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ABSTRACT

The study investigated whether methionine supply
during late pregnancy is associated with liver mam-
malian target of rapamycin (MTOR) pathway phos-
phorylation, plasma biomarkers, and growth in heifer
calves born to cows fed a control diet (CON) or the
control diet plus ethylcellulose rumen-protected me-
thionine (MET; 0.09% of dry matter intake) for the last
28 d prepartum. Calves were fed and managed similarly
during the first 56 d of age. Plasma was harvested at
birth and 2, 7, 21, 42, and 50 d of age and was used for
biomarker profiling. Liver biopsies were harvested at
4, 14, 28, and 50 d of age and used for protein expres-
sion. Body weight, hip height, hip width, wither height,
body length, rectal temperature, fecal score, and respi-
ratory score were measured weekly. Starter intake was
measured daily, and average daily gain was calculated
during the first 8 wk of age. During the first 7 wk of
age, compared with calves in the CON group, calves in
the MET group had greater body weight, hip height,
wither height, and average daily gain despite similar
daily starter intake. Concentration of methionine in
plasma was lower at birth but increased markedly at 2
and 7 d of age in MET calves. Plasma insulin, glucose,
free fatty acids, and hydroxybutyrate did not differ.
A greater ratio of phosphorylated a-serine/threonine
kinase (AKT):total AKT protein expression was de-
tected in MET calves, namely due to differences at 4 d
of age. The phosphorylated MTOR:total MTOR ratio
also was greater in MET calves due to differences at
28 and 50 d (8 d postweaning). The decrease in phos-
phorylated MTOR:total MTOR between 14 and 28 d in
CON calves agreed with the increase in phosphorylated
eukaryotic translation initiation factor 4E binding pro-
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tein 1 (EIFAEBP1):total EIF4EBP1 ratio during the
same time frame. The overall expression of phosphory-
lated ribosomal protein S6 kinase B1 (RPS6KB1):total
RPS6KB1 and phosphorylated eukaryotic translation
elongation factor 2 (EEF2):total EEF2 was lower in
MET calves. Regardless of methionine supply prepar-
tum, there was an 11-fold temporal decrease from 4
to 50 d in phosphorylated AKT:total AKT. Similarly,
regardless of methionine supply, there were overall
decreases in phosphorylation ratios of AKT, MTOR,
RPS6KB1, and eukaryotic translation initiation factor
2A (EIF2A) over time. Data provide evidence of a posi-
tive effect of methionine supply during the last month
of pregnancy on rates of growth during the first 7 wk of
age. Phosphorylation status of some components of the
MTOR pathway in neonatal calf liver also was associ-
ated with greater maternal supply of methionine. Thus,
the data suggest that molecular mechanisms in the liver
might be programmed by supply of methionine during
late pregnancy. The exact mechanisms coordinating the
observed responses remain to be determined.

Key words: ruminant, amino acid, gluconeogenesis,
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INTRODUCTION

A key adaptation that neonatal animals undergo is
a shift in the reliance for energy on glucose, lactate,
AA, and fatty acids in utero to relying on digestion of
lactose to glucose, protein to AA, and fat to fatty acids
via intake of colostrum and milk (Girard et al., 1992;
Hammon et al., 2012). Unlike monogastrics, ruminants
absorb little glucose from the gut, and both the preg-
nant mother and the fetus rely to various degrees on
propionate and AA as gluconeogenic substrates (Ste-
venson et al., 1976; Prior and Christenson, 1977; Prior
and Scott, 1977). In fact, a unique feature of the bovine
fetal liver is the marked reliance on AA (e.g., alanine)
and lactate (utilization of propionate is very low)
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for gluconeogenesis as early as 80 d of gestation and
through term (Prior and Scott, 1977). Because volun-
tary feed intake of pregnant dairy cows could decrease
markedly during the last 3 wk before parturition (Loor
et al., 2013), the potential effect of prepartal nutrition
of the cow on the rapidly growing fetus (Ferrell, 1991)
cannot be underestimated. Therefore, the beneficial ef-
fect on calf birth weight reported often when the supply
of dietary protein and energy prepartum is increased is
not surprising (Funston et al., 2010).

Recent data have provided some evidence that en-
hancing micronutrient supply (methionine, Zn, Cu, Co,
Mn) in pregnant dairy cows during the last month of
gestation can induce changes in the transcriptome of
the neonatal liver (Jacometo et al., 2016, 2017) and
circulating leukocytes (Jacometo et al., 2015) without
markedly altering growth rate during the preweaning
period. Whether the prenatal supply of micronutri-
ents alters protein expression of nutrient-responsive
signaling pathways in organs of the bovine neonate is
unknown. There is evidence that methyl donor supply
during pregnancy in pigs alters the epigenetic status
of hepatic gluconeogenic (Cai et al., 2014b) and lipid
metabolism-related genes (Cai et al., 2014a, 2016) in
1-d-old piglets. At least in ruminants, it is unknown
whether such effects persist during postnatal life and
whether they are related to physiologic measures of ru-
men development and growth.

Mammalian target of rapamycin (MTOR) is a key
protein kinase that connects nutritional and hormonal
signals to downstream proteins involved in various pro-
cesses, including protein synthesis. Underfeeding of beef
cows during early gestation reduced the concentrations
of phosphorylated MTOR, in both maternal and fetal
skeletal muscle (Du et al., 2005). Although no pub-
lished studies demonstrate a response to individual AA
on MTOR signaling in neonatal bovine liver, exogenous
arginine in neonatal nursing pigs increased muscle and
liver protein synthesis rate, but only muscle had greater
phosphorylation of MTOR (Yao et al., 2008). An in
vitro study with hepatocytes also demonstrated that,
as long as insulin was present, methionine and leucine
both increased phosphorylation of a-serine/threonine
kinase (AKT) coupled with a decrease in mRNA ex-
pression of gluconeogenic genes (Lansard et al., 2011).

Newborn ruminants lack a functional rumen and in
current production systems rely on high-fat and high-
protein milk replacers for nourishment for the first
weeks of life. They are gradually introduced to solid
feed that is high in fiber while milk replacer is removed
from the diet and are fully weaned at approximately 42
d of age (Hammon et al., 2012). Thus, not only does
the profile of nutrients reaching tissues change early in
life, but so do the endocrine environment (e.g., insulin,
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glucagon) and activity of various key hepatic enzymes
(Hammon et al., 2012). In light of the unique physi-
ologic adaptations that neonatal ruminants undergo,
the present study aimed to evaluate whether maternal
methionine supply was associated with hepatic meta-
bolic gene transcription, MTOR signaling, and overall
growth patterns during early life. To address our objec-
tive, we used the offspring from dairy cows that were
supplemented or not with rumen-protected methionine
during the last month of pregnancy (Batistel et al.,
2017a).

