. Increasing 
BHB concentrations might indicate increased hepatic 
ketogenesis due to an increased supply or decreased 
oxidation of fatty acids from mobilization of body fat. 
Preruminant animals are basically capable of hepatic 
ketogenesis when fasted, but the increase of BHB in 
the circulation is more likely related to the beginning 
ruminal production of ketones (Baldwin et al., 2004). 
The suitability of serum BHB as an indicator for grain 
intake and rumen development in calves was recently 
confirmed (Deelen et al., 2016). Indeed, the intakes of 
concentrate and the BHB serum concentrations when 
all calves were fed according to the MR-res protocol 
until weaning showed the same pattern; the highest 
values in both variables were observed in the WM-ad 
lib and MR-res groups, whereas the MR-ad lib group 
ate about 200 g/d less concentrate (Korst et al., 2017) 
and had around 80% of the BHB concentrations. We 
expected the MR-res group to have the fastest BHB 
increase and to differ from both ad libitum groups, as 
early restriction for liquid feed would stimulate the in-
take of concentrate. In contrast to this expectation, the 
BHB blood concentrations in calves from the WM-ad 
lib feeding group were not different from the MR-res 
group, but both groups had higher values than the 
MR-ad lib group. This finding might point to beneficial T
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Table 4. The insulin-stimulated blood glucose response (ISBGR, 
means ± SEM) in response to an intravenous insulin tolerance test 
(ITT) performed at different phases (P) of life in male calves reared at 
different feeding intensities from d 4 to 27 of life1

Period

ISBGR [%]

MR-res  
(n = 9)

MR-ad lib 
(n = 7)

WM-ad lib  
(n = 7)

P1 (d 24) 56.8x ± 4.8 52.0 ± 3.2 52.8 ± 5.5
P2 (d 54) 43.4y ± 3.3 48.8 ± 3.3 45.0 ± 2.3
P3 (d 110) 39.6y ± 4.1 43.4 ± 3.6 43.2 ± 3.3
x,yDifferent lowercase letters indicate differences between phases (P < 
0.05).
1P1: d 2–27; P2: d 28–69; P3: d 70–110; MR-res = milk replacer re-
stricted; MR-ad lib = milk replacer ad libitum; WM-ad lib = whole 
milk ad libitum. 
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effects of WM feeding on rumen development by milk-
borne stimuli. Rumen development could be directly or 
indirectly affected through promoting a rumen microbi-
ome, which in turn accelerates rumen development and 
might also concern the entire intestinal tract (Steele et 
al., 2016).

In heifers, the metabolite concentrations in our study 
were typical for the transition period, as observed ear-
lier (Wathes et al., 2007; Weber et al., 2013). We found 
no group differences in the plasma concentrations of 
fatty acids or glucose. The BHB concentrations tended 
to be lower in the WM-ad lib group than in the MR-ad 
lib group in late pregnancy. In contrast to the find-
ings during calfhood, when BHB in blood likely reflects 
rumen development, BHB concentrations in blood of 
late pregnant and of lactating cows indicate mainly 
increased ketogenesis. The observation of sporadically 
lower BHB concentrations in heifers reared on the WM-
ad lib regimen might point to a greater capacity for 
the complete oxidation of fatty acids in these animals; 
however, the values reached in all heifers were still in 
a normal range and the difference was transient only.

Before calving, urea was lower in the WM-ad lib 
group than in the MR-res and MR-ad lib groups. It is 
unlikely that these differences resulted from feed com-
position and feed intake, as all heifers received the same 
ration and the DMI was not different (although intake 
could be recorded only postpartum). The highest con-
centrations were observed in the MR-ad lib group and 
might point toward a less efficient ruminal microbiome; 
however, all values were well within the reference values 
suggested for late pregnant and Holstein cows (Brscic 
et al., 2015) and the difference between the groups 
disappeared after calving. Nevertheless the data may 
provide some support for a more efficient N utilization 
in WM-ad lib-reared heifers. Taking the differences in 
blood urea a.p. together with the findings from BHB 
during calfhood, we speculated that WM feeding might 
be superior to both MR feeding regimens in terms of 
nutrient utilization.

