
J. Dairy Sci. 103
https://doi.org/10.3168/jds.2020-18840
© 2020 American Dairy Science Association®. Published by Elsevier Inc. and Fass Inc. All rights reserved.

ABSTRACT

Nutritional interventions, either by controlling di-
etary energy (DE) or supplementing rumen-protected 
choline (RPC) or both, may mitigate negative postpar-
tum metabolic health outcomes. A companion paper 
previously reported the effects of DE density and RPC 
supplementation on production and health outcomes. 
The objective of this study was to examine the effects 
of DE and RPC supplementation on the expression of 
hepatic oxidative, gluconeogenic, and lipid transport 
genes during the periparturient period. At 47 ± 6 d 
relative to calving (DRTC), 93 multiparous Holstein 
cows were randomly assigned in groups to dietary treat-
ments in a 2 × 2 factorial of (1) excess energy (EXE) 
without RPC supplementation (1.63 Mcal of NEL/kg 
of dry matter; EXE−RPC); (2) maintenance energy 
(MNE) without RPC supplementation (1.40 Mcal of 
NEL/kg dry matter; MNE−RPC); (3) EXE with RPC 
supplementation (EXE+RPC); and (4) MNE with RPC 
supplementation (MNE+RPC). To achieve the objec-
tive of this research, liver biopsy samples were collected 
at −14, +7, +14, and +21 DRTC and analyzed for 
mRNA expression (n = 16/treatment). The interaction 
of DE × RPC decreased glucose-6-phosphatase and 
increased peroxisome proliferator-activated receptor α 
in MNE+RPC cows. Expression of cytosolic phospho-
enolpyruvate carboxykinase was altered by the inter-
action of dietary treatments with reduced expression 
in EXE+RPC cows. A dietary treatment interaction 
was detected for expression of pyruvate carboxylase 
although means were not separated. Dietary treatment 
interactions did not alter expression of carnitine palmi-
toyltransferase 1A or microsomal triglyceride transfer 

protein. The 3-way interaction of DE × RPC × DRTC 
affected expression of carnitine palmitoyltransferase 
1A, glucose-6-phosphatase, and peroxisome prolifera-
tor-activated receptor α and tended to affect cytosolic 
phosphoenolpyruvate carboxykinase. Despite previ-
ously reported independent effects of DE and RPC on 
production variables, treatments interacted to influence 
hepatic metabolism through altered gene expression.
Key words: choline, energy, gluconeogenesis, 
tricarboxylic acid (TCA) cycle

INTRODUCTION

The periparturient period is a metabolically challeng-
ing period for dairy cows because homeorhetic changes, 
negative energy balance, and increased risk for meta-
bolic disorders can negatively affect dairy cattle health 
and productivity (Grummer, 1995; Drackley, 1999; 
White, 2015). Insufficient feed intake combined with 
high energy requirements for lactation often result in 
negative energy balance (Block et al., 2001; Drackley et 
al., 2001; Grummer et al., 2004). In response, triglyc-
erides (TG) are mobilized from adipose tissue, yield-
ing fatty acids (FA) and glycerol, which can provide 
energy and glucose precursors, respectively (Dole, 1956; 
Gordon and Cherkes, 1956). The resulting increase in 
circulating FA and influx to the liver can predispose 
cows to hepatic lipidosis and ketosis (Grummer, 1993; 
White, 2015).

To prevent hepatic lipidosis, common practices are to 
control BCS loss (Janovick et al., 2011) across the tran-
sition to lactation period, feed prepartum diets with de-
creased dietary energy (DE) density, and supplement 
nutrients that promote liver function such as choline 
(Overton and Piepenbrink, 1999; Arshad et al., 2020; 
McFadden et al., 2020). Overfeeding DE prepartum to 
nonlactating cows results in higher conditioned cows, 
as surplus energy is stored in adipose depots (Drackley 
et al., 2014; Contreras et al., 2017), and causes high 
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rates of lipid mobilization, resulting in greater plasma 
FA and BHB (Janovick et al., 2011; Mann et al., 2015) 
and liver TG accumulation postpartum (Janovick et 
al., 2011; Graugnard et al., 2013). Controlling prepar-
tum DE has resulted in improved postpartum health 
with maintained milk production (Graugnard et al., 
2013; Mann et al., 2015). Alternatively, nutrients such 
as rumen-protected choline (RPC) are supplemented 
during the transition period, and research suggests that 
RPC supplementation decreases FA accumulation in 
the liver in a dose-responsive manner (Zenobi et al., 
2018b) and increases milk and ECM production (Ar-
shad et al., 2020; McFadden et al., 2020).