MATERIALS AND METHODS
Animals and Experimental Design

All procedures for the current study were conducted
in accordance with a protocol approved by the Insti-
tutional Animal Care and Use Committee of the Uni-
versity of Illinois (protocol no. 14270). Details of the
maternal treatments were described previously (Batis-
tel et al., 2017b). Briefly, 60 multiparous Holstein cows
were used in a complete block design with 30 cows per
treatment. Cows were fed with a basal control (CON;
1.47 Mcal/kg of DM, 15.6% CP) diet with no addi-
tion of methionine or the basal diet plus ethylcellulose
rumen-protected methionine (MET; Mepron, Evonik
Nutrition & Care GmbH, Hanau Wolfgang, Germany)
during the last 28 £ 2 d of pregnancy. The supple-
mental methionine was top-dressed on the total mixed
diet at a rate of 0.09% of DMI. The methionine was
supplied to achieve a lysine:methionine ratio in the MP
reaching the small intestine close to 2.8:1. This rate has
been demonstrated to elicit beneficial effects in terms
of production performance and health (Osorio et al.,
2013; Zhou et al., 2016b).

Because of their economic importance in terms of
milk production, only a subset of heifer calves born
to cows in the CON (n = 8) or MET (n = 8) groups
was used (Alharthi et al., 2017). Body weight, hip and
wither height, hip width, and body length were mea-
sured at birth. The navel was disinfected with a 7%
tincture of iodine solution (First Priority Inc., Elgin,
IL), and calves were vaccinated with TSV II (Pfizer
Inc., New York, NY) via nostril application. All calves
were housed and managed in the same fashion during
the first 7 wk of life. Per standard operating proce-
dures, calves received 3.8 L of first-milking colostrum
within 6 h after birth. Calves were housed in individual
outdoor hutches bedded with straw and fed twice daily
(0700 and 1800 h) with a milk replacer (Advance Excel-
erate, Milk Specialties, Carpentersville, IL; 28.5% CP,
15% fat) until 35 d of age. They were then switched
to once-daily feeding at 0700 h until weaning (42 d of
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age). Calves received 4.54 kg/d of milk replacer mix
(0.59 kg of milk replacer in 3.95 L of water) from 1 to
10 d of age, 5.90 kg/d (0.77 kg of milk replacer in 5.13
L of water) from 11 to 20 d of age, 7.26 kg/d (0.94 kg
of milk replacer in 6.32 L of water) from 21 to 35 d of
age, and 3.63 kg/d (0.47 kg of milk replacer in 3.16 L
of water) from 36 to 42 d of age. From d 1 until 56 of
life, calves had ad libitum access to a starter grain mix
(19.9% CP, 13.5% NDF) fed at 0800 h. All the milk
replacer was consumed each day by the calves. Fecal
score (scale 1-4), respiratory score (scale 1-5), and rec-
tal temperature were measured weekly, and starter in-
take was recorded daily until 56 d of age. Body weight,
hip height, wither height, and hip width were recorded
once a week from birth until 8 wk of age. Average daily
gain was recorded as final BW — initial BW/days on
study (0-56 d of age).

Blood Sampling and Biomarker Concentrations

Blood samples were collected from the jugular vein
before feeding at 0 (birth, before colostrum), 2, 7, 21,
42, and 50 d of age using 20-gauge BD Vacutainer
needles (Becton Dickinson, Franklin Lakes, NJ). The
Vacutainer tubes used contained lithium heparin, and
plasma was obtained by centrifugation at 1,900 x g¢
for 15 min at 4°C and stored at —80°C until further
analysis.

Samples were used for measuring concentrations of
albumin (catalog no. 0018250040), glucose (catalog
no. 0018250840), urea (catalog no. 0018255440), and
cholesterol (catalog no. 0018250540) using kits from
Instrumentation Laboratory Spa (Werfen Co., Milan,
Italy) for use in the ILAB 600 clinical autoanalyzer
(Instrumentation Laboratory, Lexington, MA). Con-
centrations of nonesterified fatty acids (NEFA) and
BHB were determined as described previously (Osorio
et al., 2013). Plasma insulin concentrations were deter-
mined using a bovine-specific commercial ELISA kit
(catalog no. 10-1201-01; Mercodia, Uppsala, Sweden).

AA Analysis

Plasma, colostrum (Supplemental Table S1; https://
doi.org/10.3168/jds.2018-14378), and starter (Supple-
mental Table S2; https://doi.org/10.3168/jds.2018
-14378) AA concentration analysis was performed ac-
cording to established protocols (AOAC International,
1995). The starter and milk replacer samples were
obtained weekly during the first 6 wk of age. Briefly,
samples were first oxidized at 0°C for 16 h with per-
formic acid to allow for subsequent quantification of
methionine and cystine. Excess performic acid was

removed with an incubation with sodium sulfite for 30
min in an ice bath. Hydrolysis was then performed with
hydrochloric acid at 110°C for 24 h. A Biochrom 30+
(Biochrom Ltd., Cambridge, UK) AA analyzer was
used for AA profiling.

Liver Biopsies

Liver biopsies (n = 8 per treatment) were harvested
at 4, 14, 28, and 50 d of age under local anesthesia using
the same procedures as described previously (Jacometo
et al., 2017). Liver samples were frozen immediately
in liquid nitrogen and stored at —80°C until further
analysis.

RNA Extraction, cDNA Synthesis,
and Quantitative PCR

The procedures of RNA isolation, cDNA synthe-
sis, and quantitative PCR are described in detail in
Supplemental File S1 (https://doi.org/10.3168/jds
.2018-14378). Briefly, RNA was extracted from frozen
tissue from each calf (n = 8 per treatment) and used for
c¢DNA synthesis using established protocols (Vailati-
Riboni et al., 2016). The quality of RNA evaluated by
RNA integrity number in the 2100 Bioanalyzer (Agilent
Technologies Inc., Santa Clara, CA) was >7.0 for all
samples. The genes GAPDH, RPS9, and UXT were
used as internal control genes. The geometric mean of
the internal control genes was used to normalize the
expression data. A 6-point standard curve was used
for quantification. Quantitative PCR performance and
primer information are included in Supplemental Tables
S3 and S4 (https://doi.org/10.3168/jds.2018-14378).

Western Blotting

Protocols used were the same as those reported pre-
viously (Batistel et al., 2017a). Details can be found
in Supplemental File S1 (https://doi.org/10.3168/jds
.2018-14378). Briefly, samples from the same calves (n
= 8 per treatment) used for gene expression analysis
were used for protein expression analysis.

