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  ABSTRACT 

  We previously reported that supplementation of 
rumen-protected choline (RPC) reduces the hepatic 
triacylglycerol concentration in periparturient dairy 
cows during early lactation. Here, we investigated the 
effect of RPC on the transcript levels of lipid metabo-
lism-related genes in liver and adipose tissue biopsies, 
taken at wk −3, 1, 3, and 6 after calving, to elucidate 
the mechanisms underlying this RPC-induced reduc-
tion of hepatic lipidosis. Sixteen multiparous cows were 
blocked into 8 pairs and randomly allocated to either 
1 of 2 treatments, with or without RPC. Treatments 
were applied from 3 wk before to 6 wk after calving. 
Both groups received a basal diet and concentrate mix-
ture. One group received RPC supplementation, result-
ing in an intake of 14.4 g of choline per day, whereas 
controls received an isoenergetic mixture of palm oil 
and additional soybean meal. Liver and adipose tissue 
biopsies were taken at wk −3, 1, 3, and 6 to determine 
the mRNA abundance of 18 key genes involved in liver 
and adipose tissue lipid and energy metabolism. Milk 
samples were collected in wk 1, 2, 3, and 6 postpartum 
for analysis of milk fatty acid (FA) composition. The 
RPC-induced reduction in hepatic lipidosis could not 
be attributed to altered lipolysis in adipose tissue, as 
no treatment effect was observed on the expression 
of peroxisome proliferator-activated receptor γ, lipo-
protein lipase, or FA synthase in adipose tissue, or on 
the milk FA composition. Rumen-protected choline 
supplementation increased the expression of FA trans-
port protein 5 and carnitine transporter SLC22A5 in 
the liver, suggesting an increase in the capacity of FA 
uptake and intracellular transport, but no treatment 
effect was observed on carnitine palmitoyl transferase 
1A, transporting long-chain FA into mitochondria. In 
the same organ, RPC appeared to promote apolipo-
protein B-containing lipoprotein assembly, as shown 

by elevated microsomal triglyceride transfer protein 
expression and apolipoprotein B100 expression. Cows 
supplemented with RPC displayed elevated levels of 
glucose transporter 2 mRNA and a reduced peak in 
pyruvate carboxylase mRNA immediately after calv-
ing, showing that supplementation also resulted in 
improved carbohydrate metabolism. The results from 
this study suggest that RPC supplementation reduces 
liver triacylglycerol by improved FA processing and 
very-low-density lipoprotein synthesis, and RPC also 
benefits hepatic carbohydrate metabolism. 
  Key words:    dairy cow ,  choline ,  fatty liver ,  gene ex-
pression 

  INTRODUCTION 

  The transition to lactation is supported by hormone-
induced adaptations in fat metabolism in all mammals, 
including dairy cows (Friggens et al., 2004). These ho-
meorhetic processes are accompanied by an increased 
release of FA from adipose tissue, elevating blood levels 
of NEFA. Furthermore, lipolysis is sustained during 
early lactation as long as energy intake cannot com-
pensate for the increased energy demand of lactation 
(McNamara, 1991; Grummer, 2008). Aside from being 
utilized by the mammary gland, part of the circulatory 
NEFA are taken up by the liver, where they can be 
metabolized through 1 of 3 major pathways: (1) di-
rect production of energy via oxidation of NEFA in 
mitochondria or peroxisomes, (2) production of ketone 
bodies (i.e., acetoacetate, acetone, and BHBA) through 
partial oxidation, or (3) reesterification into triacylg-
lycerol (TAG), which can then either be sequestered 
in internal stores or be released into the circulation 
as TAG-rich, very-low-density lipoproteins (VLDL; 
Drackley et al., 2006; Grummer, 2008). In ruminants, 
however, VLDL secretion is relatively low, which pre-
disposes the animals to hepatic lipidosis and ketosis 
(Kleppe et al., 1988). 

  Synthesis of VLDL requires TAG, phospholipids, 
cholesterol esters, microsomal triglyceride transfer pro-
tein (MTTP), and apolipoproteins such as apolipopro-
tein B100 (Bernabucci et al., 2004). Choline, a quasi-
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vitamin with various functions, is incorporated into 
phosphatidylcholine, the major phospholipid of VLDL. 
When phosphatidylcholine is limiting, choline supple-
mentation may improve the rate of VLDL synthesis 
and thereby prevent excessive TAG accumulation in 
the liver (Grummer, 2008). In contrast to humans and 
rodents, choline availability in ruminants is hampered 
by the loss of dietary choline by extensive microbial 
degradation (Sharma and Erdman, 1989), which means 
that supplements should be industrially protected 
against ruminal degradation. Indeed, we and others 
have previously demonstrated that rumen-protected 
choline (RPC) supplementation to dairy cattle reduces 
fat accumulation in the liver (Cooke et al., 2007; Zom 
et al., 2011), increases milk production (Elek et al., 
2008) and milk protein production (Zom et al., 2011). 
Yet, the underlying molecular mechanisms for the ben-
eficial effects of RPC in periparturient dairy cattle are 
not fully understood.

In the present study, we propose a model for the ac-
tion of RPC on FA processing by the bovine liver during 
early lactation, based on the temporal gene-expression 
profiles of 18 key energy metabolism-related enzymes in 
liver and adipose tissue, assessed by real-time quantita-
tive PCR (qPCR) and the FA composition of milk to 
assess adipose mobilization. This model may be helpful 
in defining new strategies of RPC supplementation to 
reduce the incidence of hepatic lipidosis and ketosis in 
dairy cattle.

MATERIALS AND METHODS

Animals and Treatments

All experimental protocols and interventions were 
approved by the Ethical Committee on Animal Ex-
periments of the Animal Sciences Group of Wagenin-
gen University and Research Centre (Lelystad, the 
Netherlands). The experiment was carried out between 
January 5, and April 26, 2009, as a complete random-
ized block designed structure comprising 16 Holstein-
Friesian cows (7 second-parity, 5 third-parity, and 4 
older cows), within a larger performance trial described 
by Zom et al. (2011). Cows were paired in 8 blocks on 
the basis of similarity in parity, expected date of calv-
ing and milk performance in the previous lactation (in 
order of priority).

Cows were housed in a cubicle shed and were kept in 
separate dry cow and lactating cow groups. Four weeks 
before the expected date of calving, cows were moved 
to the precalving group. On the day of calving, cows 
were separated from the dry cow group and housed in a 
straw-bedded calving pen. After calving, the cows were 

moved to the postcalving group. Cows were milked 
twice daily at 0600 and 1700 h in a milking parlor.