Given the role of these peripartum interventions to 
influence production and hepatic health, in vivo and in 
vitro research has explored the influence of the inter-
ventions on hepatic metabolism. Both peripartum RPC 
supplementation and controlled prepartum energy have 
been demonstrated to alter aspects of hepatic gluco-
neogenesis [glucose-6-phosphatase (G6PC), pyruvate 
carboxylase (PC), cytosolic phosphoenolpyruvate car-
boxykinase (PCK1)] or lipid metabolism [carnitine pal-
mitoyltransferase 1A (CPT1A), microsomal TG trans-
fer protein (MTTP), peroxisome proliferator-activated 
receptor α (PPARA)] (Khan et al., 2014; Huang et al., 
2019; McFadden et al., 2020), and support of hepatic 
glucose and lipid metabolism is thought to be part of 
the mechanism for production and health responses as-
sociated with these peripartum interventions. Although 
both controlling prepartum energy and supplementing 
RPC have demonstrated positive impacts on post-
partum metabolic health, it is unknown whether the 
mechanisms are independent, given the lack of factorial 
designed experiments. Therefore, the objective of this 
collaborative project was to examine the effects and 
potential interactions of prepartum DE and peripar-
tum RPC supplementation on postpartum production, 
metabolic health, and gene expression of enzymes that 
influence hepatic metabolism. A companion paper re-
ported production and health outcomes (Zenobi et al., 
2018a) and a related paper reported immune responses 
(Zenobi et al., 2020). The objective of this analysis was 
to determine effects of prepartum controlled DE and 
peripartum supplementation of RPC on expression of 
hepatic genes involved in gluconeogenesis, FA oxida-
tion, and lipid metabolism.

MATERIALS AND METHODS

This experiment was conducted in collaboration with 
the University of Florida (Gainesville, FL). All experi-
mental procedures involving animals were conducted 
at the University of Florida and were approved by the 
University of Florida Animal Care and Use Commit-

tee. Pregnant nonlactating multiparous Holstein cows 
(n = 93) were grouped by expected calving date and 
randomly assigned at 47 ± 6 d before the expected 
calving date to 1 of 4 treatment groups in a 2 × 2 
factorial design of either (1) excess energy (EXE) 
without RPC supplementation (1.63 Mcal of NEL/kg 
of DM; EXE−RPC); (2) maintenance energy (MNE) 
without RPC supplementation (1.40 Mcal of NEL/kg of 
DM; MNE−RPC); (3) EXE with RPC supplementa-
tion (EXE+RPC); or (4) MNE with RPC supplemen-
tation (MNE+RPC). Supplementation of choline was 
by once-daily top-dress of 17.3 g/d of choline chloride 
via 60 g/d RPC (ReaShure, Balchem Corp., New 
Hampton, NY) from −21 through +21 d relative to 
calving (DRTC). Diets were provided ad libitum as a 
TMR using individual feeding gates (Calan Broadbent 
feeding system, American Calan Inc., Northwood, NH). 
Detailed methodology, BW, and BCS data, as well as 
composition and chemical analysis of the diets, have 
been analyzed and reported previously (Zenobi et al., 
2018a).

Liver Tissue Collection and Selection of Cows  
for Gene Transcript Analysis

Liver tissue was collected −14 (actual d 11.6 ± 4.3 
d), +7, +14, and +21 DRTC and then aliquoted and 
stored at −80°C until analysis, as described previously 
(Zenobi et al., 2018a). A subset of cows from each treat-
ment group (n = 16) was selected for gene expression 
analysis, which was done at the University of Wiscon-
sin-Madison. Selection criteria included availability of 
liver tissue from all 4 biopsy time points, a prepartum 
biopsy sample at least 5 d before calving (i.e., cows did 
not calve more than 10 d early), and no chronic health 
conditions that would result in severe reductions in 
DMI. Given that selection of cows for the gene expres-
sion subset (n = 64) was not completely random, key 
performance variables (DMI, BW, BCS, and DMI as % 
of BW), metabolite concentrations (BHB, FA, glucose), 
and hepatic TG content (µg/µg of DNA) were statisti-
cally reanalyzed for the subset to ensure minimal to no 
differences between the original cohort and subset were 
found. Analysis for the subset of cows was done for 
the 0- to 15-wk period, consistent with the companion 
paper, and for the 0- to 3-wk period of relevance to the 
period of liver biopsies.

