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ABSTRACT

Metabolizable methionine (Met) concentrations 
can be increased by feeding rumen-protected dl-Met 
or the isopropyl ester of 2-hydroxy-4-(methylthio) 
butanoic acid (HMBi). Hepatic responses to increas-
ing concentrations of metabolizable Met as a result of 
supplementation of different Met sources have not been 
comparatively examined. The objective of this experi-
ment was to examine the regulation of key genes for 
Met metabolism, gluconeogenesis, and fatty acid oxida-
tion in response to increasing concentrations of dl-Met 
or 2-hydroxy-4-(methylthio) butanoic acid (HMB) in 
bovine primary hepatocytes. Hepatocytes isolated from 
4 Holstein calves less than 7 d old were maintained as 
monolayer cultures for 24 h before addition of treat-
ments. Cells were then exposed to treatments of dl-
Met or HMB (0, 10, 20, 40, or 60 μM) in Met-free 
medium for 24 h and collected for RNA isolation and 
quantification of gene expression by quantitative PCR. 
Expression of betaine-homocysteine methyltransfer-
ase (BHMT), 5-methyltetrahydrofolate-homocysteine 
methyltransferase (MTR), and 5,10 methylenetetrahy-
drofolate reductase (MTHFR) genes, which catalyze 
regeneration of Met from betaine and homocysteine, 
decreased linearly with increasing dl-Met concentra-
tion. We observed similar effects with increasing HMB 
concentration, except expression of MTHFR, which 
was not altered. Expression of Met adenosyltransferase 
1A (MAT1A), which catalyzes the first step of Met 
metabolism to generate S-adenosylmethionine (SAM), 
a primary methyl donor, was decreased with increasing 
dl-Met or HMB concentration. Expression of S-ade-
nosylhomocysteine hydrolase (SAHH) was decreased 
linearly with increasing HMB concentration, but not 
altered by dl-Met. Increasing concentrations of dl-Met 
and HMB decreased cytosolic phosphoenolpyruvate 

carboxykinase (PCK1) expression, but did not alter 
the expression of mitochondrial phosphoenolpyruvate 
carboxykinase (PCK2) or pyruvate carboxylase (PC). 
Expression of glucose-6-phosphatase (G6PC) decreased 
linearly with increasing HMB concentration, but not al-
tered by dl-Met. Neither dl-Met nor HMB altered the 
expression of carnitine palmitoyltransferase 1A (CP-
T1a). These findings demonstrate reduced necessity for 
Met regeneration with increased Met concentrations in 
the medium, regardless of the Met source. The lack of 
upregulation of gluconeogenesis indicates that increased 
dl-Met or HMB is not prioritized for glucose synthesis 
in primary bovine hepatocytes.
Key words: 2-hydroxy-4-(methylthio) butanoic acid 
(HMB), methionine cycle, methyl donor, gluconeogenesis

INTRODUCTION

The importance of methionine (Met) is highlighted 
by its role as a limiting amino acid for protein synthesis 
in growing and lactating dairy cattle (Schwab et al., 
1992; NRC, 2001). Different sources of Met— including 
rumen-protected Met and Met hydroxy analogs such 
as 2-hydroxy-4-(methylthio) butanoic acid (HMB) and 
the isopropyl ester of HMB (HMBi)—have been devel-
oped as dietary supplements to achieve adequate Met 
supply (Zanton et al., 2014). Increased milk protein 
concentration, milk yield, or both have been observed 
following supplementation with rumen-protected Met 
(Rulquin et al., 2006; Osorio et al., 2013) or HMBi 
(Ordway et al., 2009; Osorio et al., 2013). Because 
of rumen degradation, increased milk yield and milk 
protein concentration have not been observed following 
supplementation with HMB (St-Pierre and Sylvester, 
2005; Rulquin et al., 2006).

In addition, Met serves as one of the dietary sources 
for methyl groups and is involved in methyl group me-
tabolism; dietary methionine deficiency results in he-
patic steatosis (Kharbanda, 2009). Methionine can be 
transformed into S-adenosyl methionine (SAM), the 
primary methyl donor, and SAM-dependent methyla-
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tion of phosphatidylethanolamine produces phosphati-
dylcholine, the major component of very low density 
lipoproteins (Purohit et al., 2007).