Cows within each block were randomly allocated to 
either the control (CON) or choline (CHOL) treat-
ment group. Cows in the CHOL group received daily 
60 g of an RPC source (ReaShure; Balchem Corp., New 
Hampton, NY) that was mixed with 540 g of soybean 
meal. As ReaShure contained 24% choline, each CHOL 
cow received 14.4 g of choline per day. Cows in group 
CON did not receive any choline supplementation, but 
were supplemented with a mixture of soybean meal and 
palm oil (582 and 18 g/d, respectively) to supply equal 
protein, energy, and crude fat levels. The experimental 
treatments started 3 wk before the expected calving 
date (wk −3) and lasted until 6 wk after calving (wk 6).

Diets and Feeding Management

From 4 wk before calving until calving, cows re-
ceived ad libitum the precalving feed mixture (Table 1) 
supplemented with a close-up compound concentrate. 
The daily concentrate allowance was increased gradu-
ally from zero at d 21 to 0.9 kg of DM on the expected 
day of calving.

After calving, cows received ad libitum the post-
calving feed mixture (Table 1), supplemented with an 
early-lactation compound concentrate. The daily allow-
ance of this concentrate was increased with 0.45 kg of 
DM/d from 0.9 kg of DM/d on d 0 (i.e., calving) up 
to 8.1 kg of DM/d on d17. The maximum level of con-
centrate was maintained from d 17 until the end of the 
experimental period at d 43. Concentrate ingredients 
and chemical composition of all feeds are described by 
Zom et al. (2011).

The compound concentrates as well as the CHOL 
or CON supplement were fed individually using 3 
transponder-controlled concentrate dispensers. The 
feed mixtures were supplied in feed weighing troughs 
with transponder-controlled access gates (Insentec BV, 
Marknesse, the Netherlands) which were continuously 
accessible for each cow, except during milking and 
when refusals were removed and fresh feed was sup-
plied. Daily, between 1030 and 1100 h, feed refusals 
were removed from the troughs and a fresh feed mix-
ture was supplied. To ensure ad libitum intake of the 
feed mixture, the refusal weight was at least 10% of the 
fresh weight at offer. The cows had unrestricted access 
to fresh drinking water.

Tissue Sampling

Liver and adipose tissue biopsies were taken on Mon-
days of wk −3, just before the experimental treatment 
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was started, and on Mondays of wk 1, 3, and 6 post-
calving. Liver tissue was harvested by percutaneous 
needle biopsy as described by Zom et al. (2011).

Subsequently, adipose tissue was sampled from the 
tail region between the ischium (pin bone) and coc-
cygeal vertebrae. First the area was clipped, scrubbed 
with antiseptic solution, and disinfected. A local anes-
thetic was injected subcutaneously (5 mL of lidocaine-
HCL 2% with adrenaline; Eurovet Animal Health BV, 
Bladel, the Netherlands). An incision was made and 
3 samples of approximately 5 g of adipose tissue were 
dissected. The incisions were sutured with staples and 
protected with a film dressing spray (Opsite; Smith & 
Nephew, Hoofddorp, the Netherlands). All dissected 
liver and adipose tissue samples were immediately snap 
frozen in liquid nitrogen and stored at −80°C until 
RNA extraction.

qPCR

For gene expression measurements, frozen samples 
of liver and adipose tissue were ground under liquid 
nitrogen and total RNA was isolated using TRIzol 
reagent (Invitrogen, Breda, the Netherlands), follow-
ing the manufacturer’s instructions. To eliminate DNA 
contamination, the isolated RNA was subjected to an 
on-column DNase treatment (NucleoSpin RNA II kit; 
Macherey-Nagel GmbH & Co. KG, Düren, Germany). 
Reverse transcription of 1 mg of total RNA was per-
formed in a 20-μL reaction using Superscript III reverse 

transcriptase (Invitrogen), deoxyribonucleotide tri-
phosphate (dNTP; Roche Diagnostics Nederland BV, 
Almere, the Netherlands), and random hexamer prim-
ers (Roche Diagnostics Nederland BV) for 1 h at 50°C 
according to the manufacturer’s protocol (Invitrogen). 
The primers used are presented in Table 2. Templates 
were amplified after a preincubation for 10 min at 95°C, 
followed by amplification for 40 cycles (10 s at 95°C, 5 
s at 60°C, and 5 s at 72°C) on a 7500 Fast Real-Time 
PCR System (Applied Biosystems Deutschland GmbH, 
Darmstadt, Germany) by using the SensiMix SYBR 
Low-ROX kit (Bioline UK Ltd., London, UK). All reac-
tions revealed a single product as determined by melt-
ing curve analysis. Quantitative mRNA measurement 
was performed by establishing a linear calibration curve 
using serial dilutions of cDNA for corresponding genes. 
We measured the transcript levels of the following key 
enzymes related to FA and energy metabolism in the 
liver: FA transport proteins (FATP) 2 and 5 (FATP2 
and FATP5), FA-binding protein 1 (FABP1), glucose 
transporter 2 (GLUT2), carnitine palmitoyltransfer-
ase 1A (CPT1A), organic cation-carnitine transporter 
(SLC22A5), glycerol-3-phosphate O-acetyltransferase 
1 (GPAT1), MTTP, apoprotein B100 (APOB100), 
peroxisome proliferator-activated receptors (PPAR) 
α and δ (PPARα and PPARδ), pyruvate carboxyki-
nase (PC), pyruvate dehydrogenase kinase isotype 4 
(PDK4), and mitochondrial as well as cytosolic phos-
phoenolpyruvate carboxykinase (PEPCK) m and c 
(PEPCK-m and PEPCK-c). In addition, the expres-