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

Total RNA (n = 64) was isolated from about 300 
mg of liver tissue using Trizol reagent (Invitrogen, 
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Carlsbad, CA) by phase separation (Chomczynski, 
1993) following the manufacturer’s instructions. To 
eliminate potential DNA contamination, isolated RNA 
was treated with DNase I and further purified using 
a RNeasy Mini Kit (Qiagen, Thousand Oaks, CA). 
Samples were quantified and quality assured (ratios 
absorbance of 260/280 nm were between 1.9 and 2.1) 
using a Synergy Hybrid Spectrophotometer (BioTek, 
Winooski, VT). A concentration of 0.5 µg of purified 
RNA was reverse transcribed using iScript Reverse 
Transcriptase Supermix (Bio-Rad Laboratories Inc., 
Hercules, CA) in a C1000 Touch ThermoCycler (Bio-
Rad Laboratories). Genes of interest were quantified in 
a CFX-384 Real-Time System (Bio-Rad Laboratories) 
via real-time quantitative PCR with SsoFast EvaGreen 
Supermix (Bio-Rad Laboratories) and primers for each 
gene (Table 1). An RNA pool was formed by combining 
equal quantities of RNA from all samples to serve as 
a no-reverse transcription control. Nuclease-free water 
served as the no-template control. A cDNA pool was 
formed by combining equal quantities of cDNA from 
each sample and was used to generate a 5-point, 1:4 
dilution series standard curve.

Primers (Table 1) were evaluated for each gene using 
the cDNA pool standard curve, and a single product 

was verified before sample analysis 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, 
increasing in 0.5°C increments for 3 s. Gene expression 
was determined for CPT1A, G6PC, MTTP, PC, PCK1, 
and PPARA. Samples were analyzed in triplicate us-
ing the following protocol: 1 cycle at 95°C for 3 min 
and 45 cycles at 95°C for 5 s, 55°C for 5 s. Efficiencies 
between 90 and 110% based on the standard curve were 
used for analysis, and data were transformed using the 
Bio-Rad CFX Manager Software 3.1 (Bio-Rad Labora-
tories). Expression of genes of interest were normalized 
to the arithmetic mean of the expression of 2 reference 
genes within each sample: α-1-microglobulin/bikunin 
precursor (AMBP) and hydroxymethylbilane synthase 
(HMBS). The use of the arithmetic mean of AMBP 
and HMBS for data normalization was verified by the 
lack of treatment effects on the threshold cycle and 
differences of threshold cycle values of <1 between 
treatments. Further interrogation of the stability of 
reference genes was done via NormFinder (Andersen 
et al., 2004), with arithmetic mean data confirmed as 
most stable (M = 0.02) compared with the geometric 
mean or either reference gene alone. Data are expressed 
as mRNA expression of each gene of interest.

Caprarulo et al.: DIETARY INTERVENTIONS ON HEPATIC METABOLISM

Table 1. Primers used for analysis of gene expression in real-time quantitative PCR by functionality

Gene1   Accession No.   Position2   Sequence (5′–3′)   Source

Reference                
  AMBP   NM_173989.3   F   ACTGTCAAGCTCTATGGGCG   Chandler and White 

(2019)
        R   CCTCTGTCGGGCATTGTGAA    
  HMBS   NM_001046207.1   F   GATGGGCAACTGTACCTGACT   Chandler and White 

(2019)
        R   TGGTTTGCATGGTGTCTTGC    
Fatty acid oxidation                
  CPT1A   NM_001304989.1   F   TTCGCGATGGACTTGCTGTA   Chandler and White 

