
ABSTRACT

The objective of this study was to assess hepatic 
ATP synthesis in Holstein cows of North American and 
New Zealand origins and the gluconeogenic pathway, 
one of the pathways with the highest ATP demands 
in the ruminant liver. Autumn-calving Holstein cows 
of New Zealand and North American origins were 
managed in a pasture-based system with supplemen-
tation of concentrate that represented approximately 
33% of the predicted dry matter intake during 2017, 
2018, and 2019, and hepatic biopsies were taken dur-
ing mid-lactation at 174 ± 23 days in milk. Cows of 
both strains produced similar levels of solids-corrected 
milk, and no differences in body condition score were 
found. Plasma glucose concentrations were higher for 
cows of New Zealand versus North American origin. 
Hepatic mitochondrial function evaluated measuring 
oxygen consumption rates showed that mitochondrial 
parameters related to ATP synthesis and maximum 
respiratory rate were increased for cows of New Zea-
land compared with North American origin. However, 
hepatic gene expression of pyruvate carboxylase, phos-
phoenolpyruvate carboxykinase, and pyruvate dehydro-
genase kinase was increased in North American com-
pared with New Zealand cows. These results altogether 
suggest an increased activity of the tricarboxylic cycle 
in New Zealand cows, leading to increased ATP syn-
thesis, whereas North American cows pull tricarboxylic 
cycle intermediates toward gluconeogenesis. The fact 
that this occurs during mid-lactation could account 
for the increased persistency of North American cows, 
especially in a pasture-based system. In addition, we 
observed an augmented mitochondrial density in New 
Zealand cows, which could be related to feed efficiency 

mechanisms. In sum, our results contribute to the elu-
cidation of hepatic molecular mechanisms in dairy cows 
in production systems with higher inclusion of pastures.
Key words: intermediary metabolism, gluconeogenesis, 
dairy cows, grazing, Holstein-Friesian

INTRODUCTION

In addition to the benefits in product quality 
(O’Callaghan et al., 2016), the inclusion of pastures in 
dairy cow systems results in lower feeding costs and, in 
consequence, a system more resilient to the volatility of 
markets, especially for exporting countries (Fariña and 
Chilibroste, 2019). Productive performance of pasture-
based dairy systems is very much related to grazing 
management to ensure sufficient DM intake, which is 
generally reduced compared with confined systems, 
and appropriate quality of pastures (Chilibroste et al., 
2012). Also, intrinsic to pasture-based systems is the 
greater energy expenditure due to walking and grazing 
activities (Jasinsky et al., 2019). Previous authors have 
shown that when nutrient concentration is insufficient, 
cows may show a poor metabolic status, as negative en-
ergy balance markers such as plasma nonesterified fatty 
acids and BHB and liver triglyceride concentrations are 
exacerbated (Meikle et al., 2013; García-Roche et al., 
2021). Furthermore, hepatic energy metabolism has 
also been reported to be compromised in cows managed 
under a pasture-based system, as mitochondrial func-
tion is impaired during early lactation (García-Roche 
et al., 2019).

The genetic selection process of North American 
(NAH) and New Zealand (NZH) Holstein strains de-
termined differences in their productive and reproduc-
tive performance in a pasture-based system. Although 
NAH produce more milk than NZH cows, the latter 
produce greater percentages of milk solids (Lucy et al., 
2009; White et al., 2012). In addition, NAH cows are 
unable to maintain an acceptable body condition and 
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weight during lactation and fail to maintain a 365-d 
calving interval, yielding poorer fertility and survival 
performance compared with NZH cows in grazing sys-
tems (Kolver et al., 2000; Harris and Kolver, 2001). 
Also, NZH cows have a lower energy requirement for 
maintenance than NAH cows (Talmón et al., 2020). 
Differences among strains have been associated with 
reduced uncoupling of the somatotropic axis and in-
sulin resistance during the transition period in NZH 
compared with NAH cows (Chagas et al., 2006; Lucy 
et al., 2009). Additionally, previous research indicates 
differences between Holstein strains in hepatic energy 
metabolism; cows of NZH origin presented increased 
expression of pyruvate carboxylase (PC) mRNA, which 
could translate into a more active tricarboxylic acid 
(TCA) cycle (White et al., 2012). Altogether, these 
results could lead to higher intermediary metabolism 
activity for NZH cows and, thus, increased availability 
of oxidative phosphorylation precursors for NZH cows 
compared with NAH cows in a grazing system. Thus, 
we hypothesized that mitochondrial ATP synthesis 
would be increased in NZH cows relative to NAH cows. 
Therefore, in pasture-based systems, NZH cows would 
be better prepared to face the energy demands imposed 
by anabolic routes and other activities, as a result of 
increased ATP availability. Hence, our objective was 
to study the potential for hepatic ATP synthesis in di-
verging Holstein strains in a pasture-based system and 
its interplay with a highly energy-demanding pathway: 
gluconeogenesis.