Table 1. Ingredients of the feed mixtures and amounts of supplement fed 

Item

Precalving treatment1 Postcalving treatment

CON CHOL CON CHOL

Ingredients of feed mixture (% of DM)
 Wilted grass silage 29.8 29.8 52.3 52.3
 Corn silage 29.6 29.6 34.7 34.7
 Grass seed straw 6.2 6.2
 Wheat straw 32.3 32.3
 Soybean meal solvent extract 7.0 7.0 3.1 3.1
 Soybean meal formaldehyde treated — — 3.0 3.0
 Vitamin and mineral premix2 0.8 0.8 0.5 0.5
 Magnesium oxide 0.5 0.5 — —
 Salt — — 0.2 0.2
Concentrate dispensers (kg/cow per day)
 Soybean meal with palm oil 0.6 0.6
 Soybean meal with choline 0.6 0.6
 Prelactation compound feed 1.0 1.0
 Lactation compound feed 9.0 9.0
1Treatments: CON = control group, supplemented with a mixture of soybean meal and palm oil (582 and 18 
g/d, respectively); CHOL = choline treatment group that received daily 60 g of a rumen-protected choline 
source (ReaShure; Balchem Corp., New Hampton, NY) that was mixed with 540 g of soybean meal.
2Dry cow vitamin and mineral premix provided 10.8 mg of Cu, 10 mg of Zn, 12 mg of Mn, 0.12 mg of Co, 0.32 
mg of I, 0.14 mg of Se, 2,500 IU of vitamin A, 500 IU of vitamin D3, and 40 IU of vitamin E per kilogram of 
feed mixture DM. Lactating cow vitamin and mineral premix provided 6 mg of Cu, 12.5 mg of Zn, 15 mg of Mn, 
0.09 mg of Co, 0.6 mg of I, 0.17 mg of Se, 2,500 IU of vitamin A, 500 IU of vitamin D3, and 7 IU of vitamin 
E per kilogram of feed mixture DM.
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sion of 3 key enzymes was analyzed in adipose tissue: 
FA synthase (FASN), lipoprotein lipase (LPL), and 
PPARγ. Gene expression of housekeeping genes 18S 
ribosomal RNA and β-actin (ACTB) were also ana-
lyzed as internal standard. Variation in 18S ribosomal 
RNA expression was much higher than for ACTB in the 
collected liver biopsies (unpublished results). Absolute 
expression levels of genes of interest were, therefore, 
normalized using their corresponding values of ACTB.

Milk FA Composition

For milk FA analysis, samples of each cow were col-
lected during 2 a.m. milkings on consecutive days in 
wk 1, 2, 3, and 6 postpartum. Both a.m. milkings were 
pooled to 1 composite sample per cow per week. Milk 
samples were analyzed for FA composition as described 
previously by Mach et al. (2011).

Statistical Analysis

For qPCR results, the ratios between the absolute 
mRNA concentration of the relevant genes and house-
keeping gene ACTB were calculated at each time point 
(wk −3, 1, 3, and 6). For milk FA composition, indi-
vidual FA levels were expressed relative to the total 
amount of FA in milk samples at each time point (wk 1, 
2, 3, and 6). Mixed-model analysis with repeated mea-
surements was performed using the REML procedure 
in GenStat 12th Edition software (2009; VSN Interna-
tional Ltd., Hemel Hempstead, UK). Treatment days 

and DIM were included as fixed effects in the model 
(both linear and quadratic) to estimate the slope of 
the curve for each treatment group. Cow, block, ex-
perimental week, and the cow by week interaction were 
included as random effects in the model. The model 
structure was (Zom et al., 2011) as follows:

 log ,Y ijk i j j ijk( ) = + + + + +β β β β β ε0 1 2
2

3 4
2DIM DIM TD TD

where log(Y) = the log-transformed ratios of each of 
the analyzed genes versus ACTB, β0 = the intercept, β1 
= the fixed effect for DIMi, β2 = the fixed quadratic 
effect of DIMi

2, β3 = the effect of treatment day TDj 
(control: TD = 0), β4 = the quadratic effect of treat-
ment day TDj

2 (control: TD = 0), and εijk = residual 
variance.

Differences were declared significant at P < 0.05. 
The quadratic effect of DIM and effect of TD and TD2 
were removed from the model if parameters were non-
significant (P > 0.05).

RESULTS AND DISCUSSION

We have reported that the level of liver TAG was 
significantly reduced in the first week after calving for 
the CHOL compared with the CON group (P < 0.05), 
indicating that RPC supplementation during the peri-
parturient period reduced hepatic TAG accumulation 
(Zom et al., 2011). Moreover, DMI and milk protein 
concentration for the CHOL group were significantly 

Table 2. Sequences of the primers used for quantitative PCR in liver and adipose tissue 

Gene

Primer sequence

Forward Reverse

Housekeeping gene
 ACTB 5 -GCCCTGAGGCTCTCTTCCA-3 5 -CGGATGTCGACGTCACACTT-3
Hepatic tissue
 PPARα 5 -GGATGTCCCATAACGCGATT-3 5 -GGTCATGCTCACACGTAAGGATT-3
 PPARδ 5 -TGTGGCAGCCTCAATATGGA-3 5 -GACGGAAGAAGCCCTTGCA-3
 FATP2 5 -ATTGGTGCGGTTGGAAGAGT-3 5 -TCTCGAATGGGTTCATCTTTCTC-3
 FATP5 5 -GCTTGTCCTTGGAGTCCTCAGT-3 5 -GCCGACAGTCATCCCAGAAG-3
 FABP1 5 -CAAGTCCAGACCCAGGAGAACT-3 5 -TTTCCGACACCCCCTTGATA-3
 GPAT1 5 -GTTGCCAGCTATACTTCCCTCAA-3 5 -TCGGCGGGATTCATCTGTT-3
 MTTP 5 -ACCTGTGCTCCTTCATCTAATTCAT-3 5 -GCTAGCCAGGCCTCTCTTGA-3
 APOB100 5 -GCGGTCACCTCCCTCTTGCC-3 5 -GGCCGAGGGCTCTGGGATCA-3
 SLC22A5 5 -GTTTTTCGTGGGTGTGCTGAT-3 5 -TGTCTGCATGCCCATCGT-3
 CPT1A 5 -TGCCTCTACGTGGTGTCCAA-3 5 -CTGGCTGGTGGATAATCTCCAA-3
 GLUT2 5 -GCGGCTCAGCAATTTTCTG-3 5 -TGCATAAACAGGTTGGCTGATT-3
 PC 5 -GGCCGCATCGAGGTGTTCCG-3 5 -GGGTGGTCCTTGCCGTGAGC-3
 PDK4 5 -AGAGGAGGTGGTGTTCCCCTGA-3 5 -AAACCAGCCAGCGGAGCATTCC-3
 PEPCK-m 5 -CCGCCTTCCCCAGTGCTTGTG-3 5 -TGGCCCGGAGTCGACCATCAC-3
 PEPCK-c 5 -CCAACGTGGCCGAGACCAGTG-3 5 -TGGGCACAAGGCTCCCCATCC-3
Adipose tissue
 LPL 5 -CACTTCAACCACAGCAGCAAAA-3 5 -TGTACAAGGCAGCCACGAGTT-3
 PPARγ 5 -GAGCCCTTCGCTGTCACAGT-3 5 -CGGAGCTGATCCCAAAGTTG-3
 FASN 5 -GGCATACCTCCAGTCCAGGTT-3 5 -GTGGTTTTTGGAAAGGTCAAATTT-3
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higher than for the CON group at the start of lacta-
tion (P < 0.05), but this effect gradually decreased as 
lactation progressed (Zom et al., 2011). In the present 
study, we aimed to develop understanding on the mo-
lecular mechanisms through which RPC affects hepatic 
FA metabolism by analyzing the role of 18 enzymes in 
liver and adipose tissue as depicted in Figures 1 and 2, 
respectively.