The liver plays a central role in Met metabolism 
(Finkelstein, 1990): approximately 50% of Met metabo-
lism and up to 85% of all methylation reactions occur 
in the mammalian liver (Mato et al., 2002). Hepatic 
gene regulation serves as an important regulatory point 
for controlling Met metabolism (Finkelstein, 2003; 
Mato et al., 2008). S-Adenosyl-methionine synthetase 
(MATI–III) catalyzes the first step of the Met cycle 
to form SAM (Martinov et al., 2010). The removal 
of S-adenosyl-homocysteine (SAH) is catalyzed by 
the enzyme encoded by SAH hydrolase gene (SAHH), 
forming homocysteine and adenosine (Lu, 2000; Turner 
et al., 2000). Homocysteine is used by the transsulfu-
ration pathway or enters the Met cycle to regenerate 
Met, which is catalyzed by 5-methyltetrahydrofolate-
homocysteine methyltransferase (MTR), 5,10 methy-
lenetetrahydrofolate reductase (MTHFR), and betaine-
homocysteine methyltransferase (BHMT) (Finkelstein, 
1990; Mato et al., 2008).

The effects of dl-Met or HMB on expression of 
the key genes for Met metabolism have not been well 
characterized in cattle. The primary objective of the 
present research was to determine the regulation of 
key genes for Met metabolism in response to increas-
ing concentrations of dl-Met or HMB. Additionally, 
Met is a glucogenic amino acid, and gluconeogenesis is 
critical to support production of milk lactose, a major 
determinant of milk volume (Aschenbach et al., 2010). 
We were interested in testing whether the increased 
milk yield with Met or HMBi supplementation was due 
to increased gluconeogenic capacity, because substrate- 
induced gluconeogenesis has been reported previously 
(Zhang et al., 2015, 2016). The second objective was 
to evaluate the effects of dl-Met and HMB on expres-
sion of gluconeogenic genes, including cytosolic phos-
phoenolpyruvate carboxykinase (PCK1), mitochondrial 
phosphoenolpyruvate carboxykinase (PCK2), pyruvate 
carboxylase (PC), and glucose-6-phosphatase (G6PC). 
We also examined expression of carnitine palmito-
yltransferase 1A (CPT1a), a key gene for fatty acid 
transport, because Met is also involved in synthesis of 
carnitine (Mingrone, 2004), a required substance for 
transporting fatty acids from cytosol into mitochondria 
for β-oxidation (Bremer, 1983). Our hypothesis was 
that as concentrations of dl-Met or HMB increased, 
the need for cellular Met regeneration would decrease, 
and expression of key genes involved in the Met re-
generation cycle would also decrease. In addition, as 
Met concentration increased, gluconeogenesis and fatty 
acid oxidation would be enhanced via upregulation of 
gluconeogenic genes and CPT1a expression.

MATERIALS AND METHODS

Hepatocyte Monolayer Preparation and Treatments

All experimental procedures involving animals were 
approved by the Animal Care and Use Committee of 
the University of Wisconsin-Madison. Four Holstein 
bull calves less than 7 d old (48 ± 2 kg of BW) were 
used as hepatocyte donor animals. Primary hepatocytes 
were isolated via collagenase perfusion of the caudate 
process as described previously (Donkin and Armen-
tano, 1993). Approximately 2.0 × 106 cells were seeded 
on 35 mm Corning Primaria culture dishes (Fisher 
Scientific, Pittsburgh, PA), at a cell density of 2.0 × 
105 cells/cm2, with Dulbecco’s modified Eagle medium 
(DMEM, 2902, Sigma, St. Louis, MO) containing 
20% fetal bovine serum (Sigma) and 1% antibiotic, 
antimycotic solution (Sigma). Four hours after seed-
ing, medium was aspirated and replaced with DMEM 
containing 10% fetal bovine serum and 1% antibiotic, 
antimycotic solution.

Twenty-four hours after seeding, cells were approxi-
mately 80% confluent, and medium was aspirated and 
replaced with Met-free DMEM containing 1% BSA 
(Merck Millipore, Billerica, MA) and 1% antibiotic, an-
timycotic solution, and plates were randomly assigned 
to treatments in triplicate. This low-glucose, Met-free 
DMEM contained 5.5 mM glucose and 1.0 mM so-
dium pyruvate, allowing us to establish an adequate 
experimental model to reflect the relevant physiological 
conditions of dairy cows in the peripartal state. Treat-
ments included 0, 10, 20, 40, or 60 μM dl-Met (Sigma) 
or HMB (Sigma). General cell health and morphology 
were monitored using the ZOE Fluorescent Cell Imager 
(Bio-Rad Laboratories Inc., Philadelphia, PA) through-
out the experiment. After 24 h of treatment exposure, 
cells were collected in 0.5 mL of Trizol reagent (Life 
Technologies, Carlsbad, CA) and stored at −80°C until 
RNA analysis.