MATERIALS AND METHODS

The experiment was conducted at the Experimental 
Station of the Instituto Nacional de Investigación Agro-
pecuaria (Colonia, Uruguay) during the spring of 2017, 
2018, and 2019. Animal use and procedures were ap-
proved by the Animal Experimentation Committee of 
the Instituto Nacional de Investigación Agropecuaria, 
Uruguay (file number: INIA2017.2).

The experiment formed part of a larger study de-
signed to evaluate the effect of cow genotype (NZH 
vs. NAH strains) in different feeding strategies on indi-
vidual animal and whole-farm biophysical performance. 
More detailed descriptions of Holstein strains, animal 
and grazing management, as well as milk production, 
BW, and BCS from June 2017 through May 2019 were 
previously reported (Stirling et al., 2021).

Experimental Design

Autumn-calving Holstein cows of NZH (512 ± 19 kg 
BW and 3.07 ± 0.12 BCS at calving; n = 12) and NAH 
strains (563 ± 29 kg BW, 3.10 ± 0.1 BCS at calving; n 

= 18) were used to evaluate 10 cows of each genotype 
for 3 yr. In the NZH group, 7 cows were evaluated for 3 
yr, 4 for 2 yr, and 1 additional cow only in yr 3. In the 
NAH group, 3 cows were evaluated for 3 yr, 4 for 2 yr, 
and 11 only for 1 yr.

Both NZH and NAH strains had at least 75% of each 
cow’s ancestors (2 generations: father and maternal 
grandfather) from New Zealand or from the United 
States or Canada, respectively (Stirling et al., 2021). In 
the present study, the NZH and NAH strains presented 
progeny of 7 sires in each group. The economic and pro-
ductive selection index was 126 ± 11 and 105 ± 14 on 
average for NZH and NAH cows, respectively. Expected 
progeny differences were −187.6 ± 164 kg, +0.170 ± 
0.111%, and +0.157 ± 0.145% for milk yield, milk fat, 
and milk protein content for NZH cows, and +44.9 ± 
174 kg, +0.086 ± 0.064%, and +0.004 ± 0.068% for 
milk yield, milk fat, and milk protein content for NAH 
cows (Mejoramiento y Control Lechero Uruguayo; 
https: / / www .mu .org .uy).

Cows were paired in each strain group according to 
their calving date (May 4, 2017, ± 17 d; May 5, 2018, 
± 23 d; May 2, 2019, ± 37 d) and lactation number 
(2.12 ± 0.8 lactations). Cows were managed in a mixed 
grazing system: during mid-lactation, cows grazed on 
daily strips of orchardgrass (Dactylis glomerata) and 
alfalfa (Medicago sativa) or fescue (Festuca arundina-
cea) in a rotational-grazing manner during 2 grazing 
sessions (a.m. and p.m. session: from 0500 to 1400 h 
and from 1500 to 0400 h, respectively). Average herb-
age mass was 1,713 ± 423 kg of DM/ha; 5 cm above 
ground level. Each strain group grazed on separate 
paddocks to ensure similar pasture allowance relative 
to their BW (11.2 ± 0.9 kg of DM/cow per day for 
NZH and 14.9 ± 1.5 kg of DM/cow per day for NAH, 
5 cm above ground level, 3-yr average). Fresh water 
was offered in each paddock. Predicted DM intake was 
estimated according to the National Research Coun-
cil model for dairy cattle (NRC, 2001). Hence, when 
forage allowance was considered restrictive, cows were 
supplemented with conserved forage (corn silage and 
pasture haylage mix in a 67:33 ratio, 3-yr average) to 
achieve predicted DM intake. Pasture forage allowance 
and haylage supplementation were adjusted weekly 
based on weekly pasture growth. Details of the grazing 
management were presented previously (Talmón et al., 
2020; Stirling et al., 2021), and chemical composition 
and metabolizable energy concentration of feedstuffs 
are presented in Table 1. Briefly, pasture was offered 
in daily strips, which cows of each genotype grazed 
separately to keep similar herbage allowance relative to 
their BW and to ensure breeds behaved independently 
and avoid dominance. As cows grazed pastures in a 
rotational-grazing manner, they returned to defined 
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grazing areas once most of the grass tillers had be-
tween 2.5 and 3 leaves.

Cows were milked twice a day and supplemented with 
concentrate (33% of predicted daily DM intake, 6.8 ± 
0.4 kg of DM/d for NZH, and 7.5 ± 0.9 kg of DM/d for 
NAH, 3-yr average). Milk yield was recorded daily, and 
milk samples were collected every 14 d. Solids-corrected 
milk (SCM) was calculated as SCM (kg) = 12.3 (F) 
+ 6.56 (SNF) − 0.0752 (M), where F, SNF, and M are 
expressed as kilograms of fat, solids-not-fat, and milk, 
respectively (Tyrrell and Reid, 1965). As this work is 
part of a larger study, cow BCS (score 1 to 5; Edmon-
son et al., 1989) was determined every 14 d by one 
evaluator (Stirling et al., 2021).