Effects in Liver

Transcription Factors. Genes belonging to the 
PPAR family of ligand-activated nuclear transcription 
factors can be activated by NEFA and their derivatives, 
thereby controlling the expression of several genes in-
volved in lipid metabolism. Three isoforms of PPAR are 
known: PPARα, PPARδ, and PPARγ (Alaynick, 2008), 
of which PPARγ is essentially expressed in adipose tis-
sue, where it regulates adipogenesis. Isoform PPARα is 

mainly involved in expression of genes involved in lipid 
oxidation, ketogenesis, and gluconeogenesis in the liver. 
Peroxisome proliferator-activated receptor β/δ activa-
tion in rodents controls carbohydrate catabolism and 
FA synthesis in the liver (Takahashi et al., 2007).

As presented in Table 3 and Figure 3, the hepatic 
mRNA abundance of PPARα increased significantly 
with increasing DIM, but was unaffected by RPC treat-
ment. The expression of PPARα in ruminant liver is 
mainly induced by plasma NEFA levels, as shown in 
dairy cows during the periparturient period (Loor et 
al., 2005) and during fasting-induced ketosis (Loor et 
al., 2007). van Dorland et al. (2009), however, did not 
observe a periparturient rise in PPARα mRNA and 
they ascribed this to the relatively low plasma NEFA 
concentration observed in their study (average peak 
concentration of approximately 0.3 to 0.5 mmol/L in 
wk 2 postpartum). In our experiment, NEFA levels 
were equal in both treatment groups, which is consis-

Figure 1. Model of NEFA uptake and metabolism in hepatocytes. Cellular uptake of NEFA by hepatocytes is facilitated by FA transport 
proteins 2 and 5 (FATP2 and FATP5), which are predominantly localized to the plasma membrane. Cytoplasmic FA are then either directed 
toward triacylglycerol (TAG) synthesis by the action of glycerol-3-phosphate O-acyltransferase 1 (GPAT1) and storage in lipid droplets, or to-
ward mitochondria or peroxisomes (in the case of branched- and very-long-chain FA) for β-oxidation. Excretion of stored TAG is facilitated by 
microsomal triglyceride transfer protein (MTTP) in the endoplasmic reticulum, followed by very-low-density lipoproteins (VLDL) secretion. The 
nuclear peroxisome proliferator-activated receptors (PPAR) α and δ modulate gene expression to regulate FA metabolism in the liver. FATP2 = 
SLC27A2; FATP5 = SLC27A5; FABP1 = FA-binding protein 1; APOB100 = apolipoprotein B100; SLC22A5 = organic cation transporter (also 
known as OCTN2); CPT1A = carnitine palmitoyltransferase 1A; GLUT2 = glucose transporter 2 (or SLC2A2); PC = pyruvate carboxylase; 
PDK4 = pyruvate dehydrogenase kinase isotype 4; PEPCK = phosphoenolpyruvate carboxykinase.
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tent with equal PPARα concentrations for both treat-
ment groups.

For PPARδ, a significant effect of DIM as well as 
RPC treatment was observed, with increasing PPARδ 
mRNA abundance for cows in the CHOL group and de-
creasing mRNA levels in the CON group (Table 3 and 
Figure 3). In a study with dairy cows, PPARδ mRNA 
expression was increased in severely feed-restricted 
ketotic cows compared with healthy cows; the ketotic 
cows showed increased liver TAG, plasma NEFA, and 
BHBA concentrations (Loor et al., 2007). Peroxisome 
proliferator-activated receptor δ expression showed to 
be increased by FA; activation of PPARδ is involved in 
regulatory loops for lipid oxidation and lipid transport 
(Loor et al., 2007). Recent in vitro studies confirmed that 
specific MUFA, including oleic acid, activate PPARδ 
expression (Brown et al., 2011). In rodents, PPARδ 
activation improves glucose utilization and lipoprotein 
metabolism, and exerts an antiinflammatory effect in 
the liver (Sanderson et al., 2010). Although differences 
in PPARδ-dependent pathways may exist for each dif-
ferent species, taken together with the results of Loor 

et al. (2007) in dairy cattle, these results confirm that 
PPARδ activation is needed for optimal FA processing 
at increased FA influxes in the liver around parturition.

FA Transport. The integral membrane proteins 
FATP2 and FATP5 function as hepatic transporters for 
long-chain FA, activating them to acyl-CoA (Kazantzis 
and Stahl, 2012). Although FATP2 is predominantly 
a plasma membrane transporter transporting FA into 
the cytosol (Figure 1), a minor fraction is localized in 
liver peroxisomes, allowing peroxisomal oxidation of 
branched and very-long-chain FA (Falcon et al., 2010). 
We did not observe a significant effect of DIM for 
FATP2 mRNA level, nor did RPC treatment change 
the levels of expression (Table 3 and Figure 3).

For FATP5, a significant effect of treatment on 
mRNA transcript was observed (Table 3). The mRNA 
abundance of this transporter increased in CHOL cows 
postpartum (Figure 3), suggesting that RPC facilitates 
the import of FA into the liver after calving. Because 
the stimulatory effect on FATP5 expression was paral-
leled by an increased PPARδ expression (Figure 3), it 
would be interesting to investigate in further studies 

Figure 2. Model of NEFA metabolism in adipocytes. The balance between lipogenesis and lipolysis in adipocytes is determined by the 
nutritional state and is regulated by endocrine factors including ACTH, glucagon, adrenalin, and insulin. Under conditions of a positive energy 
balance, NEFA released from lipoproteins [e.g., very-low-density lipoproteins (VLDL) and chylomicrons by the catalytic activity of lipoprotein 
lipase (LPL)] enter the adipocytes through both passive diffusion and active transport. Intracellular FA are first converted to acyl-CoA and then 
reassembled into triacylglycerol (TAG), which can be stored in lipid droplets. Alternatively, NEFA can be synthesized de novo by FA synthase 
(FASN), using acetyl-CoA as a substrate. During a state of negative energy balance, the hydrolysis of TAG to NEFA in adipocytes prevails. 
Subsequently, NEFA are released into the circulation to supply energy to other organs. The nuclear receptor peroxisome proliferator-activated 
receptor γ (PPARγ) is known to target genes involved in FA metabolism and adipocyte differentiation.
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Table 3. The effect of choline supplementation on gene expression in liver and adipose tissue expressed as the relative ratio with housekeeping 
gene β-actin (ACTB) mRNA concentration1 