When taking the results from the metabolites to-
gether, they provide some support, however minor, for 
our hypothesis that ab libitum feeding of WM will be 
more beneficial than feeding MR ad libitum. In general, 

Figure 5. mRNA abundance of pyruvate carboxylase (PC; A) and phosphoenolpyruvate carboxykinase (PCK1; B) on d 19 and 100 postnatal 
(p.n.). Different letters (x,y) indicate differences between sampling time points (P < 0.01).
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the greater nutrient supply by ad libitum feeding dur-
ing the first weeks of life is now generally accepted as 
being beneficial for long-term growth and productivity 
(Khan et al., 2011).

Hormones

The serum leptin concentrations in neonatal calves 
slightly increased with the first intake of colostrum in 
our study. The colostral leptin concentrations decreased 
from d 1 to 3 by a factor of 4. Woliński et al. (2014) re-
ported a 3-fold increase of the leptin concentrations in 
plasma of piglets after the first feeding of colostrum. In 
the corresponding samples of sow colostrum and milk, 
the leptin concentrations increased from d 1 to 3 p.p. 
and then decreased to d 7 p.p. (Woliński et al., 2014). 
Casabiell et al. (1997) showed that leptin is transferred 
from the maternal circulation into the milk and through 
the stomach of neonatal rats into the bloodstream 
without a loss of biological activity. Leptin from colos-
trum and milk was suggested to be important for the 
development of the small intestine, as the maturation 
of the small intestine in piglets was slowed down when 
only formula was fed (Woliński et al., 2003). However, 
the leptin concentrations in colostrum and in plasma 
of neonatal piglets were not correlated (Woliński et al., 
2014), whereas we observed a weak correlation (ρ = 0.3; 
P < 0.05; n = 57) in dairy calves. The role of colostral 
leptin seems less clear, as the increase of serum leptin 
observed in the present study upon colostrum intake 
was not observed in 2 other studies (Blum et al., 2005; 
Schäff et al., 2014); however, this might have been due 
to the relatively small animal numbers in these stud-
ies, which did not allow for picking up the small and 
transient increase we were able to show herein. When 
comparing calves receiving only MR with colostrum-fed 
calves, the leptin concentrations were lower in MR-fed 
calves (Schäff et al., 2014). However, it is improbable 
that individual adipokines, such as leptin or adiponec-
tin, out of a plethora of other bioactive components 
contained in colostrum would alone mediate the ben-
eficial (not immune globulin-related) effects commonly 
associated with colostrum intake.

In contrast to our previous study involving only 10 
males and 10 female calves (Kesser et al., 2015), in 
which no sex difference was established for adiponectin 
during the first 110 d of life, the female calves in the 
present study (n = 29) had greater adiponectin concen-
trations than the males (n = 28; P = 0.05). In human 
babies, data concerning sex differences were contradic-
tory (Sivan et al., 2003; Kamoda et al., 2004; Erhardt 
et al., 2014).

The trend to lower adiponectin serum concentrations 
in the MR-res-fed calves compared with the MR-ad 

lib calves indicated a reduced insulin sensitivity in the 
MR-res group; however, the results of the GTT (as 
discussed below) contradict this finding. The nadir of 
adiponectin around parturition in the young heifers is 
in line with other studies (Giesy et al., 2012; Mielenz et 
al., 2013; Singh et al., 2014), and may be interpreted as 
support for the nutrient supply toward the mammary 
gland by decreasing the insulin sensitizing, gluconeo-
genesis, and lipolysis-inhibiting effects (Yamauchi et 
al., 2002; Kadowaki et al., 2006; Singh et al., 2014). 
In addition, the decreased adiponectin concentrations 
around calving might resulted from the increased secre-
tion of blood adiponectin into colostrum (Singh et al., 
2014). However, only a weak positive correlation (ρ = 
0.3; P < 0.05; n = 79) was seen between the plasma 
adiponectin concentrations and the colostrum adipo-
nectin concentrations.