Statistics

The temporal plasma, mRNA, and protein expression
data and performance and health data were analyzed
using the MIXED procedure of SAS version 9.4 (SAS
Institute Inc., Cary, NC) with repeated measures. Nor-
malized mRNA and protein expression data were log2
transformed before statistical analysis. The following
model was used:
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Yi=p+ T+ D+ DT + ¢,

where Y}, is the dependent continuous variable, 4 is the
overall mean, Tj is the fixed effect of treatment (j is
the maternal treatment CON or MET), D, is the fixed
effect of day of age, DT} is the interaction between
maternal treatment and day of age, and ¢ is the re-
sidual error. Calf, nested within maternal treatment,
was the random effect. The Kenward-Roger statement
was used for computing the denominator degrees of
freedom. The covariance structure of the repeated mea-
surements was spatial power [SP(POW)] for all blood
biomarkers, mRNA abundance, and protein abundance
or first-order autoregressive structure [AR(1)] for the
growth data. When the interaction was significant,
least squares means separation between and within time
points was performed using the PDIFF statement with
Tukey adjustment. No multiple testing correction of the
P-values of the blood biomarker data was performed.
To evaluate the potential for starter intake as a driving
force of differences in growth rate, starter intake data
from 1 to 34 d of age and from 35 to 56 d of age were
analyzed separately. Amino acid profiles of fat-free
colostrum (Supplemental Table S1; https://doi.org/10
.3168/jds.2018-14378) were analyzed using the MIXED
procedure without repeated measures. The AA profiles,
ammonia, and CP content of starter and milk replacer
were not analyzed statistically (Supplemental Table S2;
https://doi.org/10.3168/jds.2018-14378). Normality of
the residuals was checked with normal probability and
box plots, and homogeneity of variances was checked
with plots of residuals versus predicted values.

RESULTS
Growth Performance and Health in Calves

Main effects of maternal diet, time, and their in-
teractions over the first 9 wk of life are presented in
Table 1. Calves from cows fed MET had a greater (P
< 0.05) average BW, hip height, wither height, and
ADG. When analyzing daily starter intake from d 1 to
34 of age (data not shown), there was no overall effect
of maternal diet (P = 0.27) or interaction of maternal
diet and time (P = 0.20), but there was a time effect (P
< 0.01). Similarly, when analyzing daily starter intake
from d 35 to 56 of age (data not shown), there was no
overall effect of maternal diet (P = 0.18) or interaction
of maternal diet and time (P = 0.45), but there was
a time effect (P < 0.01). Hip width, body length, and
starter intake were not affected (P > 0.05) by maternal
diet. Similarly, there was no overall maternal diet effect
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for feed efficiency (P = 0.68), rectal temperature (P =
0.65), and respiratory score (P = 0.27). There was a
maternal diet x day effect (P = 0.05) due to greater
BW and lower fecal score (P = 0.01) in calves from
cows fed MET compared with CON (Table 2, Figure

1).
Concentrations of Biomarkers in Blood Plasma

Maternal diet led to a significant treatment x day
(P < 0.01) interaction for glucose as a result of lower
(Tukey-adjusted P = 0.01) concentration on d 2 and
greater (Tukey-adjusted P = 0.01) concentration on
d 42 in MET compared with CON calves (Figure 2).
There was no overall effect (P > 0.05) of maternal
MET supply on the concentrations of BHB and NEFA.
However, concentrations of cholesterol and albumin
were greater overall (P = 0.05) in MET compared
with CON calves. Day of age had an effect on all these
parameters (glucose, cholesterol, urea, BHB, albumin,
NEFA, ceruloplasmin; day, P < 0.01; Supplemental
Figure S1, https://doi.org/10.3168/jds.2018-14378)
due to increases of cholesterol, urea, BHB, and albumin
and decreases of glucose and NEFA during the experi-
mental period.

AA Concentrations in Blood Plasma

There were no significant (P < 0.05) main effects of
maternal treatment for any AA or AA-related com-
pound measured (Table 1). The profiles of selected AA
in blood plasma are shown in Figure 3 and Supple-
mental Figure S2 (https://doi.org/10.3168/jds.2018
-14378). There was an interaction of treatment x day
(P < 0.05) for the concentrations of arginine, histidine,
methionine, and phenylalanine (Table 1, Figure 3).
Arginine concentration increased markedly in CON
calves from birth to 7 d of age, whereas it remained
stable in MET calves during that time frame followed
by a marked increase in concentration between d 7 and
21 (Figure 3). Although concentration of histidine was
lower (Tukey-adjusted P = 0.01) at birth in CON calves
compared with MET calves, it increased markedly at d
2 followed by a decrease to almost baseline concentra-
tion on d 7 through the end of the study. In contrast
to the histidine profile, the concentration of methionine
in CON calves was lower at birth (Tukey-adjusted P
= 0.01), but at d 2 MET calves had greater (Tukey-
adjusted P = 0.01) concentrations. Concentrations of
methionine in both groups subsequently decreased over
time. For phenylalanine, a marked decrease (Tukey-
adjusted P = 0.01) in concentration between birth and
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d 2 in MET calves was detected, whereas a decrease
in concentration between d 7 and 21 was observed for
CON compared with MET calves.

Regardless of maternal diet, concentrations of all AA,
ornithine, 1-methylhistidine, and 3-methylhistadine
had a significant day effect (P < 0.05; Supplemental
Figures S2 and S3; https://doi.org/10.3168/jds.2018
-14378). Among these compounds, concentrations of
lysine, threonine, arginine, isoleucine, leucine, and as-
paragine increased gradually to almost peak levels at 21
d of age (Supplemental Figures S2 and S3; https://doi
.org/10.3168/jds.2018-14378). Concentrations of gluta-
mate, asparagine, and valine reached a peak at 2 d of
age and remained stable afterward. Concentrations of
glycine, methionine, alanine, and taurine were greater
at birth and decreased gradually afterward. Ornithine
concentration increased gradually from birth to peak
levels at d 50 of age. In contrast, concentrations of

1-methylhistidine and 3-methylhistidine decreased over
time from peak levels at birth to a nadir at 21 d of age.