Item Parameter2

Factor
Effect of choline 
treatment day

Constant DIM DIM2 TD TD2

β0 β1 β2 β3 β4

Hepatic gene expression
 PPARα Estimate −3.945 0.005012 — — —

SED 0.1865 0.002386 — — —
P-value 0.049 NS NS NS

 PPARδ Estimate −5.600 −0.009806 0.000267 0.01087 —
SED 0.0920 0.002933 0.000111 0.00252 —
P-value 0.002 0.020 0.001 NS

 FATP2 Estimate −5.668 0.01599 — — —
SED 0.611 0.00974 — — —
P-value 0.11 NS NS NS

 FATP5 Estimate −1.548 −0.001378 — 0.006014 —
SED 0.067 0.002398 — 0.002757 —
P-value 0.57 NS 0.037 NS

 FABP1 Estimate −0.2982 0.01437 — — —
SED 0.1695 0.00472 — — —
P-value 0.004 NS NS NS

 GPAT1 Estimate −4.154 0.000223 0.000240 — —
SED 0.107 0.002768 0.000111 — —
P-value 0.94 0.035 NS NS

 MTTP Estimate −2.230 0.002364 −0.000266 0.008928 —
SED 0.077 0.002516 0.000088 0.002418 —
P-value 0.35 0.004 0.001 NS

 APOB100 Estimate 2.0550 −0.000520 — −0.01138 0.000281
SED 0.0576 0.001681 — 0.00563 0.000104
P-value 0.76 NS 0.049 0.010

 CPT1A Estimate −2.443 0.005181 — — —
 SED 0.108 0.002045 — — —
 P-value 0.018 NS NS NS
 SLC22A5 Estimate −5.549 0.006284 −0.000633 −0.01920 0.000492

SED 0.077 0.002211 0.000100 0.00826 0.000163
P-value 0.007 <0.001 0.026 0.004

 GLUT2 Estimate −2.554 −0.001470 — 0.008617 —
SED 0.087 0.002751 — 0.003038 —
P-value 0.60 NS 0.012 NS

 PC Estimate −0.3258 0.01744 −0.00089 −0.02759 0.000554
SED 0.10072 0.00282 0.00012 0.01070 0.000206
P-value <0.001 <0.001 0.013 0.010

 PDK4 Estimate −0.7914 0.01049 — — —
SED 0.1012 0.00267 — — —
P-value <0.001 NS NS NS

 PEPCK-m Estimate −0.1454 0.002077 — — —
SED 0.0404 0.001526 — — —
P-value 0.19 NS NS NS

 PEPCK-c Estimate 2.221 0.009403 — — —
SED 0.060 0.002213 — — —
P-value <0.001 NS NS NS

Adipose gene expression
 PPARγ Estimate −3.611 −0.03161 — — —

SED 0.141 0.00536 — — —
P-value <0.001 NS NS NS

 FASN Estimate −3.235 −0.08156 0.001985 — —
SED 0.240 0.00676 0.000240 — —
P-value <0.001 <0.001 NS NS

 LPL Estimate −2.250 −0.04588 0.000791 — —
SED 0.167 0.00496 0.000196 — —
P-value <0.001 <0.001 NS NS

1Analyzed using the statistical model log ,Y ijk i j j ijk( ) = + + + + +β β β β β ε0 1 2
2

3 4
2DIM DIM TD TD  where log (Y) = the log-transformed gene ex-

pression ratios, β0 = the intercept, β1 = the fixed effect for DIMi, β2 = the fixed quadratic effect of DIMi
2,  β3 = the effect of treatment day TDj 

(control: TD = 0), β4 = the quadratic effect of treatment day TDj
2 (control: TD = 0), and εijk = the residual variance. Parameters were declared 

significant at P < 0.05; NS parameters for DIM2, TD, and TD2 were released from the model.
2SED = standard error of difference.

 

 

 



Journal of Dairy Science Vol. 96 No. 2, 2013

EFFECT OF CHOLINE IN PERIPARTURIENT DAIRY COWS 1109

whether this stimulatory effect could be attributed to 
the mediatory action of PPARδ.

Similarly to PPARα expression, the mRNA abun-
dance of FABP1 increased significantly with DIM but 
was unaffected by RPC treatment (Figure 3). Fatty 
acid-binding protein 1, also known as liver-type FA-
binding protein, is a cytosolic protein that binds and 
transports NEFA between membranes. In addition, 
FABP1 can physically interact with PPARα, explain-
ing its partially nuclear localization (Wolfrum et al., 
2001; Schroeder et al., 2008) and activation of tran-
scription by PPARα (Rakhshandehroo et al., 2010). 
This lack of a treatment effect on FABP1 expression 
thus confirms that the effect of choline supplementa-
tion on liver metabolism is not implemented through 
PPARα activation.

Esterification and TAG Transport. Once taken 
up by the hepatocyte, NEFA can be esterified into TAG 
either for delivery into blood as VLDL or storage as cy-
tosolic lipid droplets (Figure 1). The first, rate-limiting 
step in TAG synthesis is the attachment of activated 
NEFA (i.e., acyl-CoA) at the sn-1 position of glycerol-
3-phosphate, a process catalyzed by GPAT1 (Takeuchi 
and Reue, 2009).

We found a significant effect of DIM on GPAT1 
mRNA expression, with increasing expression postpar-
tum (Table 3 and Figure 3). Loor et al. (2005, 2006) 
described a comparable expression pattern of GPAT1 
around parturition, with lowest levels at calving. In 
our study, the lowest levels of GPAT1 mRNA in wk 1 
(Figure 3) coincided with peak hepatic TAG concentra-
tion in wk 1 (Zom et al., 2011) and increased levels 
of GPAT1 mRNA were found when the TAG concen-
tration returned to normal levels in wk 6. Loor et al. 
(2006) suggested that GPAT1 expression may not be 
limiting for periparturient TAG accumulation. Also in 
our trial, the reduction of TAG accumulation by RPC 
supplementation was not effectuated through changes 
in GPAT1 expression.