(2017)
        R   TTTCCTCCCGGTCCAGTTTG    
Gluconeogenic                
  G6PC   NM_001076124.2   F   TGATGGACCAAGAAAGATCCAGGC   Zhang et al. (2016)
        R   TATGGATTGACCTCACTGGCCCTCTT    
  PC   NM_177946.4   F   CCACGAGTTCTCCAACACCT   White et al. (2012)
        R   TTCTCCTCCAGCTCCTCGTA    
  PCK1   NM_174737.2   F   AGGGAAATAGCAGGCTCCAGGAAA   Zhang et al. (2016)
        R   CACACGCATGTGCACACACACATA    
Nuclear receptor                
  PPARA   NM_001034036.1   F   ACAAAGCCTCTGGCTACCAC   Verified within
        R   AGCTTCAGCCGAATCGTTCT    
VLDL3 packaging                
  MTTP   NM_001101834.1   F   ACCTGTGCTCCTTCATCTAATTCAT   Chandler and White 

(2017)
        R   GCTAGCCAGGCCTCTCTTGA    
1Alpha-1-microglobulin bikunin precursor (AMBP), hydroxymethylbilane synthase (HMBS), carnitine palmitoyltransferase 1 A (CPT1A), 
glucose-6-phosphatase (G6PC), pyruvate carboxylase (PC), cytosolic phosphoenolpyruvate carboxykinase (PCK1), peroxisome proliferator-
activated receptor α (PPARA), and microsomal triglyceride transfer protein (MTTP).
2F = forward; R = reverse.
3Very low density lipoprotein.
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Statistical Analysis

Production variables for the original cohort (n = 93) 
were analyzed previously (Zenobi et al., 2018a); sta-
tistical analysis on DMI, BW, BCS, and DMI as % of 
BW for the subset (n = 64) of the original cohort were 
reanalyzed to account for any statistical differences 
between the 2 groups. Blood metabolites (BHB, FA, 
glucose) and hepatic TG content analyzed previously 
at −14, +7, +14, and +21 DRTC (Zenobi et al., 2018a) 
were reanalyzed for the subset (n = 64) of the original 
cohort. Data not presented in the results can be found 
in the companion paper.

Gene expression was analyzed at −14, +7, +14, and 
+21 DRTC. Data were analyzed using PROC MIXED 
of SAS 9.4 (SAS Institute Inc., Cary, NC). Analysis 
accounted for the fixed effects of DE, RPC, DRTC, and 
the random effect of cow within treatment. Two- and 
3-way interactions between DE, RPC, and DRTC were 
also analyzed. The REPEATED statement was used for 
repeated measures, and a power correlation covariance 
structure was used because biopsy time points were un-
equally spaced. Means were considered different when 
P ≤ 0.05 and tended to differ if 0.05 < P ≤ 0.10. Means 
were separated within significant 2-way interactions 
with Tukey-Kramer studentized adjustments. Within 
significant 3-way interactions, the slice option was used 
to separate means within a specific DRTC. Results are 
reported as least squares means ± standard error of 
the mean.

RESULTS

Complete results for the original cohort of cows (n 
= 93) are presented in the companion paper (Zenobi 
et al., 2018a). Given that selection of the subset of 
cows for gene expression analysis was not completely 
random, relevant production variables and metabolites 
were analyzed for the subset of cows (n = 64) and 
reported here in Supplemental Tables S1, S2, and S3 
(https:​/​/​doi​.org/​10​.3168/​jds​.2020​-18840) to confirm 
that the subset is similar to and representative of the 
original cohort.

Effect of Dietary Treatment on Production Variables, 
Liver Health, and Blood Metabolites

As was the case for the whole cohort reported in 
Zenobi et al. (2018a), there were no interactions of DE 
× RPC supplementation on production, liver, or blood 
variables measured. As reported previously (Zenobi 
et al., 2018a) for the whole cohort, prepartum DMI 
(kg/d and % of BW) and BW were not affected by 
DE in the subset (P ≥ 0.11; Supplemental Table S1). 

Postpartum DMI was greater (P = 0.05) in MNE than 
EXE, and an interaction of DE × DRTC (P = 0.08) 
tended to decrease DMI (kg/d and % of BW) in EXE 
fed cows (Supplemental Table S2), similar to Zenobi et 
al. (2018a). Cows fed MNE had improved (P = 0.02) 
energy balance across the first 3 wk of lactation and 
tended to have improved (P = 0.07) energy balance 
across the first 15 wk of lactation (Supplemental Table 
S2). Dietary energy did not affect milk or milk com-
ponent yields but cows fed MNE had decreased (P = 
0.01) milk fat percent (Supplemental Table S3). Glu-
cose concentrations were unaffected (P = 0.69) by DE. 
Concentrations of BHB and liver TG (µg/µg of DNA) 
were greater (P ≤ 0.03) in cows fed EXE than in cows 
fed MNE (Supplemental Table S2).