Metabolic Gene Expression

Among the target genes measured, few had signifi-
cant changes in response to maternal supply of me-
thionine (Table 3 and Supplemental Figure S4; https://
doi.org/10.3168/jds.2018-14378). Among carbohydrate
metabolism-related genes, there was a treatment x day
(P = 0.05) effect for the expression of forkhead box O1
(FOXO01) due to downregulation between d 4 and 14
in the CON compared with MET calves (Supplemental
Figure S4; https://doi.org/10.3168/jds.2018-14378).
Expression of insulin receptor substrate 1 (IRS1) also
had a significant interaction (treatment x day, P =
0.05) due to lower expression at d 4 in MET compared
with CON calves. Regardless of maternal supply of

Table 1. Blood plasma biomarkers and free AA from birth through 56 d of age in heifer calves born to Holstein cows fed during the last 28 d of
pregnancy a control diet (CON, n = 18) or the control diet supplemented with ethylcellulose rumen-protected methionine (MET, n = 21; 0.09%
DMI; Mepron, Evonik Nutrition & Care GmbH, Hanau Wolfgang, Germany)'

Maternal treatment P-value?
Item CON MET SEM T D TxD
Plasma biomarkers
Insulin (pg/L) 0.45 0.51 0.06 0.53 <0.01 0.61
Glucose (mmol/L) 6.75 7.13 0.23 0.25 <0.01 <0.01
BHB (mmol/L) 0.09 0.10 0.006 0.65 <0.01 0.77
Nonesterified fatty acids (mmol/L) 0.22 0.23 0.01 0.79 <0.01 0.13
Urea (mmol/L) 4.66 4.57 0.15 0.69 <0.01 0.26
Cholesterol (mmol/L) 1.39 1.53 0.04 0.05 <0.01 0.55
Albumin (g/L) 31.1 32.1 0.35 0.05 <0.01 0.61
Ceruloplasmin (pmol/L) 1.16 1.31 0.10 0.34 <0.01 0.93
Plasma AA (mg/dL)
Nondispensable
Arginine 1.86 2.10 0.12 0.21 <0.01 <0.01
Histidine 0.98 1.06 0.05 0.31 <0.01 <0.01
Isoleucine 1.25 1.43 0.08 0.14 <0.01 0.36
Leucine 1.85 2.14 0.11 0.06 <0.01 0.24
Lysine 1.22 1.26 0.07 0.77 <0.01 0.10
Methionine 0.30 0.33 0.02 0.46 <0.01 0.05
Phenylalanine 0.68 0.73 0.03 0.46 <0.01 <0.01
Threonine 1.21 1.20 0.06 0.95 <0.01 0.14
Valine 2.61 2.90 0.13 0.15 <0.01 0.60
Dispensable
Asparagine 0.47 0.48 0.02 0.78 <0.01 0.16
Aspartate 0.13 0.14 0.01 0.42 <0.01 0.47
Alanine 2.19 2.20 0.11 0.95 <0.01 0.34
Glutamine 4.27 4.54 0.20 0.36 <0.01 0.15
Glutamate 0.82 0.93 0.03 0.10 <0.01 0.19
Glycine 2.09 2.14 0.12 0.80 <0.01 0.27
Ornithine 0.62 0.68 0.04 0.32 <0.01 0.33
Proline 1.21 1.20 0.05 0.92 <0.01 0.36
Serine 0.81 0.80 0.04 0.94 <0.01 0.17
Taurine 0.93 1.05 0.05 0.16 <0.01 0.17
Tyrosine 0.80 0.85 0.03 0.31 <0.01 0.14
1-Methylhistidine 0.39 0.36 0.03 0.40 <0.01 0.09
3-Methylhistidine 0.08 0.07 0.01 0.34 <0.01 0.91

'All calves were fed first-milking colostrum from their respective dams within 6 h postbirth. All calves received the same milk replacer until

weaning at d 42 of age.
?P-value for treatment (T), day (D), and their interaction (T x D).
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methionine, expression of fatty acid synthase (FASN)
and the lipogenic transcription factor sterol regulatory
element binding transcription factor 1 (SREBF1) in-
creased over time in both groups (P < 0.01).

Among gluconeogenic-related genes, a marked up-
regulation in the expression of phosphoenolpyruvate
carboxykinase 1 (PCK1) between d 28 and 50 in the
CON versus MET calves led to a significant interaction
effect (treatment x day, P = 0.02). Maternal supply of
methionine led to lower overall expression of pyruvate
carboxylase (PC; P < 0.05), and expression of this
gene decreased gradually from d 4 until d 28 in both
groups (P < 0.01). Furthermore, expression of glucose-
6-phosphatase (G6 PC) decreased from d 4 to d 14 and
then increased from d 14 until d 50 of age (P < 0.01).
There was no day effect on the expression of phospho-
enolpyruvate carboxykinase 2 (PCK2; mitochondrial
isoform) in both groups, whereas overall expression of
PCK1 increased gradually from d 4 to d 28.

Among genes related to the MTOR pathway, there
was an overall effect of maternal MET supply in the
expression of eukaryotic translation elongation fac-
tor 2 (EEF2) and ribosomal protein S6 (RPS6) due
to lower overall values in MET compared with CON
calves (Table 1). No maternal MET effect (P > 0.06)
was detected for the expression of AKT, MTOR, ri-
bosomal protein S6 kinase B1 (RPS6KB1), and eu-
karyotic translation initiation factor 4E binding protein
1 (EIF4EBP1). Although day of age had no effect
on MTOR and RPS6KBI1 expression, EFIF4/FEBP1 and
EFEF2 expression decreased between d 4 and d 50 in
both groups.

Expression of Proteins Related to Insulin Signaling
and the MTOR Pathway

The expression of proteins and phosphorylation
status related to the MTOR pathway in the liver of
calves is reported in Figures 4, 5, and 6. There was
a treatment x day (P < 0.01) effect for total AKT,
phosphorylated (p) AKT and p-AKT:total AKT ratio
(Figure 4). Total abundance of AKT protein decreased
markedly between d 4 and 14 in CON calves, whereas it
increased in MET calves and remained higher through
d 28. Level of p-AKT on d 14, 28, and 50 (treatment
x day, P < 0.01) was greater in MET compared with
CON calves. As a result of these temporal changes,
the p-AKT:total AKT ratio on d 4 and 50 was greater
(treatment x day, P < 0.01) in MET compared with
CON calves.

Although maternal MET supplementation did not al-
ter total MTOR protein expression (P = 0.80), expres-
sion of p-MTOR (treatment x day, P < 0.01) and p
-MTOR:total MTOR ratio (treatment, P = 0.02) were
greater overall in MET than in CON calves due primar-
ily to lower values in CON calves on d 28 and 50 of
age (Figure 5). Total RPS6KBI protein expression was
lower on d 4 (treatment x day, P < 0.01) but greater
on d 28 and 50 in MET than in CON calves. However,
both the level of p-RPS6KB1 and the p-RPS6KBI:
total RPS6KBI ratio (treatment, P < 0.01) were lower
overall in MET compared with CON calves. There was
an overall greater expression (treatment, P < 0.01) of
total RPS6 in MET compared with CON calves, but

Table 2. Feed intake, growth, ADG, and health parameters from birth through 56 d of age in heifer calves born to Holstein cows fed during the
last 28 d of pregnancy a control diet (CON, n = 18) or the control diet supplemented with ethylcellulose rumen-protected methionine (MET, n
= 21; 0.09% DMI; Mepron, Evonik Nutrition & Care GmbH, Hanau Wolfgang, Germany)]

Maternal treatment P-value?