Expression of MTTP was significantly affected by 
DIM and treatment (Figure 3). In CON cows, the 
MTTP mRNA level was increased significantly at wk 
1 and decreased gradually below antepartum level 
in wk 6. Our results are consistent with earlier work 
demonstrating that MTTP mRNA levels in the bovine 
liver are highest around parturition (Bernabucci et al., 
2004). In response to RPC supplementation, however, 
this increase at parturition was sustained during the 
first 6 wk (Figure 3). As MTTP promotes VLDL as-
sembly in the endoplasmic reticulum (Wetterau et al., 
1997), this result suggests that RPC increases VLDL 
assembly and, thus, TAG export from the liver, allow-
ing hepatocytes to cope with the elevated NEFA influx 
during early lactation.

For APOB100, mRNA levels were also significantly 
affected by treatment (Figure 3). Cows in group CON 
did not show a change in APOB100 mRNA, whereas 
CHOL cows had increased levels of APOB100 in wk 
6 postpartum. We did not find a pronounced decrease 
in APOB100 immediately postpartum as described 
by Bernabucci et al. (2004), but the increased mRNA 
levels of APOB100 and MTTP with RPC treatment 
suggest that improved VLDL synthesis is a main route 
of reduced TAG concentration in early lactation with 
RPC supplementation.

FA Buffering and Mitochondrial Transport. 
We observed a significant effect of DIM on the CPT1A 
mRNA level (Figure 3). It has been well established 
that CPT1A is responsible for the regulation of mito-
chondrial β-oxidation in liver. In previous studies, CP-
T1A expression levels in dairy cattle in early lactation 
were variable (Loor et al., 2005, 2006; Selberg et al., 
2005; van Dorland et al., 2009). The hepatic CPT1A 
gene is a known target of PPARα in mouse and human 
(Rakhshandehroo et al., 2010) as well as in dairy cattle 
(Loor et al., 2005; van Dorland et al., 2009) and this 
relationship between the expression levels of PPARα 
and CPT1A is also found in our study with increasing 
DIM. Treatment had no effect on PPARα expression 
(as mentioned above), nor on CPT1A mRNA abun-
dance. This suggests that RPC supplementation did 
not affect FA transport into mitochondria.

We found that SLC22A5 mRNA abundance was 
significantly affected by DIM and treatment, with in-
creased expression around parturition (Figure 3). This 
is the first study in which hepatic SLC22A5 expression 
is explicitly analyzed in periparturient dairy cattle. 
As a plasma membrane transporter, SLC22A5 facili-
tates the import of carnitine and other organic cations 
into the hepatocyte (Koepsell et al., 2007; Figure 1). 
Carnitine is an obligatory cofactor for β-oxidation of 
FA, enabling the transport of long-chain FA across the 
inner mitochondrial membrane as acylcarnitine esters 
(Ramsay and Arduini, 1993). The increased expression 
of SLC22A5 around parturition, therefore, suggests 
a need for organic cation transport into hepatocytes 
postpartum. In rats and pigs, increased lipolysis due 
to fasting led to an increased hepatic transcription of 
SLC22A5, facilitating carnitine transport into liver 
cells, buffering cytosolic FA and supporting oxidation 
of the increased flux of FA (Ringseis et al., 2009). The 
results of Grum et al. (1996) confirm that the same 
pathway is also active in dairy cattle, showing increased 
carnitine concentration in liver around calving when 
DMI was low. Choline has been shown to have a dual 
effect on carnitine availability: it can support carnitine 
synthesis in the liver by functioning as a methyl donor 
in a methylation step (Bremer, 1983) and it can also 
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Figure 3. Effect of choline supplementation on the expression of 15 energy metabolism-related genes in hepatic tissue of periparturient dairy 
cows. Indicated mRNA levels are expressed as a ratio to housekeeping gene β-actin (ACTB). Open symbols = cows in the control group (CON); 
closed symbols = cows in the choline-supplemented group (CHOL); solid line = slope of the treatment group; broken line (when solid line is 
present) = slope of the control group; broken line (when solid line is not present) = average slope of all cows. PPARα = peroxisome proliferator-
activated receptor α; PPARδ = peroxisome proliferator-activated receptor δ; FATP2 = FA transport protein 2 (or SLC27A2); FATP5 = FA 
transport protein 5 (or SLC27A5); FABP1 = FA-binding protein 1; GPAT1 = glycerol-3-phosphate acyltransferase 1 (or GPAM); MTTP = 
microsomal triglyceride transfer protein; APOB100 = apolipoprotein B100; SLC22A5 = organic cation transporter (also known as OCTN2); 
CPT1A = carnitine palmitoyltransferase 1A; GLUT2 = glucose transporter 2 (or SLC2A2); PC = pyruvate carboxylase; PDK4 = pyruvate 
dehydrogenase kinase isotype 4; PEPCK = phosphoenolpyruvate carboxykinase.
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Figure 3 (Continued). Effect of choline supplementation on the expression of 15 energy metabolism-related genes in hepatic tissue of 
periparturient dairy cows. Indicated mRNA levels are expressed as a ratio to housekeeping gene β-actin (ACTB). Open symbols = cows in the 
control group (CON); closed symbols = cows in the choline-supplemented group (CHOL); solid line = slope of the treatment group; broken 
line (when solid line is present) = slope of the control group; broken line (when solid line is not present) = average slope of all cows. PPARα 
= peroxisome proliferator-activated receptor α; PPARδ = peroxisome proliferator-activated receptor δ; FATP2 = FA transport protein 2 (or 
SLC27A2); FATP5 = FA transport protein 5 (or SLC27A5); FABP1 = FA-binding protein 1; GPAT1 = glycerol-3-phosphate acyltransferase 1 
(or GPAM); MTTP = microsomal triglyceride transfer protein; APOB100 = apolipoprotein B100; SLC22A5 = organic cation transporter (also 
known as OCTN2); CPT1A = carnitine palmitoyltransferase 1A; GLUT2 = glucose transporter 2 (or SLC2A2); PC = pyruvate carboxylase; 
PDK4 = pyruvate dehydrogenase kinase isotype 4; PEPCK = phosphoenolpyruvate carboxykinase.
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directly stimulate the transport of dietary carnitine 
into liver cells as found in rats (Carter and Frenkel, 
1978). Choline-induced SLC22A5 expression may have 
resulted in an increased intracellular carnitine concen-
tration in RPC-supplemented cows. Increased carnitine 
availability has been found to reduce liver TAG ac-
cumulation in dairy cattle through a stimulation of 
FA oxidation, as well as an improved gluconeogenesis 
(Carlson et al., 2007). Serum BHBA concentrations 
were found to be higher with carnitine supplementa-
tion, as a result of increased NEFA oxidation (Carlson 
et al., 2007). In our study, plasma BHBA concentra-
tions were not significantly different between treatment 
groups (Zom et al., 2011), suggesting that a potential 
increase in FA oxidation by RPC supplementation was 
not substantial.