Supplementation of RPC had no effect on DMI (kg/d 
and % of BW; Supplemental Table S2) during the first 
3 wk (P ≥ 0.11) nor up to 15 wk of lactation (P ≥ 
0.25) or on BW (P ≥ 0.42) throughout the postpartum 
period (Zenobi et al., 2018a). Supplementation of RPC 
increased milk yield (P = 0.04), milk protein yield (P 
= 0.04), and milk fat yield (P = 0.02), as reported in 
Supplemental Table S3. Supplementation of RPC did 
not alter (P ≥ 0.18) BHB, glucose, and circulating FA 
concentrations, or liver TG accumulation (Supplemen-
tal Table S2).

Effect of Dietary Treatment and Interactions  
on Hepatic Gene Expression

Hepatic expression of CPT1A (P ≥ 0.20) was not 
altered by DE, RPC, or the interaction of DE × RPC 
(Table 2; Figure 1). The treatment interaction altered 
(P = 0.001) G6PC, with reduced expression with RPC 
supplementation only in MNE cows (Figure 1). Expres-
sion of MTTP (Table 2) was not affected by DE (P = 
0.19) but was increased (P = 0.003) by RPC supple-
mentation, with no treatment interaction detected (P 
= 0.92). A dietary treatment interaction was detected 
for expression of PC (P = 0.02), although means were 
not separated by post hoc comparisons (Figure 1). 
Expression of PCK1 was altered (P = 0.004) by the in-
teraction of dietary treatment, with reduced expression 
with RPC supplementation only in EXE cows (Figure 
1). The dietary treatment interaction also altered (P 
< 0.0001) PPARA expression, with greater expression 
with RPC supplementation only in MNE cows (Figure 
1).

Effect of Dietary Treatment by Time Interactions  
on Hepatic Gene Expression

The 3-way interaction (Figure 2) of DE × RPC × 
DRTC did not alter (P = 0.92) expression of MTTP; 
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however, the RPC × DRTC interaction did influence 
(P < 0.0001) MTTP expression, with RPC supple-
mentation decreasing MTTP expression at +21 DRTC 
compared with −RPC (Figure 2). Similarly, the 3-way 
interaction of DE × RPC × DRTC did not alter (P = 
0.15) expression of PC, but there was an interaction of 
RPC × DRTC (P < 0.0001).

The 3-way interaction between DE × RPC × DRTC 
(Figure 2) affected expression of CPT1A (P < 0.0001), 
G6PC (P = 0.01), and PPARA (P < 0.0001) and 
tended to affect expression of PCK1 (P = 0.08). Cows 
fed MNE+RPC had greater (P = 0.04) expression of 
CPT1A compared with MNE−RPC cows at +7 DRTC. 
At +21 DRTC, expression of CPT1A was decreased 
(P = 0.01) in cows fed MNE+RPC compared with 
EXE+RPC cows and MNE−RPC cows (P < 0.0001). 
Expression of G6PC was increased (P < 0.0001) at +14 
DRTC in EXE−RPC cows compared with MNE+RPC 
cows and tended to be increased (P = 0.08) at +21 
DRTC in EXE−RPC cows compared with MNE+RPC 
cows. Additionally, G6PC expression was greater (P 
≤ 0.03) in EXE+RPC cows and MNE−RPC cows 
compared with MNE+RPC cows at +21 DRTC. At 
+7 DRTC, expression of PPARA was decreased (P = 
0.01) in EXE−RPC cows compared with MNE+RPC 
cows. Expression of PPARA tended to be greater (P = 
0.08) in MNE+RPC cows compared with EXE+RPC 
cows at +14 DRTC, and expression remained greater 
in MNE+RPC cows at +21 DRTC (P = 0.0001) com-
pared with EXE+RPC cows.