In intensively fed calves the insulin concentration in-
creases (Hadorn et al., 1997; Hammon and Blum, 1998; 
Kühne et al., 2000), but is commonly not sustained 
when the animals are moved to a less-intensive feeding 
regimen. The increased insulin concentration in the ad 
libitum groups from the present study was probably due 
to the greater amounts of ingested energy compared 
with the MR-res group, as reported in veal calves (Hugi 
et al., 1997, Maccari et al., 2015). Decreased insulin 
concentrations around parturition, as observed in the 
heifers from our study and reported previously (Swali 
and Wathes, 2006; De Koster and Opsomer, 2013), 
point to reduced lipogenesis and protein synthesis and 
enhanced lipolysis and, thus, support the flux of glu-
cose and AA to the mammary gland (De Koster and 
Opsomer, 2013). However, insulin concentrations were 
not affected by rearing conditions during the first weeks 
of life, which is in contrast to studies in rats, where 
intensive feeding in early life stimulated the develop-
ment of the pancreatic cells and lead to higher insulin 
concentrations in later life (Srinivasan et al., 2003). In 
intensively fed male German Holstein calves, an increase 
in the number of the islets of Langerhans was observed 
after 8 mo of life (Prokop et al., 2015). In early life, the 
pancreatic cells as well as the adipose tissue continue 
to develop and to establish the total number of cells 
(Kaung, 1994; Spalding et al., 2008); therefore, these 
tissues serve as potential targets of metabolic program-
ming (Mostyn and Symonds, 2009; Duque-Guimarães 
and Ozanne, 2013; Barella et al., 2014).

Greater milk yields after an intensive feeding regi-
men in the preweaning period were reported in several 
studies (Bar-Peled et al., 1997; Moallem et al., 2010; 
Soberon et al., 2012). In our study, the greater milk 
yield of the ad libitum groups was not significant as 
shown in our companion paper (Korst et al., 2017). 
Reasons for increased milk yields after intensive feed-
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ing regimens in the preweaning period comprise the 
increased mammary parenchymal mass, parenchymal 
DNA and RNA (Brown et al., 2005). A positive in-
fluence of intensive feeding regimen in the preweaning 
period on the mammary gland parenchyma was shown 
previously (Brown et al., 2005; Meyer et al., 2006; 
Geiger et al., 2016). Tucker (1981) stated that one of 
the primary determinants for milk production is the 
number of cells available for synthesis of milk. Before 
puberty, the mammary gland grows in an allometric 
fashion (Esselburn et al., 2015); therefore, the mam-
mary gland might be more sensitive to external stimuli 
compared with the remaining tissues. The influence of 
different feeding regimens before puberty might have 
long-term programming effects on the development of 
the mammary gland and, therefore, on the lifetime milk 
yield production of dairy cows.

Variables Describing Insulin Sensitivity

In the dairy calves from the present study, the GTT 
variables suggested a higher insulin sensitivity in the 
MR-res group compared with the ad libitum groups in 
P1. The trend for higher RQUICKI values, as surrogate 
indicator for insulin sensitivity, in the MR-res group 
compared with the WM-ad lib group supported the 
latter result. The accordance between GTT variables 
and RQUICKI values in dairy calves was confirmed 
earlier (Bossaert et al., 2009). The ISBGR from the 
ITT did not differ between groups and in the MR-res 
group a significant decrease was only observed from 
P1 to P3, indicating decreased insulin responsiveness 
(Ohtsuka et al., 2001). In contrast, the trend for lower 
plasma adiponectin concentrations in calves of the MR-
res group suggests lower insulin sensitivity in the MR-
res group than in the ad libitum groups. Some reports 
confirm that insulin sensitivity is decreased by more 
intensive feeding levels (Bach et al., 2013; Yunta et al., 
2015), whereas others could not confirm such effects 
(MacPherson et al., 2016). The divergent results from 
these studies, including ours, might be explained by 
differences in the age when the feeding regimens were 
started as well as the setting of the GTT performed 
(i.e., the fasting time before starting the GTT and also 
the age when the GTT were performed). Additional 
factors likely influencing the response are the amount 
and composition of the MR used and the feeding fre-
quency (usually 2 times daily versus the free access in 
our study, resulting in average meal sizes of about 1.3 
kg).