RNA Extraction, Real-Time RT-PCR,  
and Primer Evaluation

Total RNA was isolated using Trizol reagent. 
Samples were quantified and quality interrogated by 
absorbance using a Synergy hybrid spectrophotometer 
(BioTek, Winooski, VT). Each triplicate was pooled 
by equal quantity, and 100 μL of the pooled RNA was 
further purified using the RNeasy Mini Kit (Qiagen 
Inc., Thousand Oaks, CA). A 0.5-μg sample of puri-
fied RNA was reverse-transcribed to cDNA using iS-
cript reverse transcriptase (Bio-Rad Laboratories Inc., 
Hercules, CA). Gene expression was quantified with 
real-time PCR using SsoFast EvaGreen supermix (Bio-
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Rad Laboratories Inc.) and primers shown in Table 1. 
Primers were evaluated, and a single PCR product was 
verified using the following protocol: 1 cycle at 95°C for 
3 min; 45 cycles at 95°C for 5 s, 55°C for 5 s; and a melt 
curve from 65°C to 95°C by 0.5°C increments for 3 s. 
A cDNA pool was generated using an equivalent quan-
tity of cDNA from each sample. A 1:4 dilution series 
of the cDNA pool was used to generate the standard 
curve. A no-template control (water as a template) 
and no-reverse-transcription control (RNA pool as a 
template) were included in the real-time PCR analysis. 
All standards, controls, and samples were amplified in 
triplicate using the following reaction: 1 cycle at 95°C 
for 3 min; 45 cycles at 95°C for 5 s, 55°C for 5 s. The 
efficiencies of all PCR reactions were between 90 and 
110% based on standard curve analysis. Quantification 
cycle data were transformed to starting quantity data 
using Bio-Rad CFX Manager software (version 3.1; Bio-
Rad Laboratories Inc.) based on standard curves. The 
starting quantities for the 5 standards (1:4 dilutions of 
the cDNA pool) were 0.25, 0.0625, 0.0156, 0.0039, and 
0.00098, respectively. The mRNA abundance of each 
target gene was the starting quantity of the target gene 
normalized to the arithmetic mean starting quantity of 
3 reference genes: 18S, ribosomal protein S9 (RPS9), 
and β-actin (ACTB) within each sample.

Statistical Analysis

All experiments were conducted in 4 separate cell 
preparations from 4 calves using 3 replicates per treat-
ment. Data were analyzed using PROC MIXED in 
SAS 9.3 (SAS Institute Inc., Cary, NC). Two models of 
analyses of covariance were analyzed in response to Met 
source. The common slope model included the fixed ef-
fects of Met source and concentration, and the random 
effect of calf. The different slope model included the 
fixed effects of Met source, concentration, and source 
by concentration interaction, and the random effect of 
calf. The appropriate model for each gene was chosen 
based on the presence or absence of interaction, where 
no significant interaction indicated that the gene re-
sponded similarly to each source, and a significant in-
teraction indicated that the gene responded differently 
to each source. Comparisons between Met sources at 
each concentration were made using the pdiff option. 
Data are reported as least squares means (LSM) and 
standard errors (SE). Statistical significance was de-
clared at P ≤ 0.05 and tendencies at 0.05 < P ≤ 0.10.

RESULTS

We observed no effect of interaction between Met 
source and concentration on the mRNA expression of 

Table 1. Primers used for target genes

Symbol  GenBank accession  Position1  Sequence (5 –3 )

18S  NR_036642.1  F  ACCCATTCGAACGTCTGCCCTATT
  R  TCCTTGGATGTGGTAGCCGTTTCT

RPS9  NM_001101152.2  F  CCTCGACCAAGAGCTGAAG
  R  CCTCCAGACCTCACGTTTGTTC

ACTB  NM_173979.3  F  GCGTGGCTACAGCTTCACC
  R  TTGATGTCACGGACGATTTC

MTR  NM_001030298.1  F  GCCCCTGAAAGGCAACAATG
  R  CATCCGGTAGGCCAAGTGTT

BHMT  NM_001011679.1  F  TGGGGGCAAAAATGTCAAGAAG
  R  TCCGTCTCCGATGATGACCT

MTHFR  NM_001011685.1  F  TGAGGGGAGACCCCATAGGT
  R  TCAGGTGCTTCAGATCAGCC

MAT1A  NM_001046497.1  F  GCCTGTGAGACGGTGTGTAA
  R  TAGCCAAACATCAGCCCCTG

SAHH  NM_001034315.1  F  TCATTGAGACCCTCGTTGCC
  R  TCCAGGCGTACACTGGAATG

PCK1  NM_174737.2  F  AGGGAAATAGCAGGCTCCAGGAAA
  R  CACACGCATGTGCACACACACATA

PCK2  NM_001205594.1  F  TGACTGGGCAAGGGGAGCCG
  R  GGGGCCACCCCAAAGAAGCC

PC  NM_177946.4  F  CCACGAGT TCTCCAACACCT
  R  TTCTCCTCCAGCTCCTCGTA

G6PC  NM_001076124.2  F  TGATGGACCAAGAAAGATCCAGGC
  R  TATGGATTGACCTCACTGGCCCTCTT

CPT1a  NM_001304989.1  F  TTCGCGATGGACTTGCTGTA
  R  TTTCCTCCCGGTCCAGTTTG

1F = forward primer; R = reverse primer.
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BHMT, MTR, or MAT1 (P > 0.10, Figure 1). We also 
observed no differences (P > 0.10) between dl-Met and 
HMB at any concentration tested for these 3 genes. Ex-
pression of BHMT, MTR, and MAT1 mRNA decreased 
linearly (P ≤ 0.05) in response to increasing Met con-
centrations, regardless of Met source (Figure 1).