DISCUSSION

Controlling prepartum energy intake and supplement-
ing RPC during the periparturient period are 2 strate-
gies to optimize hepatic metabolic function and prevent 
hepatic lipid accumulation. Despite our understanding 
of the effects of these nutritional strategies, it was un-
clear if there was potential for an additive benefit of 
the 2 strategies on production and health. Production 
responses and health outcomes of periparturient cows 
to these treatments in a factorial design were examined 
thoroughly in a companion paper (Zenobi et al., 2018a) 
along with resulting immune responses (Zenobi et al., 
2020). Within the companion paper (Zenobi et al., 
2018a), prepartum EXE (140% of energy requirement 
during the dry period) did not alter milk production 
postpartum but did result in greater concentrations 
of plasma FA and BHB, as well as greater liver TG. 
Supplementation of RPC for approximately 3 wk be-
fore and 3 wk after parturition tended to increase milk 
production and ECM over the first 15 wk postpartum 
without altering DMI, plasma FA, BHB, or liver TG 
concentrations.
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Interestingly, there were no interactions between DE 
or RPC treatments on production effects, supporting 
that the effects of RPC supplementation are indepen-
dent of prepartum DE. The lack of interaction between 
RPC and DE may suggest that there are independent 
mechanisms of action for both these nutritional strate-
gies; therefore, expression of hepatic genes involved in 
gluconeogenesis, FA oxidation, and lipid metabolism 
were examined in a subset of cows. Given that the selec-
tion of the subset of cows (n = 64) for gene expression 
analysis was not completely random, analysis of pre- 
and postpartum BW and DMI, as well as 15 wk milk 
production and components, plasma metabolites, and 
liver TG (Supplemental Tables S1, S2, and S3; https:​/​
/​doi​.org/​10​.3168/​jds​.2020​-18840) was repeated on the 
subset of cows. Responses to DE and RPC supplemen-
tation were similar between the subset and the original 
cohort of cows; therefore, all results and discussion in 
the companion paper (Zenobi et al., 2018a) are relevant 
to the subset of cows used to determine the effect of 
treatment on hepatic gene expression and will not be 

extensively discussed here, although some relevant 
results will be briefly highlighted. Additionally, given 
that liver samples were collected within the peripar-
tum period (−14 to +21 DRTC), milk production and 
components and blood metabolites for this period (0 
to 3 wk postpartum) were analyzed and presented for 
reference (Supplemental Tables S2 and S3).

Altering prepartum DE did not affect PC or PCK1 
(Khan et al., 2014) and, although RPC supplementa-
tion did not alter expression of PCK1 across the peri-
parturient period, it did lessen the increase in PC at 
parturition (Goselink et al., 2013). In the current study, 
RPC supplementation resulted in lower PCK1 expres-
sion only in EXE cows. Although treatment means 
could not be separated for the interaction of DE × 
RPC supplementation on PC, a similar pattern is pres-
ent. The source of dietary interaction on these genes 
is not apparent. Supplementation of choline chloride 
in primary hepatocytes increased gene expression of 
PCK1 and PC in the presence, but not absence, of 1 
mM FA (Chandler and White, 2019); however, concen-