Ttem CON MET SEM T D T x D
BW (kg) 54.8 57.9 1.21 0.05 <0.01 0.05
Hip height (cm) 84.9 86.9 0.60 0.01 <0.01 0.62
Hip width (cm) 19.2 19.3 0.23 0.85 <0.01 0.11
Wither height (cm) 81.1 82.7 0.55 0.03 <0.01 0.75
Body length (cm) 121 123 1.18 0.20 <0.01 0.57
Daily starter intake (kg) 0.77 0.87 0.08 0.18 <0.01 0.20
ADG (kg) 0.56 0.67 0.02 0.01 — —
Feed efficiency® 0.76 0.79 0.04 0.68

Rectal temperature (°C) 38.4 38.4 0.05 0.65 <0.01 0.80
Fecal score” 1.75 1.67 0.09 0.34 <0.01 0.01
Respiratory score’ 1.03 1.06 0.03 0.27 0.05 0.81

'All calves were fed first-milking colostrum from their respective dams within 6 h postbirth. All calves received the same milk replacer until

weaning at d 42 of age.
?P-value for treatment (T), day (D), and their interaction (T x D).
SCalculated as total gain/total DMI.

‘Based on appearance: 1 = firm, well formed; 2 = soft, pudding-like; 3 = runny, package batter; 4 = liquid, splatters.
Based on appearance: 1 = normal; 2 = runny nose; 3 = heavy breathing; 4 = cough moist; 5 = cough dry.
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Figure 1. Maternal treatment x time response on BW, hip height,
wither height, and daily starter intake in heifer calves born to Holstein
cows fed during the last 28 d of pregnancy a control diet (CON, n
= 18) or the control diet supplemented with ethylcellulose rumen-
protected methionine (MET, n = 21; 0.09% DMI; Mepron, Evonik
Nutrition & Care GmbH, Hanau Wolfgang, Germany). Values are
means + SEM. Body weight: maternal treatment P = 0.05, time P <
0.01, and maternal treatment x time P = 0.05. Hip height: maternal
treatment P = 0.01, time P < 0.01, and maternal treatment x time P
= 0.63. Wither height: maternal treatment P = 0.03, time P < 0.01,
and maternal treatment x time P = 0.74. Asterisk (*) indicates that
means differ; treatment x day P < 0.05.
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Figure 2. Plasma concentration of albumin, glucose, insulin, BHB,
and fatty acids in calves born to cows fed a basal control diet (CON) or
the basal diet plus ethylcellulose rumen-protected methionine (MET;
0.09% of DMI; Mepron, Evonik Nutrition & Care GmbH, Hanau
Wolfgang, Germany) during the last 28 d of pregnancy. All calves were
fed first-milking colostrum from their respective dams within 6 h post-
birth. All calves received the same milk replacer until weaning at 42
d of age. Values are means + SEM. There was a significant day effect
(P < 0.01) for all biomarkers. Albumin: maternal treatment P = 0.05,
maternal treatment x time P = 0.61. Glucose: maternal treatment P
= (.25, maternal treatment x time P < 0.01. Insulin: maternal treat-
ment P = 0.53, maternal treatment x time P = 0.61. BHB: maternal
treatment P = 0.65, maternal treatment x time P = 0.77. Fatty acids:
maternal treatment P = 0.79, maternal treatment x time P = 0.13.
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Figure 3. Amino acid profiles in plasma from calves born to cows
fed a basal control diet (CON) or the basal diet plus ethylcellulose
rumen-protected methionine (MET; 0.09% of DMI; Mepron, Evonik
Nutrition & Care GmbH, Hanau Wolfgang, Germany) during the last
28 d of pregnancy. All calves were fed first-milking colostrum from
their respective dams within 6 h postbirth. All calves received the
same milk replacer until weaning at 42 d of age. Values are means
+ SEM. Asterisk (*) indicates that means differ, day x treatment
P < 0.05. There was a significant day effect (P < 0.01) for all AA.
Methionine: maternal treatment P = 0.46, maternal treatment x time
P = 0.05. Arginine: maternal treatment P = 0.21, maternal treatment
x time P < 0.01. Phenylalanine: maternal treatment P = 0.46, mater-
nal treatment x time P < 0.01. Leucine: maternal treatment P = 0.06,
maternal treatment x time P = 0.24. Histidine: maternal treatment P
= 0.31, maternal treatment x time P < 0.01. Lysine: maternal treat-
ment P = 0.77, maternal treatment x time P = 0.10.
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p-RPS6 and p-RPS6:total RPS6 ratio were not affected
by maternal MET.

The expression of total EIF4EBP1 was overall
greater (treatment, P = 0.02) in MET compared with
CON calves, namely due to 3-fold greater expression
at 28 d of age (Figure 5). The level of p-EIF4EBP1
on d 28 in MET compared with CON calves was also
greater (treatment x day, P = 0.06). These responses
led to a treatment x day (P < 0.01) interaction in the
p-EIF4EBP1:total EIF4EBP1 ratio, namely due to a
marked increase between d 14 and 28 of age in CON
compared with MET calves.

There was a treatment x day (P < 0.01) interaction
for total and phosphorylated eukaryotic translation
initiation factor 2A (EIF2A), namely as a result of
lower expression on d 4 in MET compared with CON
calves (Figure 6). There was a treatment x day (P <
0.01) interaction for the expression of total EEF2 due
primarily to a marked decrease between d 4 and 14 in
CON compared with MET calves such that expression
was greater in MET calves on d 14. The phosphoryla-
tion of EEF2 had a treatment x day interaction (P =
0.03) primarily due to a 2.4-fold greater level in CON
compared with MET calves on d 4 of age. These re-
sponses led to an overall lower (P < 0.01) p-EEF2:total
EEF2 ratio in MET compared with CON calves.

Besides maternal effects or interactions, a day effect
was associated with decreases in phosphorylation ratios
for AKT, MTOR, RPS6KB1, and EIF2 regardless of
maternal treatment (Supplemental Figure S5; https://
doi.org/10.3168/jds.2018-14378). In contrast, phos-
phorylation ratios for RPS6, EIFAEBP1, and EEF2
expression increased over time regardless of maternal
treatment (Supplemental Figure S5; https://doi.org/10
.3168/jds.2018-14378).