We detected an interaction between Met source and 
concentration for MTHFR and SAHH mRNA (P ≤ 

0.05, Figure 1), but no differences (P > 0.10) between 
dl-Met and HMB at any concentration for MTHFR 
and SAHH mRNA. The interaction between Met source 
and concentration on MTHFR mRNA derived from the 
linear decrease (P ≤ 0.05) and lack of change (P > 
0.10) in response to increasing concentrations of dl-
Met and HMB, respectively (Figure 1). In contrast, the 
interaction between Met source and concentration on 

Figure 1. Effect of increasing concentrations of dl-methionine or 2-hydroxy-4-(methylthio) butanoic acid on expression of key enzymes 
involved in methionine metabolism in bovine calf hepatocytes. Cultured primary hepatocytes were exposed to 0, 10, 20, 40, or 60 μM of dl-
methionine (�) or 2-hydroxy-4-(methylthio) butanoic acid (�) for 24 h and harvested for mRNA analysis. Data are expressed as arbitrary units 
of mRNA adjusted for the arithmetic mean abundance of 3 reference genes (18S, RPS9, and ACTB). Values are LSM and SE (n = 4 cell prepara-
tions). The interaction between methionine source and concentration was significant (P ≤ 0.05) for MTHFR (5,10 methylenetetrahydrofolate re-
ductase; panel C) and SAHH (S-adenosylhomocysteine hydrolase; panel E), but was not significant (P > 0.10) for BHMT (betaine-homocysteine 
methyltransferase; panel A), MTR (5-methyltetrahydrofolate-homocysteine methyltransferase; panel B), or MAT1 (Met adenosyltransferase 1; 
panel D). The main effect of concentration was significant (P ≤ 0.05) for BHMT, MTR, and MAT1. The main effect of methionine source was 
not significant (P > 0.10) for any gene.
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SAHH mRNA was due to the lack of change (P > 0.10) 
and linear decrease (P ≤ 0.05) in response to increas-
ing concentrations of dl-Met and HMB, respectively 
(Figure 1).

We observed no effect of interaction between Met 
source and concentration on the mRNA expression of 
PCK1, PCK2, PC, or CPT1a (P > 0.10, Figure 2). We 
also observed no differences (P > 0.10) between dl-Met 
and HMB at any concentration tested for these genes. 
However, we did note an effect of concentration (P ≤ 
0.05) on PCK1 mRNA, which decreased linearly with 

increasing dl-Met or HMB concentrations (P ≤ 0.05, 
Figure 2). We detected no effects of Met concentration 
on PCK2, PC, or CPT1a mRNA (P > 0.10, Figure 2).

We detected an interaction between Met source and 
concentration for G6PC mRNA (P ≤ 0.05, Figure 2). 
We observed no differences (P > 0.10) between dl-
Met and HMB at any concentration tested; instead, the 
interaction was explained by the lack of change (P > 
0.10) and linear decrease (P ≤ 0.05) of G6PC mRNA 
in response to increasing concentrations of dl-Met and 
HMB, respectively (Figure 2).

Figure 2. Effect of increasing concentrations of dl-methionine or 2-hydroxy-4-(methylthio) butanoic acid on expression of key enzymes in-
volved in gluconeogenesis and fatty acid oxidation in bovine calf hepatocytes. Cultured primary hepatocytes were exposed to 0, 10, 20, 40, or 60 
μM of dl-methionine (�) or 2-hydroxy-4-(methylthio) butanoic acid (�) for 24 h and harvested for mRNA analysis. Data are expressed as arbi-
trary units of mRNA adjusted for the arithmetic mean abundance of 3 reference genes (18S, RPS9, and ACTB). Values are LSM and SE (n = 
4 cell preparations). The interaction between methionine source and concentration was significant (P ≤ 0.05) for G6PC (glucose-6-phosphatase; 
panel C), and not significant (P > 0.10) for PCK1 (cytosolic phosphoenolpyruvate carboxykinase; panel A), PCK2 (mitochondrial phosphoenol-
pyruvate carboxykinase; panel B), PC (pyruvate carboxylase; panel D), or CPT1a (carnitine palmitoyltransferase 1A; panel E). The main effect 
of concentration was significant (P ≤ 0.05) for PCK1, but not significant (P > 0.10) for PCK2, PC, or CPT1a. The main effect of methionine 
source was not significant (P > 0.10) for any gene.
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DISCUSSION