Caprarulo et al.: DIETARY INTERVENTIONS ON HEPATIC METABOLISM

Figure 1. Separated means (LSM ± SEM) of hepatic gene expression of supplementation of dietary energy (DE) by rumen-protected choline 
(RPC; DE × RPC) of carnitine palmitoyltransferase 1 A (CPT1A), glucose-6-phosphatase (G6PC), microsomal triglyceride transfer protein 
(MTTP), pyruvate carboxylase (PC), cytosolic phosphoenolpyruvate carboxykinase (PCK1), and peroxisome proliferator-activated receptor α 
(PPARA) normalized to the arithmetic mean of the reference genes (α-1-microglobulin bikunin precursor and hydroxymethylbilane synthase) in 
cows fed excess energy and no RPC (EXE−RPC; open bars), maintenance energy and no RPC (MNE−RPC; closed bars), excess energy and 
RPC (EXE+RPC; red bars), and maintenance energy and RPC (MNE+RPC; gray bars). Treatments: EXE−RPC, excess energy (1.63 Mcal 
of NEL/kg of DM) and no RPC; MNE−RPC, maintenance energy (1.40 Mcal of NEL/kg of DM) and no RPC; EXE+RPC, excess energy (1.63 
Mcal of NEL/kg of DM) and a top-dress of RPC −21 to +21 d relative to calving at 60 g/d; and MNE+RPC, maintenance energy (1.40 Mcal 
of NEL/kg of DM) and a top-dress of RPC −21 to +21 d relative to calving at 60 g/d. P-values reported are for the DE × RPC interaction. 
Differences between means are denoted by letters (a, b). Treatment means for expression of PC (P = 0.02) could not be separated. Dietary 
interaction was significant for expression of G6PC (P = 0.001), PCK1 (P = 0.004), and PPARA (P < 0.0001) but not for expression of CPT1A 
(P = 0.21) and MTTP (P = 0.92).
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Figure 2. Separated means (LSM ± SEM) of hepatic gene expression of supplementation of dietary energy (DE) by rumen-protected cho-
line (RPC) by days relative to calving (DRTC; DE × RPC × DRTC) of carnitine palmitoyltransferase 1 A (CPT1A), glucose-6-phosphatase 
(G6PC), microsomal triglyceride transfer protein (MTTP), pyruvate carboxylase (PC), cytosolic phosphoenolpyruvate carboxykinase (PCK1), 
and peroxisome proliferator-activated receptor α (PPARA) normalized to the arithmetic mean of the reference genes (α-1-microglobulin bikunin 
precursor and hydroxymethylbilane synthase) in cows fed excess energy and no RPC (EXE−RPC; closed squares, black solid line), maintenance 
energy and no RPC (MNE−RPC; open circles, gray solid line), excess energy and RPC (EXE+RPC; red squares, black dashed line), and main-
tenance energy and RPC (MNE+RPC; gray circles, gray dashed line). Treatments: EXE−RPC, excess energy (1.63 Mcal of NEL/kg of DM) 
and no RPC; MNE−RPC, maintenance energy (1.40 Mcal of NEL/kg of DM) and no RPC; EXE+RPC, excess energy (1.63 Mcal of NEL/kg of 
DM) and a top-dress of RPC −21 to +21 d relative to calving at 60 g/d; and MNE+RPC, maintenance energy (1.40 Mcal of NEL/kg of DM) 
and a top-dress of RPC −21 to +21 d relative to calving at 60 g/d. P-values reported are for the DE × RPC × DRTC interaction. Expression 
of CPT1A (P < 0.0001), G6PC (P = 0.01), and PPARA (P = 0.33) changed with the 3-way interaction. Expression of PCK1 (P = 0.08) tended 
to change with the 3-way interaction. Expression of MTTP (P = 0.92) and PC (P = 0.15) did not change with the 3-way interaction. Tendencies 
within DRTC are denoted with a dagger (0.05 < P ≤ 0.10; †), significance within DRTC is denoted with an asterisk (P ≤ 0.05; *), and DRTC 
that have both a tendency and significant effect between different treatment groups are denoted by a double dagger (P ≤ 0.10; ‡).
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tration of blood FA was not different across treatments 
in the current study. Given the role of PCK1 and PC 
in influencing anaplerosis and cataplerosis of the tri-
carboxylic acid (TCA) cycle, this interaction could be 
reflective of altered energetic state within hepatocytes 
of cows fed EXE with RPC.

Plasma glucose concentrations and milk lactose out-
put were unchanged by DE and RPC treatments; how-
ever, there was an interaction of dietary treatments to 
influence G6PC, the final enzyme in the gluconeogenic 
pathway. In contrast to the effect of dietary interac-
tion on PC and PCK1, G6PC expression was decreased 
with RPC supplementation only when the MNE diet 
was fed (Figure 1), especially at +14 and +21 DRTC 
(Figure 2). The biological impact of altering G6PC ex-
pression as an indicator of hepatic glucose production 
is not completely clear because expression is sometimes 
(Cedeño et al., 2008; Caputo Oliveira et al., 2020) but 
not always (White et al., 2016) changed during the 
periparturient period.