Plasma Collection and Liver Biopsies

Plasma samples and liver biopsies were collected in 
the spring during the months of October and Novem-
ber of 2017, 2018, and 2019 (at 187 ± 19, 176 ± 21, 
and 158 ± 29 DIM, respectively, in average 174 ± 23 
DIM, mid-lactation). In this period, cows were in either 
the first or the second trimester of gestation (96 ± 38 
d of gestation for NZH, and 78 ± 41 d of gestation 
for NAH). Indeed, this study is part of a larger study, 
which reported calving to conception days: 96.3 and 
108.1 ± 4.9 (SEM), respectively, for NZH and NAH 
(Stirling et al., 2021).

Plasma samples were collected by venipuncture of the 
coccygeal vein using 10-mL heparinized Vacutest tubes 
(Vacutest Kima). Samples were centrifuged at 4,000 × 
g for 12 min and immediately stored at −20°C until 
analysis. Biopsies were taken using a 14-gauge biopsy 
needle (Tru-Core-II Automatic Biopsy Instrument; 
Angiotech) after local intramuscular administration of 
3 mL of 2% lidocaine hydrochloride (Carriquiry et al., 
2009) and either cryopreserved for mitochondrial oxy-
gen consumption analyses (García-Roche et al., 2018) 

or immediately frozen in liquid nitrogen. All samples 
were stored at −80°C until analysis.

Plasma and Hepatic Metabolites

Plasma glucose, urea, BHB, and nonesterified fatty 
acids (NEFA) were determined spectrophotometrically 
with commercial kits from Biosystems S.A. for glucose 
and urea and from Randox Laboratories Ltd. for BHB 
and NEFA, at λ = 505 nm, 600 nm, 340 nm, and 560 
nm, respectively (Astessiano et al., 2015; García-Roche 
et al., 2021).

For hepatic free glucose and glycogen quantification, 
liver homogenates were performed using 500 µL of 2 
N HCl and glass Dounce homogenizers. Homogenates 
were subjected to 100°C for an hour, for glycogen diges-
tion to glucose by acid-heat hydrolysis (Bancroft and 
Fry, 1933). Free liver glucose and digested liver glyco-
gen were determined using a kit from Biosystems S.A., 
following manufacturer instructions, after neutralizing 
acid samples with an equal amount of 2 M NaOH. Ab-
sorbance was measured at λ = 505 nm.

For liver triglyceride quantification, liver homoge-
nates were obtained according to Armour et al. (2017). 
Briefly, liver tissue was homogenized in lysis buffer (140 
mM NaCl, 50 mM Tris, and 1% Triton X-100, pH 8) 
and measured using a kit from Biosystems S.A., follow-
ing manufacturer instructions at λ = 505 nm. For all 
metabolite assays intra- and interassay coefficient of 
variation (CV) were less than 10%. Liver triglyceride is 
expressed per unit of tissue protein.

Mitochondrial Oxygen Consumption Rate

Mitochondrial function was studied measuring 
oxygen consumption rate in a high-resolution Orobo-
ros Oxygraph 2k respirometer (Oroboros Instruments) 
at 37°C (García-Roche et al., 2018, 2019). Briefly, 
electrodes were calibrated in modified mitochondrial 
respiration medium (MIR05; 0.5 mM ethylene glycol-
bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid, 3 
mM MgCl2·6H2O, 60 mM 4-morpholinepropanesulfonic 
acid, 3-(N-morpholino)propanesulfonic acid, 20 mM 
taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM su-
crose, 1 g/L BSA, pH 7.1) with a calculated saturated 
oxygen concentration of 191 µM at 100 kPa baromet-
ric pressure at 37°C. Respiratory rates (pmol of O2/
min per mL) were calculated using DatLab 4 analysis 
software (Oroboros Instruments). Liver biopsies were 
weighed (2–10 mg) and added to the chamber, and oxy-
gen consumption measurements were obtained before 
and after the sequential addition of specific substrates 
of the respiratory chain, 10 mM glutamate and 5 mM 
malate (complex I) or 20 mM succinate (complex II), 
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Table 1. Chemical composition and ME concentration (means ± SD) 
of feedstuffs offered during the experiment