The increased availability of Met in dairy cows has 
been associated with increased milk yield (Varvikko 
et al., 1999; Osorio et al., 2013), improved immuno-
metabolic status (Osorio et al., 2014b), and modified 
hepatic methylation patterns (Osorio et al., 2016). The 
present study was designed to explore the direct role of 
increasing concentrations of dl-Met and HMB (2 Met 
sources available for liver metabolism in dairy cows) 
on hepatic mRNA expression of key genes for Met 
regeneration, gluconeogenesis, and fatty acids oxida-
tion in hepatocytes cultured from preruminant calves. 
Primary hepatocyte cell culture is a useful model for 
studying underlying regulatory mechanisms, because 
the cultured cells maintain hormone, substrate, and 
pathway responsiveness (Donkin and Armentano, 1993, 
1994; Donkin et al., 1997) while in vivo confounders 
(including differences in feed intake, nutrient status, 
and hormone concentrations) are reduced. However, 
it is important to ensure that cell culture conditions 
mimic physiological metabolite concentrations. The use 
of HMB instead of HMBi was to mimic the absorbed 
form of HMBi that the liver is exposed to. The different 
effects of HMB and HMBi on lactation performance in 
vivo are due to their different sites of use. For example, 
HMB is highly degraded in the rumen, and only 5% of 
the ingested HMB enters the omasum; therefore, HMB 
is largely used in the rumen (Noftsger et al., 2005). 
Esterification of HMB to HMBi decreases the rate and 
extent of ruminal degradation of the HMB molecule 
(Robert et al., 2001; St-Pierre and Sylvester, 2005). 
Immediate appearance of HMB in peripheral blood 
after HMBi supply to the rumen indicates that HMBi 
is absorbed through the rumen wall and subsequently 
dissociates to yield HMB (Robert et al., 2001), and 
HMB is the form that is converted to l-Met in body 
tissues such as the liver (Robert et al., 2001; Lapierre 
et al., 2007, 2011). The liver extracts a considerable 
proportion (34 to 37%) of absorbed HMB and plays a 
critical role in the synthesis of Met from HMB in dairy 
cows (Lapierre et al., 2007, 2011).

The concentrations tested in the present study were 
chosen to mimic Met concentrations in cows fed diets 
deficient, adequate, or supplemented with Met. Arterial 
Met concentrations were 18 μM in cows that did not 
receive Met supplementation and were 45 μM in cows 
that received 72 g/d of rumen-protected Met during mid 
lactation (Berthiaume et al., 2001). Similarly, dietary 
supplementation of rumen-protected Met (0, 36, and 
72 g/d) increased arterial Met concentrations (25, 29, 
and 40 μM) in early-lactation dairy cows (Berthiaume 
et al., 2006). Arterial Met concentration was reported 
to be 53.4 μM in mid-lactation cows that received jugu-

lar HMB infusion at a rate of 36 g/d (Lapierre et al., 
2011). Arterial Met concentrations are readily avail-
able from feeding trials, but in hepatocyte cell culture 
experiments, treatments should mimic portal vein Met 
concentrations, which are what the liver is exposed to 
in vivo. Data on portal vein Met concentrations with 
dietary supplementation of rumen-protected Met or 
HMB are limited. One study indicated that portal 
vein Met concentrations were 49.8 μM in mid-lactation 
dairy cows that received an abomasal infusion of 15 
g/d of dl-Met (Lapierre et al., 2012). The concentra-
tions of 10 and 20 μM in the present study were chosen 
to mimic Met concentrations in cows fed Met-deficient 
diets, and 40 and 60 μM were chosen to mimic Met 
concentrations in cows fed Met-supplemented diets.