Both energy requirements and shared precursors 
closely link gluconeogenesis and FA oxidation (White, 
2020). Regulation of many genes involved in FA oxida-
tion is coordinated by transcription factors including 
peroxisome proliferator-activated receptor α (PPARα), 
which coordinates regulation of genes involved in 
oxidation via the tricarboxylic acid cycle, ketogenesis, 
and gluconeogenesis in cattle (Goselink et al., 2013). 
Expression of PPARA was not changed by altering 
prepartum DE (Khan et al., 2014; Huang et al., 2019). 
Similarly, expression of PPARA was unchanged by RPC 
supplementation (Goselink et al., 2013). In the current 
study, supplementation of RPC increased expression of 
PPARA when MNE diets were fed (Figure 1), specifi-
cally from +7 to +21 DRTC (Figure 2). Expression of 
PPARA can be activated by FA (Thering et al., 2009; 
Ruby et al., 2010; Bionaz et al., 2013) and although 
MNE+RPC cows tended to have greater plasma FA 
concentrations within the full cohort (Zenobi et al., 
2018a), this was not observed in the subset used for 
gene expression data (Supplemental Table S2). Expres-
sion of G6PC is also modulated by PPARA, specifically 
upregulating expression during fasting in mice; PPARA 
knockout mice lack this response (Im et al., 2011). Al-
though less explored in ruminants, a similar relation-
ship between PPARα and G6PC has been proposed 
(Bionaz et al., 2013). Given that the same treatment 
combination that increases PPARα decreased G6PC, 
it is possible that the G6PC expression was inhibited 
by PPARα, although that cannot be directly deter-
mined within this experimental design. Conversely, PC 
expression may be upregulated by PPARα (White et 
al., 2011), a pattern consistent with the current study. 
The role of PPARα to modulate pathways could be 

an underlying mechanism of the treatment interactions 
observed within this study, especially considering the 
change in energy status across the transition to lactation 
period and the pattern of treatment separation gener-
ally observed at +21 DRTC for several genes quantified 
within this study. The interactions reported herein are 
intriguing and should be further explored considering 
the potential downstream impact of PPARA regulation 
on FA and glucose metabolism.

Hepatic carnitine palmitoyltransferase 1A (CPT1A) 
transfers FA into the mitochondria (Kerner and Hoppel, 
2000; Xu et al., 2011) and is a known target of PPARA 
across species (Louet et al., 2001; van Dorland et al., 
2009; Rakhshandehroo et al., 2010). Increased CPT1A 
expression is associated with an increased rate of oxida-
tion, decreased accumulation of TG (Stefanovic-Racic 
et al., 2008), and decreased lipid-related metabolic 
disorders in dairy cattle (Drackley, 1999). Excess pre-
partum dietary energy has previously been shown to 
increase (Khan et al., 2014) or not alter (Huang et al., 
2019) CPT1A expression. Despite lower BHB and liver 
TG (ug/ug of DNA) in cows fed MNE (Supplemental 
Table S2), expression of CPT1A was not changed by 
DE, RPC, or the interaction (Table 2). This is con-
sistent with previous studies where CPT1A expression 
was not altered by choline chloride supplementation in 
vitro (Chandler and White, 2017) or RPC supplemen-
tation in vivo (Goselink et al., 2013).

Representing a downstream step in cellular lipid 
metabolism, MTTP is involved in very low density li-
poproteins (VLDL) packaging (Gruffat-Mouty et al., 
1999; Bernabucci et al., 2004; Goselink et al., 2013). 
Expression of MTTP was increased immediately after 
calving with no relationship between MTTP expres-
sion and plasma FA concentration or liver TG content 
(Bremmer et al., 2000). In the current study, the dietary 
treatment interaction did not alter MTTP expression; 
however, expression was affected by RPC × DRTC 
(Table 2). Likewise, RPC supplementation increased 
MTTP expression in vivo (Goselink et al., 2013). De-
spite these observations, in vitro supplementation of 
choline chloride to bovine neonatal primary hepato-
cytes decreased MTTP expression, even when VLDL 
export was increased (Chandler and White, 2017). 
Interestingly, there was no DE × RPC nor DE × RPC 
× DRTC effect on MTTP, even though decreased liver 
lipid content was observed in MNE cows. Considered 
with other findings, it is not likely that MTTP is a 
rate-limiting step for VLDL export.

CONCLUSIONS

Although the effect of controlling prepartum DE and 
supplementing RPC during the periparturient period 
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did not demonstrate any interactions in postpartum 
production or health variables, these nutritional strate-
gies interacted to influence expression of G6PC, PC, 
PCK1, and PPARA. Overall, these data highlight that, 
despite independent effects of nutritional interventions 
on production responses, periparturient nutritional 
strategies may not always function through separate 
hepatic pathways.
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