Item Pasture1 Concentrate2 Conserved forage3

DM (%) 23.0 ± 1.7 90.0 ± 1.3 45.1 ± 8.2
CP (% DM) 22.7 ± 3.8 19.6 ± 1.6 12.3 ± 2.8
NDF (% DM) 48.6 ± 3.4 35.7 ± 7.3 42.6 ± 9.5
ADF (% DM) 28.3 ± 4.1 19.1 ± 7.5 27.1 ± 7.3
Ash (% DM) 10.7 ± 0.5 7.9 ± 0.4 9.55 ± 4.3
ME (Mcal/kg DM) 2.48 ± 0.14 2.91 ± 0.03 2.48 ± 0.18
1Dactylis glomerata and Medicago sativa or Festuca arundinacea.
2Commercial concentrate (Prolacta 18, Prolesa S.A.) composed of corn 
grain, soybean meal, wheat bran, and vitamin and mineral mix. The 
SD represents the variation between feedstuff samples collected during 
the measurement period of the 3 yr of the experiment (2017, 2018, 
2019).
3Corn silage and pasture haylage mix.
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followed by 4 mM adenosine diphosphate (ADP), 2 
µM oligomycin (ATP synthase inhibitor), 2 to 4 µM 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP, an uncoupler of oxidative phosphorylation). 
Maximum uncoupling was obtained by FCCP titra-
tion. It is important to emphasize that the maximum 
respiratory rate is obtained by maximum uncoupling 
by means of the titration of FCCP—an uncoupler—to 
dissipate the proton gradient completely without the 
regulation of the ADP/ATP ratio (García-Roche et 
al., 2018). This parameter is indicative of the activ-
ity of the electron transport chain complexes or the 
quantity of mitochondria in the tissue that could be 
drawn upon in situations of strenuous energy demands 
or damage (Brand and Nicholls, 2011). Respiration was 
inhibited with 0.5 µM rotenone (complex I inhibitor) 
or 2.5 µM antimycin A (complex III inhibitor). All 
respiratory parameters and indices were obtained as 
described in García-Roche et al. (2018). Briefly, non-
mitochondrial oxygen consumption rate measured after 
the addition of specific inhibitors rotenone or antimycin 
A and subtracted from all other values before calcu-
lating the respiratory parameters. State 4 respiration 
was determined as the baseline measurement obtained 
with complex I and II substrates before the addition of 
ADP, and state 3 was determined after the addition of 
ADP. Oligomycin-resistant respiration (ATP-indepen-
dent) was measured after addition of oligomycin, and 
oligomycin-sensitive respiration (ATP-dependent) was 
the difference between state 3 and oligomycin-resistant 
respiration. Finally, the maximum respiratory rate 
was determined after titration with FCCP. The leak-
ing control ratio was calculated as oligomycin-resistant 
respiration divided by the maximum respiratory rate, 
as described previously by Gnaiger (2009) and Koliaki 
et al. (2015).

RNA Extraction and Quantitative PCR Analysis

Total RNA extraction from liver tissue and cDNA 
synthesis by reverse transcription was performed (Car-
riquiry et al., 2009) using the Trizol reagent, followed 
by lithium chloride precipitation and DNase treat-
ment using an Ambion DNA-Free DNA Removal Kit 
(Thermo Fisher Scientific). Concentration of RNA was 
determined by measuring absorbance at λ = 260 nm 
(NanoDrop ND-1000 Spectrophotometer; Nanodrop 
Technologies), and purity and integrity of RNA isolates 
were assessed from 260/280 and 260/230 absorbance ra-
tios (greater than 1.9 and 1.8, respectively). Samples of 
RNA were stored at −80°C. A SuperScript III Reverse 
Transcriptase Kit (Invitrogen from Thermo Fisher Sci-
entific) was used to perform retrotranscription along 
with random hexamers and 1 µg of total RNA as a 

template. The cDNA was stored at −20°C until its use 
in the real-time PCR. Primers (Supplemental Table S1, 
https: / / data .mendeley .com/ datasets/ gx5yh5t2bp/ 1) 
to specifically amplify cDNA of target genes: β-actin 
(ACTB), glucose-6-phosphatase (G6PC), hypoxanthine 
phosphoribosyl transferase (HPRT1), methylmalonyl-
CoA mutase (MMUT), succinate dehydrogenase 
complex, subunit A, flavoprotein (SDHA), pyruvate 
carboxylase (PC), phosphoenolpyruvate carboxyki-
nase (PCK1), pyruvate dehydrogenase E1 subunit α 
1 (PDHA1), pyruvate dehydrogenase kinase (PDK4), 
peroxisome proliferator-activated receptor gamma co-
activator 1-α (PPARGC1A), peroxisome proliferator-
activated receptor α (PPARA), sirtuin 1 (SIRT1), 
NADH: ubiquinoneoxidoreductase core subunit V1 
(NDUFV1, nuclear gene), and mitochondrially encoded 
cytochrome c oxidase I (mt-CO1, mitochondrial gene) 
were obtained from literature, or specifically designed 
using the Primer3 website (http: / / www .bioinformatics 
.nl/ cgi -bin/ primer3plus/ primer3plus .cgi) and bovine 
nucleotide sequences available from NCBI (http: / / www 
.ncbi .nlm .nih .gov/ ).