Pyruvate Metabolism and Glucose Transport. 
We analyzed mRNA expression of GLUT2, the bidi-
rectional glucose transporter in the plasma membrane 
(Zhao et al., 1993), to evaluate the glucogenic status 
of the liver. As shown in Figure 3 and Table 3 no sig-
nificant effect of DIM existed on GLUT2 mRNA abun-
dance, as was also found by Hammon et al. (2009), 
but RPC increased GLUT2 expression postpartum. 
Because GLUT2 is a glucose-sensitive gene in the liver 
(Leturque et al., 2005), increased GLUT2 expression 
in the CHOL group could be a result of higher glucose 
production in the liver, indicating improved carbohy-
drate metabolism. The increase in glucose output will 
support the energy demand of other organs, such as the 
mammary gland. However, RPC had no significant in-
fluence on milk yield or lactose yield (Zom et al., 2011).

Additionally, mRNA expression of 4 genes involved 
in gluconeogenesis was analyzed. Pyruvate carboxyki-
nase was significantly increased in wk 1 postpartum, 
and decreased again in the first 6 wk of lactation. 
In cows supplemented with RPC, this periparturient 
increase was significantly lower. Pyruvate carboxyki-
nase is important in gluconeogenesis and formation 
of oxaloacetate, and expression is upregulated around 
parturition in cows with lower energy status or high 
liver fat content (Loor et al., 2007; Hammon et al., 
2009; Castro et al., 2012). The reduced expression in 
CHOL cows relative to CON cows suggests that RPC 
supplementation improved energy status and reduced 
the need for PC.

No effect of treatment was observed on PEPCK-m or 
PEPCK-c, but PEPCK-c mRNA increased significantly 
with DIM as also found by Hammon et al. (2009) when 
looking at cows with relatively high compared with low 
liver fat concentration. The same effect of an increase 
in PC but not in PEPCK-m or PEPCK-c expression 
was found after sever feed restriction in mid-lactation 
dairy cattle (Velez and Donkin, 2005).

Pyruvate dehydrogenase kinase isotype 4 is involved 
in the inactivation of pyruvate dehydrogenase and forms 
a regulating link between fat and carbohydrate metabo-
lism in mammals: expression of PDK4 is increased in 
starvation and with increased intracellular lipid con-
centration, thereby favoring the oxidation of long-chain 
FA over pyruvate as an energy substrate (Holness and 
Sugden, 2003; Connaughton et al., 2010). Pyruvate 
dehydrogenase kinase isotype 4 mRNA expression 
is induced by glucocorticoids and reduced by insulin 
(Connaughton et al., 2010). In dairy cows, PDK4 ex-
pression was increased in endometrial tissue of animals 
in severe negative energy balance (Wathes et al., 2011). 
To our knowledge, expression has not been analyzed 
in dairy cow hepatic tissue before. In our study, an 
increase in PDK4 expression occurred with DIM, sug-
gesting increasing utilization of FA over carbohydrate 
energy sources, but we did not find a significant effect 
of treatment.

Effects in Adipose Tissue

During the dry period, adipose tissue metabolism 
is in an anabolic state, with high PPARγ expression, 
altering gene expression to direct adipose cells toward 
lipogenesis and enhanced glucose uptake (Walczak and 
Tontonoz, 2002). Around parturition, lipolysis in adi-
pose tissue is favored over lipogenesis to mobilize FA 
for lactogenesis in the mammary gland. To evaluate 
whether RPC supplementation had an effect on lipo-
genesis, we analyzed the transcript levels of the fol-
lowing 3 genes in adipose tissue: PPARγ, FASN, and 
LPL. Peroxisome proliferator-activated receptor γ is 
the transcription factor for lipogenesis in adipocytes, 
known to target the FASN and LPL genes (Thering et 
al., 2009). Fatty acid synthase catalyzes FA synthesis, 
whereas LPL promotes the cellular uptake of FA from 
VLDL in the bloodstream. For each of these genes 
expressed during our trial, a significant effect of DIM 
was observed, with the highest gene expression level be-
fore calving, followed by a sharp decrease postpartum 
(Table 3 and Figure 4) as expected. After calving, cata-
bolic processes result in lipolysis, sharply decreasing 
the expression of these genes. Above this, no significant 
effect of treatment was observed (Table 3 and Figure 
4), indicating that RPC supplementation had no effect 
on FA metabolism in adipose tissue when considering 
the 3 genes evaluated.

Milk Fat

The effect of RPC on the amount of FA mobiliza-
tion from adipose tissue can be evaluated indirectly 
by considering the FA composition of milk. Short- and 
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medium-chain FA (<C16:0) as well as part of C16:0 FA 
in milk fat originate from de novo synthesis in the mam-
mary gland, whereas longer-chain FA originate from 
dietary fat or mobilization from adipose tissue (Man-
sbridge and Blake, 1997). Reduced mobilization from 
adipose tissue will decrease the relative proportion of 
long-chain FA compared with short- and medium-chain 
FA in milk. Results for FA composition are presented 
in Table 4.

As expected, the milk FA composition was signifi-
cantly affected by DIM. The proportion of short- and 
medium-chain FA originating from de novo synthesis 
in the mammary gland increased, whereas long-chain 
FA originating from adipose tissue (C18:0 and C18:1 
in milk) decreased (P < 0.001) with time postpartum.

No significant effect of treatment was observed on 
milk FA originating from de novo synthesis, implying 
that choline supplementation did not affect the balance 
between de novo synthesis of FA and the mobilization 
of FA from adipose tissue. This corresponds with the 
lack of treatment effect for BCS and plasma NEFA con-

centration as published previously (Zom et al., 2011). 
No indication exists, therefore, that RPC affected the 
amount of lipolysis in adipose tissue, in agreement with 
the absence of an effect of RPC on the tested lipogenic 
genes in adipose tissue (Table 3 and Figure 4). Two 
specific FA with a relatively small contribution to the 
total amount of milk FA [cis-9,trans-11 C18:2 (rumenic 
acid) and trans-9 C18:1] were significantly affected by 
treatment days. Both FA specifically originate from 
incomplete biohydrogenation of dietary PUFA in the 
rumen. Their contribution to milk FA was increased for 
the CHOL group. On both treatments, cows received 
equal amounts of concentrate during the trial (Table 
1), but voluntary DMI of the roughage feed mixture 
was increased during the first weeks of lactation for 
the CHOL group (Zom et al., 2011). This feed mixture 
consisted mainly of 52% wilted grass silage and 35% 
corn silage (Table 1). The increased intake of the forage 
mixture increased the amount of dietary PUFA ingested 
and may also have caused changes in factors affecting 
rumen biohydrogenation of PUFA (e.g., rumen pH and 