DISCUSSION

Except for phenylalanine, glutamine, glycine, and
serine, the plasma concentration of methionine and
other indispensable AA increases prepartum in dairy
cows when the dietary supply of methionine is in-
creased (Zhou et al., 2016a; Batistel et al., 2017a). A
similar response was detected in cows from the present
study (Batistel et al., 2017a, b), hence providing the
opportunity to evaluate postnatal effects of maternal
methionine supply on measures of calf growth and me-
tabolism. That few measures of development and me-
tabolism at birth differed in MET compared with CON
calves and that MET calves achieved greater BW, hip
height, wither height, and ADG without consuming a
higher level of starter during the first 7 wk of age were
suggestive of a programming effect induced in utero at
least in part by the greater methionine supply. Hence,


https://doi.org/10.3168/jds.2018-14378
https://doi.org/10.3168/jds.2018-14378
https://doi.org/10.3168/jds.2018-14378
https://doi.org/10.3168/jds.2018-14378
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as a well-established “nutrient sensing” (Laplante and
Sabatini, 2009) pathway in nonruminants, the focus of
the current molecular analyses was on the role of the
hepatic MTOR pathway in coordinating some of the
whole-animal responses detected.

In milk-fed calves, the maturation of hepatic gluco-
neogenesis is partly a function of availability of lactate
and AA (Hammon et al., 2012). Although systemic con-
centrations of glucose are clearly affected by meal pat-
terns, the longitudinal decrease in glucose and insulin
concentrations over the first 50 d of age in both groups
partly reflects the gradual decrease in milk replacer
intake and the greater intake of solid feed. The latter
would have a greater effect on systemic glucose con-
centrations as the time of weaning approaches through
the provision of propionate from ruminal fermentation.
More specific indicators of a gradual development in
ruminal function and changes in availability of fuels
to tissues are the gradual decrease in NEFA (due to
alterations in lipolysis of fat mass) and the marked
temporal increase in BHB produced from ruminal keto-
genesis of butyrate (Lane et al., 2002; Khan et al., 2007;
Naeem et al., 2012). Clearly, there are limitations in

measuring glucose and insulin at a single time point on
any given day in terms of understanding residual effects
of maternal MET on neonatal metabolism. However,
we believe that using those data along with molecular
changes over time in a metabolically important tissue
such as the liver could provide a preliminary evaluation
of maternal effects of methionine supply on physiologic
response of the offspring.

As building blocks for proteins and substrates for glu-
coneogenesis (i.e., pyruvate and oxaloacetate) or fatty
acids (i.e., acetyl-CoA), the AA play important roles in
regulating the metabolism, growth, development, and
immunity of organisms (Wu, 2013). In addition to met-
abolic pathways, methionine contributes approximately
50% to transmethylation reactions in neonatal piglets,
with the proportion reduced to approximately 30% at
weaning (Bauchart-Thevret et al., 2009). The greater
concentration of methionine in the MET calves during
the first week of age could have been related to greater
maternal transfer, which suggests a greater supply of
methylation precursors during the early neonatal stage
(McBreairty and Bertolo, 2016). Although we did not
measure rates of protein synthesis in the present study,

Table 3. Messenger RNA expression of genes related to insulin signaling, gluconeogenesis, and the mammalian target of rapamycin signaling
pathway in liver tissue from calves born to cows fed a basal control diet (CON) or the basal diet plus ethylcellulose rumen-protected methionine
(MET; 0.09% of DMI; Mepron, Evonik Nutrition & Care GmbH, Hanau Wolfgang, Germany) during the last 28 d of pregnancy’

Day of age’ P-value®

Maternal

Gene treatment 4 14 28 50 SEM T D T xD

FASN MET 0.40 0.53 0.80 1.41 0.07 0.47 <0.01 0.32
CON 0.45 0.89 0.79 1.13 0.07

SREBF1 MET 0.92 0.71 0.89 1.18 0.07 0.87 <0.01 0.80
CON 0.98 0.64 1.01 1.16 0.07

PC MET 1.23 0.99 0.79 0.83 0.03 0.04 <0.01 0.99
CON 1.27 1.08 0.85 0.91 0.03

PCK1 MET 0.72 0.82 1.07 0.87* 0.09 0.30 <0.01 0.02
CON 0.76 0.73 1.06 1.71° 0.10

PCK2 MET 1.03 0.89 1.06 0.98 0.04 0.90 0.69 0.52
CON 1.03 0.97 0.90 1.02 0.04

G6PC MET 1.03 0.71 0.92 1.10 0.07 0.30 <0.01 0.87
CON 1.18 0.74 0.99 1.38 0.08

AKT MET 0.55 0.54 0.60 0.56 0.02 0.18 0.02 0.63
CON 0.62 0.54 0.64 0.60 0.02

MTOR MET 1.00 0.99 0.98 0.95 0.02 0.23 0.33 0.69
CON 1.10 0.97 1.06 0.98 0.02

RPS6KB1 MET 0.91 1.00 0.98 0.93 0.03 0.18 0.25 0.28
CON 0.97 0.97 1.05 1.05 0.03

RPS6 MET 0.16 0.20 0.14 0.16 0.01 0.01 0.05 0.17
CON 0.18 0.18 0.17 0.19 0.01

EIFJEBP1 MET 1.17 0.99 1.05 0.92 0.04 0.67 <0.01 0.87
CON 1.12 0.94 1.03 0.95 0.04

EEF2 MET 1.09 0.95 0.92 0.95 0.02 0.05 <0.01 0.69
CON 1.19 0.97 0.99 1.08 0.03

**Means within a column with different superscripts differ (T x D, P < 0.05).
'All calves were fed first-milking colostrum from their respective dams within 6 h postbirth. All calves received the same milk replacer until

weaning at d 42 of age.
*Data are LSM 4 SEM (n = 8/treatment).
?P-value for treatment (T), day (D), and their interaction (T x D).
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Figure 4. Abundance of total a-serine/threonine kinase (AKT)
protein, phosphorylated (p) AKT, and ratio of phosphorylated AKT
to total AKT protein in the liver of calves born to cows fed a basal
control diet (CON) or the basal diet plus ethylcellulose rumen-pro-
tected methionine (MET; 0.09% of DMI; Mepron, Evonik Nutrition &
Care GmbH, Hanau Wolfgang, Germany) during the last 28 d of preg-
nancy. All calves were fed first-milking colostrum from their respective
dams within 6 h postbirth. All calves received the same milk replacer
until weaning at 42 d of age. Values are means + SEM. Total AKT
protein: maternal treatment P = 0.71. Means with different letters (a,
b) differ (P < 0.05).
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the temporal increases in concentration of leucine and
other branched-chain AA (isoleucine, valine) in both
groups of calves could be taken as an indication of en-
hanced availability for tissue protein synthesis (Norton
and Layman, 2006; Pasiakos and McClung, 2011), par-
ticularly during the first 42 d of age, when there was a
marked decrease in skeletal muscle protein breakdown
as indicated by concentrations of 3-methylhistidine.