Real-time PCR reactions were carried out in a total 
volume of 15 µL using Maxima SYBR Green/ROX 
qPCR Master Mix 2X (Thermo Fisher Scientific), us-
ing the following standard amplification conditions: 10 
min at 95°C and 40 cycles of 15 s at 95°C, 30 s at 
60°C, and 30s at 72°C in a 48-well StepOne Real-Time 
PCR System (Applied Biosystems from Thermo Fisher 
Scientific). Melting curves were run on all samples to 
detect primer dimers, contamination, or presence of 
other amplicons. Each plate was designed including a 
pool of total RNA from bovine liver samples analyzed 
in triplicate to be used as the basis for the comparative 
expression results (exogenous control) and duplicate 
wells of non-template control (water). Gene expression 
was determined by relative quantification with respect 
to the exogenous control (Pfaffl, 2004) and normalized 
to the geometric mean expression of the endogenous 
control genes (ACTB and HPRT). Expression stability 
of 2 selected housekeeping genes was evaluated using 
the MS-Excel add-in Normfinder (MDL); values ob-
tained with Normfinder were 0.004 for ACTB and 0.003 
for HPRT. Amplification efficiencies or target and 
endogenous control genes were estimated by linear re-
gression of a cDNA dilution curve (Supplemental Table 
S1, https: / / data .mendeley .com/ datasets/ gx5yh5t2bp/ 
1). Intra- and interassay CV values were less than 1.4 
and 2.6% (n = 5 dilutions, from 100 to 6.25 ng/well), 
respectively.

Determination of the ratio of mitochondrial DNA 
(mtDNA) to nuclear DNA (nDNA; mtDNA: nDNA) 
was performed according to Casal et al. (2018). Briefly, 
real-time PCR reactions prepared in separate tubes to 
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detect mitochondrial encoded cytochrome c oxidase I 
(mt-CO1, mitochondrial gene) and NADH: ubiquinone 
oxidoreductase core subunit V1 (NDUFV1, nuclear 
gene), respectively, and real-time PCR reactions were 
conducted as aforementioned. To calculate the mtDNA: 
nDNA ratio, the difference between cycle numbers was 
calculated (Ctn − Ctmt) and 2 was elevated to the 
power of said difference [2(Ctn − Ctmt)], and results were 
expressed as fold change relative to NZH cows.

Enzyme Activity

Citrate synthase (CS) activity was determined in 60 
µg/mL of liver homogenates based on the formation of 
5-thio-2-nitrobenzoic acid at λ = 412 nm (ε412 = 13,700 
L/mol.cm) in the presence of 20 mM Tris-HCl pH 8, 
300 µM acetyl-CoA, 500 µM oxaloacetate, and 100 µM 
5,5′-dithio-bis (2-nitrobenzoic acid; García-Roche et 
al., 2019). Assays were performed in duplicate using a 
final volume of 200 µL in a Multiskan FC Microplate 
Photometer (Thermo Fisher Scientific).

Succinate dehydrogenase (SDH) activity was deter-
mined in 120 µg/mL of mitochondrial protein based on 
the reduction of 2,6-dichlorophenolindophenol (DCPIP) 
by decilubiquinone at λ = 600 nm (ε600 = 21,000 L/mol.
cm) in the presence of 50 µM DCPIP, 1 mM potassium 
cyanide, 5 µM rotenone, and 50 µM decylubiquinone in 
a 25 mM phosphate buffer, pH 7.2. To quantify enzyme 
activity, baseline was subtracted from absorbance after 
addition of 10 mM succinate (Casal et al., 2018). As-
says were performed in duplicate at 37°C using a final 
volume of 500 µL in a UV-2401 PC spectrophotometer 
(Shimadzu Corp.).

Western Blots

Liver homogenates were prepared with a lysis buffer 
complemented with protease and phosphatase inhibi-
tors: 1 mM phenylmethylsulfonyl fluoride, supplement-
ed with SigmaFAST protease inhibitor cocktail and 
Calbiochem phosphatase inhibitor cocktail (Sigma-
Aldrich; García-Roche et al., 2019). Protein content 
was determined with a Bradford assay using BSA as 
standard (Bradford, 1976), and samples were kept at 
−80°C until analysis. Liver homogenates were resolved 
(30 µg) in 12% Tris-glycine SDS/PAGE, along with 
protein ladders (SDS7B2, Sigma-Aldrich), and proteins 
were transferred overnight to nitrocellulose membranes. 
Membranes were blocked with blocking buffer (Tris-
buffered saline with 0.1% Tween 20 and 0.5% skim 
milk) and incubated overnight at 4°C with primary 
antibodies against GAPDH (1:1,000, Abcam, ab9485), 
succinate dehydrogenase subunit A (SDHA, 1:2000, 