Figure 4. Quantitative PCR analysis of the expression of 3 fat metabolism-related genes in adipose tissue of periparturient dairy cows. 
Indicated mRNA levels are expressed as a ratio to housekeeping gene β-actin (ACTB). Open symbols = cows in the control group (CON); closed 
symbols = cows in the choline-supplemented group (CHOL); broken line = effect of DIM (Table 3; P < 0.05). PPARγ = peroxisome proliferator-
activated receptor γ; LPL = lipoprotein lipase; FASN = FA synthase.
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Table 4. The effect of choline supplementation on the proportion of FA (g/100 g of FA) in the a.m. milk during the first 6 wk of lactation1  

Item Parameter2

Factor
Effect of choline 
treatment day

Constant DIM DIM2 TD TD2

β0 β1 β2 β3 β4

C4:0 Estimate 0.7631 −0.004970 — — —
SED 0.0654 0.002187 — — —
P-value 0.030 NS NS NS

C6:0 Estimate 0.7273 0.001427 — — —
SED 0.0274 0.000904 — — —
P-value 0.12 NS NS NS

C8:0 Estimate 0.2439 0.005388 — — —
SED 0.0429 0.001299 — — —
P-value <0.001 NS NS NS

C10:0 Estimate 0.9367 0.007902 — — —
SED 0.0536 0.001588 — — —
P-value <0.001 NS NS NS

C12:0 Estimate 1.007 0.01005 — — —
SED 0.058 0.00176 — — —
P-value <0.001 NS NS NS

C14:0 Estimate 2.220 0.006283 — — —
SED 0.032 0.001034 — — —
P-value <0.001 NS NS NS

C14:1 Estimate −0.8872 0.03436 −0.000450 — —
SED 0.0784 0.00680 0.000128 — —
P-value <0.001 <0.001 NS NS

C15:0 Estimate −0.5163 0.02737 −0.000430 — —
SED 0.0618 0.00610 0.000117 — —
P-value <0.001 <0.001 NS NS

C16:0 Estimate 3.398 0.000999 — — —
SED 0.014 0.000392 — — —
P-value 0.016 NS NS NS

C16:1 Estimate 0.7889 −0.006032 — — —
SED 0.0567 0.001219 — — —
P-value <0.001 NS NS NS

C17:0 Estimate −0.3135 −0.01332 0.0001391 — —
SED 0.0326 0.00327 0.0000634 — —
P-value <0.001 0.032 NS NS

C17:1 Estimate −1.091 −0.01357 — — —
SED 0.057 0.00154 — — —
P-value <0.001 NS NS NS

C18:0 Estimate 2.665 −0.01834 0.000261 — —
SED 0.050 0.00527 0.000106 — —
P-value <0.001 0.016 NS NS

trans-9 C18:1 Estimate −2.064 0.003509 — 0.003501 —
SED 0.048 0.001850 — 0.001105 —
P-value 0.066 NS 0.010 NS

cis-9 C18:1 Estimate 3.144 −0.004906 — — —
SED 0.037 0.000898 — — —
P-value <0.001 NS NS NS

cis-9,cis-12 C18:2 Estimate 0.3084 0.01278 −0.000210 — —
SED 0.0379 0.00327 0.000061 — —
P-value <0.001 0.001 NS NS

cis-9,trans-11 C18:2 Estimate −1.482 0.03834 −0.000653 0.008553 −0.000139
SED 0.071 0.00635 0.000125 0.004074 0.000069
P-value <0.001 <0.001 0.046 0.049

C18:3 Estimate −0.7563 −0.01356 0.000237 — —
SED 0.0548 0.00531 0.000102 — —
P-value 0.013 0.024 NS NS

% of FA originating from de novo 
 synthesis (vs. diet + mobilization)

Estimate 3.661 0.003904 — — —
SED 0.022 0.000647 — — —
P-value <0.001 NS NS NS

1Analyzed using the statistical model log ,Y ijk i j j ijk( ) = + + + + +β β β β β ε0 1 2
2

3 4
2DIM DIM TD TD  where log (Y) = the log-transformed FA (in 

g/100 g total FA), β0 = the intercept, β1 = the fixed effect for DIMi, β2 = the fixed quadratic effect of DIMi
2, β3 = the effect of treatment day 

TDj (control: TD = 0), β4 = the quadratic effect of treatment day TDj
2 (control: TD = 0), and εijk = the residual variance. Parameters were 

declared  significant  at  P < 0.05;  NS  parameters  for  DIM2,  TD,  and  TD2  were  released  from  the  model.
2SED = standard error of difference.
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rumen transit time), resulting in increased proportions 
of rumenic acid in milk fat (Griinari et al., 1998).

CONCLUSIONS

The beneficial effect of RPC on hepatic lipidosis dur-
ing the first weeks postpartum, as observed by Zom et 
al. (2011), could not be attributed to a difference in 
the amount of adipose tissue lipolysis, as no treatment 
effect was observed on (1) gene expression in adipose 
tissue, (2) NEFA concentration in blood (Zom et al., 
2011), or (3) milk FA composition. Our results indicate 
that the RPC-reduced hepatic TAG concentration is 
most likely attributed to a combination of (1) improved 
buffering and transport of intracellular NEFA by in-
creased carnitine concentration, as evidenced by the 
increase in PPARδ, FATP5, and SLC22A5 expression; 
(2) improved excretion by VLDL transport, shown by 
increased MTTP and APOB100 mRNA expression; 
and (3) improved carbohydrate metabolism, shown by 
increased GLUT2 expression postpartum and reduced 
PC peak expression levels immediately after calving. 
Overall, RPC supplementation improved hepatic energy 
metabolism. Choline may have been the rate-limiting 
nutrient in VLDL assembly, resulting in TAG accumu-
lation in unsupplemented cows during the first weeks 
postpartum. Finally, we hypothesize that the beneficial 
effects of RPC on liver function are extended beyond 
the period of hepatic lipidosis, because mRNA abun-
dance of genes highly relevant in energy metabolism 
(SLC22A5, MTTP, APOB100, and GLUT2) were still 
affected in wk 6, when DMI between groups was equal 
and hepatic TAG concentration had already returned 
to normal levels.
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