The fact that supply of glucose via placenta and
colostrum ceases after birth means that the neonate
must meet its glucose needs from lactose intake and
gluconeogenesis (Mellor and Cockburn, 1986; Girard et
al., 1992). Due to the lack of a functional rumen, AA
in newborn preruminants are important substrates for
gluconeogenesis (Girard et al., 1992; Hammon et al.,
2012). In this regard, the tendency for an increase in
concentration of glutamate and phenylalanine from d
0 to d 7 of age in the MET calves would be expected
to play a role in glucose production in the first days of
age.

As part of its role in sensing insulin levels (Suryawan
et al., 2009), in adult liver, MTOR induces glycoly-
sis and inhibits gluconeogenesis through activation of
AKT (Hagiwara et al., 2002). The PI3K-AKT pathway
can activate glycolysis and inhibit gluconeogenesis, and
the inhibition of gluconeogenesis by AKT occurs by in-
hibiting FOXO1 through phosphorylation (Puigserver
et al., 2003). Although there was a marked decrease in
p-AKT during the first 50 d of age, we failed to detect
an upregulation of FOXOI gene expression. Whether
phosphorylation status of FOXO1 was affected merits
further study. However, the gradual increase in expres-
sion of the gluconeogenic genes PCK1 and G6PC with
age in both groups seems to be in line with the marked
decrease in p-AKT and modest decrease in plasma in-
sulin.

The sustained increase in expression of PCKI and
G6PC over time reflects a gradual maturation of rumen
function and provision of propionate as the main gluco-
neogenic substrate (Hammon et al., 2012). The gradual
decrease in PC expression agrees with lactate as being
a more important gluconeogenic substrate soon after
birth (Hammon et al., 2012) when the rumen is not
fully developed. However, the overall lower expression
of PC' in MET calves might have resulted from hy-
permethylation of its promoter (Pauwels et al., 2017),
whereas posttranscriptional modifications clearly would
contribute to differences in the expression of proteins.
For instance, maternal supply of betaine (a methyl
donor) during pregnancy altered methylation status of
gluconeogenic genes in the liver of neonatal piglets and
led to an inverse association between gene expression
and protein expression without changing enzyme activ-
ity (Cai et al., 2014b). Therefore, a lower expression of
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Figure 5. Abundance of total mammalian target of rapamycin (MTOR) protein, phosphorylated (p) MTOR, and ratio of p-MTOR to total
MTOR; total ribosomal protein S6 kinase B1 (RPS6KB1) protein, p-RPS6KB1, and ratio of p-RPS6KB1 to total RPS6KB1; total ribosomal
protein S6 (RPS6) protein, p-RPS6, and ratio of p-RPS6 to total RPS6; and total eukaryotic translation initiation factor 4E binding protein 1
(EIF4EBP1) protein, p-EIF4EBP1, and ratio of p-EIF4EBP1 to total EIFAEBP1 in liver of calves from cows fed a basal control diet (CON) or
the basal diet plus ethylcellulose rumen-protected methionine (MET; 0.09% of DMI; Mepron, Evonik Nutrition & Care GmbH, Hanau Wolfgang,
Germany) during the last 28 d of pregnancy. All calves were fed first-milking colostrum from their respective dams within 6 h postbirth. All
calves received the same milk replacer until weaning at 42 d of age. Values are means £ SEM. Total MTOR: maternal treatment P = 0.96,
maternal treatment x time P = 0.70. Total RPS6KB1 protein: maternal treatment P = 0.54. Phosphorylated RPS6KB1: maternal treatment x
time P = 0.36. Ratio of p-RPS6KBI1 to total RPS6KB1: maternal treatment x time P = 0.54. Phosphorylated 4EBP1: maternal treatment P =
0.14. Ratio of p-4EBP1 to total 4EBP1: maternal treatment P = 0.66. Means with different letters (a, b) differ (P < 0.05).

PC and PCK1 may not necessarily reflect lower activity
of gluconeogenic enzymes in the MET calves.

Besides exerting control on gluconeogenesis and lipo-
genesis, AKT plays critical roles in cell growth, surviv-

al, and protein synthesis through the phosphorylation
of several effectors. The AKT isoforms (AKT1/2/3)
act as necessary effectors with respect to fetal and
postnatal organismal growth and further persistence of
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development during adulthood (Cho et al., 2001; Dum-
mler et al., 2006). Therefore, the greater (but transient)
level of phosphorylated AKT in MET calves soon after
birth is suggestive of greater hepatic insulin sensitivity
without detrimental effects on the ability of the calf
liver to develop the gluconeogenic program. Previously,
a similar response was surmised through evaluation of
lipid-related genes in calves born to cows receiving an
increased supply of methionine during late pregnancy
(Jacometo et al., 2016). Whether this response observed
in the liver also occurred in other tissues or cells of the
calf remains to be determined.

In nonruminants, hepatic insulin signaling is an in-
tegral component of the lipogenic response during the
fed and fasted cycles. In fact, activation of the PI3-
AKT pathway by insulin enhances lipogenesis through
the upregulation of SREBF1 and several target genes
of which FASN is a central component (Yecies et al.,
2011). The gradual decrease in phosphorylation status
of AKT over time is a novel finding. This response
provides additional mechanistic evidence that insulin