Met Regeneration

The first step of Met metabolism is catalyzed by 
MAT, an enzyme that has 3 distinct forms and is 
encoded by 2 different genes. The MAT1A gene is ex-
pressed exclusively in hepatic tissue and encodes MATI 
and MATIII; the MAT2A gene is expressed mainly in 
fetal hepatocytes and extrahepatic tissues and encodes 
MATII (Torres et al., 2000; Mato et al., 2002). Even 
though MAT1A expression decreased with increasing 
dl-Met and HMB concentrations, it did not necessar-
ily reflect a reduction in SAM concentration. In fact, 
SAM concentration in the present study was likely to 
be maintained or elevated, knowing that SAM concen-
tration is increased by rising methionine concentrations 
in mouse hepatocytes (Korendyaseva et al., 2008) and 
yeast cells (Sutter et al., 2013). Hepatic SAM was 
markedly elevated by excess dietary methionine in 
rats (Rowling et al., 2002), and both hepatic SAM and 
SAH concentrations increased by 4-fold when dietary 
methionine increased from 2 to 3% in rats (Finkelstein 
and Martin, 1986). Decreased MAT1A expression may 
be a regulatory mechanism for maintaining intracellu-
lar SAM concentration, which has been reported to be 
tightly controlled to a narrow range (Martinov et al., 
2010) and considered a critical signal of amino acid 
sufficiency that reciprocally regulates cell growth and 
autophagy (Laxman et al., 2014). In addition, hepatic 
MAT1A expression is regulated mainly by DNA meth-
ylation and histone deacetylation (Mato et al., 2002). 
Transcription of the rat MAT1A gene is regulated by 
methylation of its promoter region, where a higher 
extent of methylation is related to lower mRNA ex-
pression (Torres et al., 2000). The potential increase 
in SAM in the present study may have enhanced the 
methylation of the MAT1A gene promoter, resulting in 
lower expression of MAT1A. These results are in con-
trast to another study, in which expression of MAT1A 
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mRNA in cultured rat hepatocytes was increased by 
2 mM l-Met (Garcia-Trevijano et al., 2000); however, 
2 mM is a supraphysiological concentration that was 
33-fold higher than the highest Met dose used in the 
present study. Nonetheless, it is noteworthy that the 
enzyme activity of MAT is highly regulated posttrans-
lationally (Mato et al., 2002), and even though they are 
encoded by the same MAT1A gene, the MATIII was 
activated by SAM in rats, but MATI activity was in-
hibited (Lu, 2000). The posttranslational regulation of 
MATI and MATIII, as well as the ratio between MATI 
and MATIII in response to Met and HMB supplemen-
tation in bovine hepatocytes, warrants further research.

The metabolite homocysteine is a major regulatory 
point for Met metabolism and can enter the transsulfu-
ration pathway to generate products such as glutathi-
one, or the Met cycle to regenerate Met. The enzymes 
encoded by betaine-homocysteine methyltransferase 
gene (BHMT) use betaine, an intermediate of choline 
metabolism, to regenerate Met from homocysteine 
(Finkelstein, 1990; Mato et al., 2008). When the dietary 
intake of labile methyl groups from methionine, beta-
ine, and choline cannot meet the requirement of total 
consumption of methyl groups, the difference is made 
up via the methylneogenesis pathway through de novo 
synthesis of labile methyl groups, including conversion 
of 5,10-methylenetetrahydrofolate to 5-methyltetrahy-
drofolate catalyzed by 5,10-methylenetetrahydrofolate 
reductase (MTHFR), and the subsequent transfer of 
the methyl group from 5-methyltetrahydrofolate to ho-
mocysteine via 5-methyltetrahydrofolate-homocysteine 
methyltransferase gene (MTR) (Finkelstein, 1990; Mato 
et al., 2008). Overall, the decreased mRNA expression 
of MTR and BHMT with increasing doses of either dl-
Met or HMB, as well as the decreased MTHFR mRNA 
with increasing doses of dl-Met, may be a reflection 
of the reduced need to conserve Met. It has been sug-
gested that homocysteine is preferably used via the 
transsulfuration pathway rather than Met regeneration 
when its concentration is elevated (Kharbanda, 2009). 
Increased glutathione production has been observed in 
the liver of dairy cows when Met is supplemented in the 
form of dl-Met or HMBi (Osorio et al., 2014b), which 
would support the shift in homocysteine metabolism.

Reduced MTR mRNA expression with increasing 
Met concentration in the present study is consistent 
with the previous observation that hepatic MTR activ-
ity was decreased in response to increased dietary Met 
supplementation in rats (Finkelstein and Martin, 1986) 
and steers (Lambert et al., 2002). In contrast to a pre-
vious whole-animal study, in which BHMT mRNA was 
not affected by dietary Met supplementation during the 
peripartal period in dairy cows (Osorio et al., 2014a), 
BHMT mRNA was reduced as the dose of Met increased 

in the present study. Increased Met bioavailability is 
coupled with increased synthesis of SAM in the liver 
(Baldessarini, 1966; Finkelstein and Martin, 1986), and 
SAM serves as a negative regulator of BHMT activ-
ity (Finkelstein and Martin, 1984a,b). Moreover, the 
mRNA abundance of the BHMT gene is directly re-
lated to BHMT enzyme activity in rat liver (Park et al., 
1997; Park and Garrow, 1999). Increased Met levels in 
the present study may have resulted in increased SAM 
concentrations, in turn downregulating the expression 
of this enzyme. A quadratic response of BHMT activ-
ity to increasing dietary Met supplementation in cattle 
(Lambert et al., 2002) and rats (Finkelstein et al., 
1982) has been observed. The increased BHMT activ-
ity in response to either restricted or excessive Met was 
considered an important mechanism for conserving Met 
when Met supplementation was low, or for removing 
excessive homocysteine when Met supplementation was 
high (Finkelstein et al., 1982; Lambert et al., 2002). 
The absence of a quadratic response of BHMT mRNA 
in the present study may have been because even the 
highest Met concentration used was not excessive.