Abcam, ab14715), AMPKα (1:1,000, no. 2532, Cell 
Signaling Technology), and phosphoAMPKα (1:1,000, 
no. 2535, Cell Signaling Technology). For protein 
detection, membranes were washed and probed with 
secondary antibodies from LI-COR Biosciences: anti-
mouse (1:10,000, IRDye 680, 926-68070) or anti-rabbit 
(1:20,000, IRDye 800, 926-32211). Immunoreactive pro-
teins were detected with an infrared fluorescence detec-
tion system (Odyssey, LI-COR Biosciences), and bands 
were quantified with ImageStudio software (LI-COR 
Biosciences, version 2.0) by densitometry, and protein 
levels were normalized by protein levels of GAPDH the 
loading control.

Statistical Analysis

Data were analyzed in a randomized block design 
using SAS Academic Edition (SAS OnDemand for 
Academics, SAS Institute Inc.), with cow as the experi-
mental unit. Univariate and linear regression analyses 
were performed for all variables to identify outliers and 
inconsistencies and to verify normality of residuals. 
Variance homogeneity was tested using the Levene, 
Bartlett, and Brown-Forsythe tests. When data did not 
have normal distribution or variance was not homoge-
neous, logarithmic transformations were performed to 
more closely approximate normality and homogeneity 
requirements. Values were removed when the studen-
tized residual was >3 and <−3; no more than 3 values 
per variable were excluded. Least squares means and 
pooled standard error values of all variables are pre-
sented as non-transformed data to aid in comparison 
among variables.

Data were analyzed using the MIXED procedure; the 
model included Holstein strain as a fixed effect and 
year and block as random effects. Compound symmetry 
was used as the covariance structure, and the Kenward-
Roger procedure was used to adjust the denominator 
degrees of freedom. Least squares means tests were con-
ducted to analyze differences between groups. Means 
were considered to differ when P < 0.05, and a trend 
was declared when 0.05 < P < 0.10. Pearson correla-
tions were calculated with the CORR procedure.

RESULTS

Body Condition Score, Milk Yield,  
and Milk Composition

In average, for the 3 years evaluated, mid-lactation 
(at 174 ± 23 d) milk yield was 20% higher for the NAH 
than the NZH strain (P < 0.001, Table 2). However, 
fat and protein percentages were 12 and 14% greater 
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for NZH than NAH cows (P < 0.001). This resulted in 
similar SCM yields between strains (P = 0.39). In line 
with the higher protein percentage for the NZH strain, 
milk urea nitrogen was approximately 11% greater for 
this strain (P < 0.0001). No differences were observed 
for BCS between strains either (P = 0.18).

Plasma and Hepatic Metabolites

Plasma glucose was 25% higher for the NZH versus 
the NAH strain (P < 0.001, Table 3), although no dif-
ferences were found between cow strains in plasma urea 
(P = 0.14), NEFA (P = 0.53), or BHB (P = 0.57) 
concentrations. Neither concentrations of hepatic free 
glucose (P = 0.17), glycogen (P = 0.18), or triglyceride 
(P = 0.68) nor the ratios of free glucose to glycogen (P 
= 0.94) or triglyceride to glycogen (P = 0.51) in liver 
differed between Holstein strains.

Mitochondrial Function

Oxygen consumption rates were measured in liver 
biopsies after the addition of specific substrates for mi-
tochondrial chain complexes I and II, and respiratory 
parameters were calculated (Table 4 and Figure 1A and 
1B, respectively). Oligomycin-sensitive respiration was 
1.3- to 1.4-fold greater for NZH than NAH cows (P < 
0.05) when complex I and complex II substrates were 
used (Figure 1C and 1D, respectively). In addition, the 
maximum respiratory rate was calculated for both glu-
tamate- and malate-driven (Figure 1E) and succinate-
driven respiration (Figure 1F). For glutamate- and 
malate-driven respiration, the maximum respiratory 

rate tended to be 1.2-fold higher for NZH than NAH 
cows (P = 0.05, Figure 1E); for succinate-driven respi-
ration, the maximum respiratory rate was almost 2-fold 
greater for NZH versus NAH cows (P < 0.001, Figure 
1F). Also, state 3 respiration and oligomycin-resistant 
respiration were higher (P < 0.01) in NZH than NAH 
cows only when succinate was used as substrate. The 
leaking control ratio—an index of proton leak—was 
higher for NAH than for NZH cows when complex I 
substrates were used (P < 0.05). However, it did not 
differ among strains when assessing complex II (0.61 
vs. 0.66 ± 0.04, NAH and NZH respectively, P = 0.16). 
Finally, non-mitochondrial respiration did not differ 
between strains.