sensitivity decreases markedly during the first 3 mo of
life in calves (Pantophlet et al., 2016). An age-related
decrease in insulin sensitivity has also been observed
in various studies with young ruminants and nonrumi-
nants (Gelardi et al., 1999; Bergeron et al., 2007; Bach
et al., 2013; Yunta et al., 2015). Therefore, as one key
insulin sensor, a sustained decrease in phosphorylated
AKT is a mechanistic adaptation of the neonatal calf
as rumen function develops and the need for gluco-
neogenesis from propionate becomes more important.
Furthermore, such response might have been associ-
ated with the modest change in expression of FASN
and SREBF1. In the context of lipogenic regulation,
however, it is noteworthy that MTOR signaling can ac-
tivate lipogenesis without involvement of the PI3-AKT
pathway (Laplante and Sabatini, 2010). Therefore, we
speculate that the gradual increase (albeit small in
nature) in lipogenic gene expression (FASN, SREBF1)
with age was partly controlled via MTOR signaling.
Phosphorylation of AKT in response to an in-
crease in the supply of AA activates MTOR (Tato
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Figure 6. Abundance of total eukaryotic translation initiation factor 2 (EIF2) protein, phosphorylated (p) EIF2, and ratio of p-EIF2 to total
EIF2 protein; and total translation elongation factor 2 (EEF2), p-EEF2, and ratio of p-EEF2 to total EEF2 in liver of calves born to cows fed
a basal control diet (CON) or the basal diet plus ethylcellulose rumen-protected methionine (MET; 0.09% of DMI; Mepron, Evonik Nutrition
& Care GmbH, Hanau Wolfgang, Germany) during the last 28 d of pregnancy. All calves were fed first-milking colostrum from their respective
dams within 6 h postbirth. All calves received the same milk replacer until weaning at 42 d of age. Values are means + SEM. Total EIF2 protein:
maternal treatment P = 0.20. Phosphorylated EIF2: maternal treatment P = 0.93. Ratio of p-EIF2 to total EIF2 protein: maternal treatment
P = 0.46, maternal treatment x time P = 0.80. Total EEF2 protein: maternal treatment P = 0.12. Ratio of p-EEF2 to total EEF2 protein:
maternal treatment x time P = 0.32. Means with different letters (a, b) differ (P < 0.05).
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et al., 2011); therefore, AKT could participate in the
regulation of cell growth, protein synthesis, and gene
expression (Wullschleger et al., 2006; Laplante and
Sabatini, 2012). Once MTOR is activated, downstream
proteins are phosphorylated and promote numerous
metabolic responses involving glucose, AA, and fatty
acids (Chakrabarti et al., 2010). For instance, MTOR
regulates the expression of genes associated with in-
termediary metabolism and proteasome biogenesis in
the liver of mice and cultured fetal hepatocytes (Lam-
ming et al., 2014). Maternal dietary manipulation in
nonruminants alters MTOR signaling and can affect
liver development during the neonatal developmental
period (Jahan-Mihan et al., 2015; Lee et al., 2016).
These studies suggest that MTOR, signaling is impor-
tant in the regulation of neonatal liver development
and metabolism.

A mechanistic link between methionine and MTOR
activation in muscle cells was recently revealed, where
exogenous methionine induced a quick increase in in-
tracellular Ca’" followed by phosphorylation of MTOR,
RPS6KBI1, and greater protein synthesis (Zhou et al.,
2016). A role for intracellular Ca*" in the activation of
RPS6KB1 and MTOR was demonstrated more than
10 yr ago (Hannan et al., 2003). We speculate that the
greater level of phosphorylated MTOR in liver of MET
calves is indicative of a greater degree of nutrient utili-
zation (e.g., AA). That idea is supported by the greater
phosphorylation of AKT and lower p-EIF2 and p-EEF2
on d 4 of age in addition to the greater concentrations
of methionine, phenylalanine, threonine, glutamate,
and arginine in MET calves during the first 7 d of age.

Among key features of MTOR signaling is the activa-
tion of RPS6KB1 and EIF4EBP1, which constitute a
well-known mechanism for controlling protein synthesis
and initiation of mRNA translation (Laplante and Sa-
batini, 2009). Therefore, the lower phosphorylation of
RPS6KB1 in MET calves despite greater MTOR is not
intuitive. Although rates of hepatic protein synthesis
were not measured, the numerically greater concentra-
tions of the liver-specific proteins albumin and cerulo-
plasmin in MET calves offer support to the idea that
protein synthesis was enhanced in those animals. At
least in vitro, it is well established that AA availability
in perfused liver or hepatocyte cultures influences pro-
tein turnover and albumin synthesis (Flaim et al., 1982;
Hutson et al., 1987).

Although the downstream RPS6 protein phosphory-
lated by RPS6KBI1 is generally considered to promote
gene transcription and enhance ribosome biogenesis,
the present study did not reveal a maternal effect of
MET on RPS6 phosphorylation—an effect that could
have been related to the lower overall activation of

RPS6KB1. As evidenced in studies with RPS6"~/~
mice, the lack of effect could be partly explained by
the dispensable role of RPS6 phosphorylation in global
protein synthesis (Ruvinsky et al., 2005; Salmond et
al., 2015). Hence, in terms of growth and development
postnatally, activation of MTOR, in the present study
could be taken as the effector of increased maternal
supply of methionine.

It is noteworthy that maternal supply of methionine
also affected the phosphorylation of EEF2, another
MTOR downstream target protein that catalyzes the
translocation of peptidyl-tRNA from the A site to the
P site of the ribosome (Taha et al., 2013). Phosphoryla-
tion of Thr56 by EEF2K inhibits the activity of EEF2
during protein synthesis, but MTOR phosphorylation
can inhibit EEF2K activity not only through RP-
S6KB1 (Redpath et al., 1996; Crowell et al., 2016). For
instance, Ser78 and Ser359 on EEF2K are regarded as
potential phosphorylation sites regulated by MTOR
without involving p-RPS6KB1 (Browne and Proud,
2002, 2004). Therefore, a lower overall degree of p-EEF2
in MET calves could be taken as further indication of
activation of MTOR signaling. As such, more activated
EEF2 would further facilitate general mRNA transla-
tion elongation in the liver.

A previous study revealed that AA supplementation
to neonatal pigs did not alter EEF2 phosphorylation in
skeletal muscle but decreased it in liver; that response
was associated with greater MTOR phosphorylation
(Suryawan et al., 2008). In mouse liver, protein syn-
thesis was increased via the MTOR/EEF2 pathway in
response to leucine supplementation, but no such effect
was detected in skeletal muscle (Funabiki et al., 1992).
Overall, these findings reveal higher sensitivity of EEF2
in liver than muscle in response to activation of MTOR
signaling. Therefore, in the present study, we speculate
that EEF2 was an effector of MTOR signaling and
could have enhanced hepatic mRNA translation.

Collectively, the changes detected in phosphorylation
of AKT, MTOR, RPS6KB1, RPS6, EIF4EBP1, and
EEF2 offer support for the existence of a maternal ef-
fect induced by the greater methionine supply during
the last month of pregnancy. Whether the differences
in AA profiles detected are mechanistically related to
activation of the AKT/MTOR/EEF2 axis in the liver
of the calves remains to be determined. Because recent
evidence indicates that MTOR signaling activation
by individual AA includes “priming” and “activation”
(Dyachok et al., 2016), further studies will be required
to isolate those steps in bovines. For example, besides
the well-known role for leucine as an activating AA, in
vitro data indicate that methionine, isoleucine, and va-
line also have that capacity (Dyachok et al., 2016). The
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molecular changes in the liver could result in meaning-
ful alterations in hepatic function and likely play a role
in helping calves achieve better rates of growth during
the preweaning period. Additional research to clarify
the underlying mechanisms for differences in phosphor-
ylation status of MTOR pathway-related proteins as a
result of increased maternal methionine supply appears
warranted.
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