The enzyme encoded by the S-adenosyl-homocyste-
ine hydrolase gene (SAHH) catalyzes the breakdown 
of SAH to homocysteine and adenosine (Turner et al., 
2000). The SAM-dependent biological transmethyl-
ation is inhibited by its product SAH and a reduced 
SAM:SAH ratio. The decreased SAHH mRNA in 
response to increasing concentrations of HMB in the 
present study may result in elevated intracellular SAH 
levels, which in turn can affect expression of key gluco-
neogenic genes due to altered intracellular methylation 
processes (Jackson et al., 2012).

Gluconeogenesis and Fatty Acid Oxidation

Given the frequently observed increase in milk yield 
and the increase in milk protein with supplementation 
of rumen-protected Met (Rulquin et al., 2006; Osorio 
et al., 2013) or HMBi (Ordway et al., 2009; Osorio et 
al., 2013), as well as the critical role of gluconeogenesis 
in supporting the synthesis of milk lactose [the primary 
determinant for the milk volume (Aschenbach et al., 
2010)], the second objective of the present study was to 
investigate the effects of Met and HMB supplementa-
tion on the gene expression of gluconeogenic enzymes 
in bovine hepatocytes. Methionine can serve as a gluco-
genic amino acid by entering the tricarboxylic acid cycle 
through succinyl-CoA, contributing to the mitochon-
drial oxaloacetate (OAA), a merging point for the en-
try of most gluconeogenic substrates to gluconeogenesis 
(Champe et al., 2008; Aschenbach et al., 2010). The 
enzyme encoded by PC catalyzes the formation of OAA 
from pyruvate, and the enzyme encoded by PCK1 and 
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PCK2 catalyzes the formation of phosphoenolpyruvate 
from OAA in the cytosol and mitochondrion, respec-
tively. It has been proposed that the entry of amino 
acids into gluconeogenesis is regulated by the enzyme 
encoded by PC and PCK1, rather than PCK2, because 
formation of phosphoenolpyruvate from amino acids 
requires independent synthesis of NADH in the cytosol 
(Aschenbach et al., 2010). The present data did not 
support our hypothesis that as Met concentration in-
creased, excess Met would be used for gluconeogenesis 
through upregulation of the key gluconeogenic genes. 
The decreased PCK1 and unchanged PC mRNA expres-
sion in response to increasing concentrations of dl-Met 
or HMB was also in contrast to an in vivo study, which 
found that supplemented dl-Met or HMBi increased 
hepatic PCK1 mRNA and decreased PC mRNA (Oso-
rio et al., 2016). One might argue that the discrepancy 
between this in vivo study and the present study in 
terms of PCK1 and PC expression could be due to the 
insensitivity of hepatocytes isolated from preruminant 
calves to changes in gluconeogenesis. However, this 
was not likely to be the case knowing that PCK1 and 
PC mRNA expression was increased in neonatal calf 
hepatocytes in response to nutritional stimuli such as 
the major gluconeogenic precursor propionate (Zhang 
et al., 2016). Instead, it is noteworthy that in the in 
vivo study, the responses of PCK1 and PC mRNA to 
dl-Met or HMBi supplementation were observed only 
during the postpartum period, when feed intake was 
also increased, and not during the prepartum period, 
when feed intake was not altered (Osorio et al., 2016). 
Increased PCK1 mRNA expression postpartum is due 
to increased feed intake (Greenfield et al., 2000; Agca et 
al., 2002), and therefore increased supply of propionate, 
which is a direct regulator of the PCK1 promoter in 
dairy cows (Zhang et al., 2014 2015 2016). Conversely, 
upregulation of PC mRNA in vivo is observed at calv-
ing when feed intake is decreased or during intentional 
feed restriction (Greenfield et al., 2000; White et al., 
2011). Therefore, the increased PCK1 mRNA and de-
creased PC mRNA observed with Met supplementation 
previously (Osorio et al., 2016) were more likely to be 
a secondary effect of increased feed intake than a direct 
effect of dl-Met or HMB.