Mitochondrial Mass

New Zealand Holstein cows presented greater hepatic 
mitochondrial abundance than NAH cows (Figure 2), 
measured as both mtDNA: nDNA ratio (1.04 vs. 0.69 
± 0.10, P < 0.05, 2A) and CS activity (16.5 vs. 10.7 
± 1.9 mU/mg of protein, P < 0.05, Figure 2B) in liver 
homogenates.

Succinate Dehydrogenase Enzyme Activity  
and Protein Levels

Hepatic SDH activity did not differ between strains; 
however, when normalized by mitochondrial content 
assessed by CS activity, it tended (P = 0.08) to be 1.3-
fold greater in the NAH strain (Table 5). Nevertheless, 
hepatic SDHA protein levels, assessed by western blot, 
did not differ between groups (Supplemental Figure S1, 
https: / / data .mendeley .com/ datasets/ gx5yh5t2bp/ 1).
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Table 2. Milk yield and composition and BCS of mid-lactation New 
Zealand (NZH) and North American (NAH) cows in a pasture-based 
system, 3-yr average

Item

Strain1

SEM2 P-valueNZH NAH

Milk yield (kg/d) 24.0 30.0 1.0 <0.01
Fat (kg/d) 1.06 1.06 0.14 0.97
Fat (%) 4.58 4.01 0.15 <0.01
Protein (kg/d) 0.86 0.84 0.10 0.66
Protein (%) 3.70 3.17 0.04 <0.01
Lactose (kg/d) 1.10 1.24 0.14 <0.05
Lactose (%) 4.76 4.72 0.04 0.23
SCM3 (kg/d) 25.7 26.4 1.2 0.39
Milk urea nitrogen (mg/dL) 24.3 21.6 0.6 <0.0001
BCS (units) 2.59 2.53 0.10 0.18
1NZH = New Zealand Holstein (n = 12); NAH = North American 
Holstein (n = 18).
2All data shown as LSM ± SEM.
3SCM (kg) = solids-corrected milk; calculated as 12.3(F) + 6.56 (SNF) 
− 0.0752(M), where F, SNF, and M are expressed as kg of fat, solids-
not-fat, and milk, respectively (Tyrrell and Reid, 1965).

Table 3. Plasma and hepatic metabolites

Metabolite

Strain1

SEM2 P-valueNZH NAH

Plasma glucose (mmol/L) 3.54 2.81 0.17 0.0001
Plasma urea (mmol/L) 6.00 5.42 0.38 0.14
Plasma NEFA3 (mmol/L) 0.124 0.116 0.02 0.53
Plasma BHB (mmol/L) 0.42 0.39 0.04 0.57
Liver triglyceride 
 (mg/mg of liver protein)

2.65 2.67 0.45 0.68

Free liver glucose (mmol/g) 0.011 0.010 0.004 0.17
Hepatic glycogen 
 (mg/mg of liver tissue)

2.21 1.92 0.17 0.18

Triglyceride/glycogen ratio4 1.45 1.70 0.4 0.51
Free glucose/glycogen ratio 0.0049 0.0057 0.0021 0.94
1NZH = New Zealand Holstein (n = 11–12); NAH = North American 
Holstein (n = 13–14).
2All data shown as LSM ± SEM.
3NEFA = nonesterified fatty acids.
4Liver triglyceride was corrected for milligrams of liver tissue, for ap-
propriate comparison.

https://data.mendeley.com/datasets/gx5yh5t2bp/1
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Gene Expression of Gluconeogenic Enzymes

Hepatic expression of PC, PCK1, and PDK4 mRNA 
was at least 2-fold greater (P < 0.01) for NAH than for 
NZH cows (Figure 3), whereas SDHA, G6PC, MMUT, 
PDHA1, PPARGC1A, and SIRT1 mRNA did not differ 
between groups (Table 6). In addition, the PC: PCK1 
ratio tended to be more elevated for NAH than NZH 
cows (2.00 vs. 1.41, P = 0.08). Milk yield and glycogen 
reserves were negative correlated (r = −0.56 and P < 
0.05), whereas positive correlations were found between 
PC and PCK1 mRNA (r = 0.90 and P < 0.0001) and 
PC and PDK mRNA (r = 0.51 and P < 0.05). Ad-
ditionally, milk yield and PC mRNA and milk yield and 
PCK1 mRNA were positively correlated (r = 0.62 and 
P < 0.01 for both).

The PPARGC1A, SIRT1, and AMPK Axis

No differences were found in hepatic gene expression 
of PPARGC1A (1.93 vs. 0.84 ± 0.31 relative mRNA 
abundance, NZH and NAH respectively, P = 0.13) or 
SIRT1 (1.75 vs. 2.04 ± 0.26 relative mRNA abundance, 
NZH and NAH respectively, P = 0.46). Moreover, nei-

ther abundance of AMPK protein nor phosphorylated 
AMPK (pAMPK) protein differed between NAH and 
NZH cows (Table 7; Supplemental Figure S2, https: / / 
data .mendeley .com/ datasets/ gx5yh5t2bp/ 1).