In the heifers, no group differences in RQUICKI val-
ues were observed. However, a slight decrease around 
parturition might indicate a decreased insulin sensitiv-

ity and support previous findings (Holtenius and Hol-
tenius, 2007; Singh et al., 2014). In dairy cows, Singh et 
al. (2014) demonstrated a positive correlation between 
plasma adiponectin concentrations and RQUICKI val-
ues; this was not confirmed in our study. However, in 
dairy calves, we found a negative correlation during P0, 
P1, and P2. In contrast to tissues of nonruminant ani-
mals, the tissues of dairy cows seem to be less sensitive 
to insulin (Brockman and Laarveld, 1986). Adiponectin 
is known for its insulin sensitizing effects (Berg et al., 
2002). However, the change from a negative correlation 
between adiponectin and RQUICKI values in calves to 
a positive correlation in dairy cows (Singh et al., 2014) 
probably occurs after weaning. The adiponectin system 
in preruminant calves might still be developing and not 
yet mature; moreover, the adiponectin system might 
have different functions than increasing insulin sensitiv-
ity at that age. Therefore, measuring adiponectin in 
calves seems inappropriate to infer information about 
insulin sensitivity.

Taken together, even though high feeding planes were 
shown to alter insulin sensitivity and glucose metabo-
lism in some studies, including ours, if tested in later 
life these effects seem transient only and there is no evi-
dence for sustained effects. Our results about the vari-
ous hormones do not supporting our initial hypotheses 
that ad libitum feeding, in particular of whole milk, will 
elicit sustained changes of metabolic hormones that will 
continue until lactation and promote milk production. 
Bearing in mind that the small sample size available for 
trial 2 may have impeded the detection of sustained dif-
ferences, as well as the transient nature of the hormonal 
and metabolic changes induced by the feeding during 
the first weeks of life, ad libitum feeding might never-
theless have affected the development of target tissues, 
in particular the development of gastrointestinal tract 
and the mammary gland.

mRNA Abundance of Enzymes

The increase of the mRNA abundance of pyruvate 
carboxylase and phosphoenolpyruvate carboxykinase 
from the first to the second biopsy observed herein 
indicates an increase of gluconeogenesis that is prob-
ably related to the switch from the preruminant to 
the ruminant stage. The main trigger of this switch 
is the change of substrates from lactose to short-chain 
fatty acids, in particular propionate (Greenfield et al., 
2000; Aschenbach et al., 2010; Steinhoff-Wagner et al., 
2011). As observed in our study and in earlier studies 
(Scheuer et al., 2006; Steinhoff-Wagner et al., 2011), 
different feeding regimens in the preweaning period 
had no influence on the mRNA abundance of pyruvate 
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carboxylase and phosphoenolpyruvate carboxykinase, 
indicating that the endogenous glucose production was 
not affected.

CONCLUSIONS

In times of differential milk feeding (d 4–27 p.n.) dif-
ferences in the circulating concentrations of some me-
tabolites and hormones were observed between groups. 
However, in contrast to our working hypothesis, these 
differences were not sustained when all calves received 
the same feed later on. Moreover, when considering the 
animals as pregnant and then lactating heifers, their 
endocrine and metabolic patterns were not different. 
Therefore, no programming effects on metabolism and 
its endocrine regulators could be identified. Program-
ming effects on gastrointestinal function or the cellular 
development of the mammary gland may not be ruled 
out, but should be addressed in further studies involv-
ing more animals.
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