Because the mRNA abundance of PCK1 and PC 
are directly related to their enzyme activities in dairy 
cows (Greenfield et al., 2000; Agca et al., 2002), the 
decreased PCK1 mRNA and unchanged PC mRNA by 
increasing Met concentration should have resulted in 
reduced PCK-to-PC ratio, which may lead to increased 
intracellular OAA concentration. The size of the OAA 
pool affects the capacity of the tricarboxylic acid cycle 
to completely oxidize acetyl-CoA (Owen et al., 2002; 
White et al., 2011; White, 2015), so increased OAA 

concentration may be beneficial for complete oxidation 
of acetyl-CoA generated from nonesterified fatty acids 
β-oxidation during negative energy balance in dairy 
cows.

The enzyme encoded by the G6PC gene catalyzes the 
last step of gluconeogenesis and glycogenolysis to re-
lease glucose (Nordlie and Foster, 2010). Our data were 
consistent with previous observations in rainbow trout 
hepatocytes, where expression of G6PC mRNA was 
depressed by l-Met (Lansard et al., 2011). Gluconeo-
genic genes, including G6PC and PCK1, are regulated 
at the transcriptional level by intracellular methylation 
processes regulating the activity of relevant key tran-
scription factors (Jackson et al., 2012). Increased in-
tracellular SAH concentration, and therefore decreased 
SAM:SAH ratio and impaired SAM-dependent protein 
methylation, resulted in decreased G6PC transcription 
in HepG2 human hepatocytes (Jackson et al., 2012). 
In the present study, the decreased G6PC mRNA with 
increasing concentration of HMB may have been due 
to decreased SAHH mRNA and presumably increased 
SAH concentration, as discussed above. In contrast to 
the consistent inhibition of PCK1 mRNA by increas-
ing Met concentration, expression of G6PC mRNA was 
differentially regulated by dl-Met and HMB. The lack 
of effects of dl-Met on G6PC and SAHH mRNA indi-
cated that the inhibitory effect of Met on G6PC mRNA 
was specific to HMB.

It is important to note that even though Met can 
serve as a glucogenic amino acid, it is not prioritized 
for glucose production, and the quantitative contribu-
tion of essential amino acids to glucogenic carbon is 
less than 2.5% in transition dairy cows (Larsen and 
Kristensen, 2013). The fact that cows have metabolic 
priorities for Met other than hepatic gluconeogenesis 
has also been emphasized by a study in which abomasal 
infusion of free amino acids with casein profile, includ-
ing Met, led to a greater true portal-drained viscera 
glucose release and increased milk lactose yield; how-
ever, hepatic true release of glucose was not affected in 
early-lactating dairy cows (Galindo et al., 2015). Given 
animals’ many requirements for Met in a variety of 
fundamental biologic processes, including protein syn-
thesis, protein start codon, SAM-dependent transmeth-
ylation reactions, formation of polyamines, synthesis of 
glutathione, and use as a precursor for the nonessential 
amino acid cysteine (Finkelstein, 1990), tightly regu-
lated biological priorities for Met use that rate higher 
than gluconeogenesis are reasonable.

The protein encoded by CPT1a is a rate-limiting en-
zyme of hepatic mitochondrial fatty acid β-oxidation. 
The important role of Met in regulating CPT1a ex-
pression has been highlighted by a reduction of CPT1a 
mRNA accompanied by impaired hepatic fatty acid 
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oxidation and lipid accretion in rats (Serviddio et al., 
2011) and chickens (Kikusato et al., 2015) fed a Met-
deficient diet. Even though supplementation of Met 
in the form of dl-Met or HMBi in peripartal dairy 
cows increased hepatic concentration of free carnitine 
(Osorio et al., 2014b), a required substance for trans-
porting fatty acids from cytosol into mitochondria for 
β-oxidation (Bremer, 1983), CPT1a mRNA was not 
altered in peripartal dairy cows fed rumen-protected 
Met (Osorio et al., 2016), consistent with the results 
of the present study. The nonresponsiveness of CPT1a 
mRNA expression to Met concentration may be specific 
to ruminant animals.

CONCLUSIONS

Decreased mRNA expression for genes that catalyze 
regeneration of Met (BHMT, MTR, and MTHFR) 
reflected the decreased need for cellular regeneration 
of Met with increasing Met concentrations. The subtle 
differences between Met sources on regulating expres-
sion of these genes indicated that HMB and dl-Met 
had similar sparing effects on Met regeneration in liver. 
Increasing concentrations of dl-Met and HMB did not 
upregulate key glucogenic genes; instead, expression of 
PCK1 was decreased with increasing concentrations of 
dl-Met or HMB and G6PC was decreased with increas-
ing concentration of HMB. These results indicate that 
increased Met supply in primary bovine hepatocytes 
is not directed at increased glucose synthesis, prob-
ably due to other metabolic priorities for Met. Further 
research is needed to elucidate the possible metabolic 
priorities for increased concentrations of Met in bovine 
hepatocytes.
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