DISCUSSION

Our findings indicated differences in hepatic en-
ergy metabolism between NZH and NAH cows in a 
pasture-based system during mid-lactation, observed 
in mitochondrial function, mitochondrial density, and 
mRNA expression of gluconeogenic genes. Produc-
tion performance between NZH and NAH strains in 
pasture-based systems has been studied extensively; 
in fact, previous studies have found that although 
NAH cows produced more milk, the greater milk solids 
content of NZH cows accounted for no differences in 
milk solids yield between Holstein strains (Kolver et 
al., 2000; Lucy et al., 2009). Indeed, in the present 
study, during mid-lactation in a pasture-based system, 
with a supplementation of 33% of predicted intake, 
we found that despite milk yield being greater for 
NAH than NZH cows, fat and protein concentrations 
were greater for NZH than NAH, which resulted in 
similar SCM yields for both strains; this is consistent 
with previous studies (Kolver et al., 2000; White et 
al., 2012; Talmón et al., 2020). In line with greater 
protein concentration for NZH than NAH cows, milk 
urea nitrogen was also greater; however, plasma urea 
was not affected by strain and coincided with levels 
reported in other pasture-based systems (Bargo et al., 
2002). Although a greater BCS for NZH than NAH 
cows could be expected (Kolver et al., 2002), Patton et 
al. (2009) reported, in agreement with our results, no 
differences between strains in BCS in a mid-lactation 
study. This could be a limitation of the present work, 
because a single moment of lactation and season is 
studied. Data from the larger study, where the herd 
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Table 4. Complex I- and II-dependent respiratory parameters of NZH 
and NAH cows in a pasture-based system during mid-lactation, 3-yr 
average

Item

Strain1

SEM2 P-valueNZH NAH

Complex I respiratory 
parameters3

    

 State 3 respiration 12.4 10.7 1.3 0.13
 State 4 respiration 6.0 6.2 1.8 0.74
 Maximum respiratory rate 14.3 11.5 1.9 0.05
 Oligomycin-resistant respiration 6.7 6.3 1.1 0.42
 Oligomycin-sensitive respiration 6.1 4.3 1.9 <0.05
 Non-mitochondrial respiration 6.6 6.1 1.0 0.38
 Leaking control ratio 0.53 0.62 0.04 <0.05
Complex II respiratory 
 parameters3

    

 State 3 respiration 35.7 21.3 5.8 0.001
 State 4 respiration 22.7 16.3 2.9 <0.05
 Maximum respiratory rate 50.2 26.7 9.0 <0.001
 Oligomycin-resistant respiration 25.3 16.7 5.1 <0.01
 Oligomycin-sensitive respiration 9.3 5.2 1.1 <0.05
 Non-mitochondrial respiration 7.3 8.7 1.0 0.18
 Leaking control ratio 0.61 0.66 0.04 0.16
1NZH = New Zealand Holstein strain (n = 12); NAH = North 
American Holstein strain (n = 18).
2All data shown as LSM ± SEM.
3Oxygen consumption rate measurements of liver biopsies were ob-
tained after addition of 10 mM glutamate and 5 mM malate or suc-
cinate, 4 µM ADP, 2 µM oligomycin, up to 4 µM carbonyl cyanide-p-
trifluoromethoxyphenylhydrazone and 0.5 µM rotenone, and 2.5 µM 
antimycin. Oxygen consumption rates are expressed as pmol of O2/
min per mg of wet weight.

Table 5. Succinate dehydrogenase enzyme activity and protein levels 
in NZH and NAH cows in a pasture-based system during mid-lactation

Item1

Strain2

SEM3 P-valueNZH NAH

SDH (mU/mg) 28.5 29.4 4.1 0.89
SDH:CS 1.65 2.54 0.3 0.08
SDHA (relative
 protein abundance)

1.07 1.01 0.09 0.69

1SDH = succinate dehydrogenase; CS = citrate synthase; SDHA = 
succinate dehydrogenase subunit A.
2NZH = New Zealand Holstein (n = 11); NAH = North American 
Holstein (n = 11).
3All data shown as LSM ± SEM.

https://data.mendeley.com/datasets/gx5yh5t2bp/1
https://data.mendeley.com/datasets/gx5yh5t2bp/1
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is taken into consideration during 2 years, points out 
that mean BCS was lower for the NAH than for the 
NZH strain (Stirling et al., 2021).

Negative energy balance markers such as plasma 
NEFA, plasma BHB, and liver triglyceride did not 
indicate subclinical ketosis (>1.0 mmol/L of plasma 
BHB) or clinical fatty liver (>10% liver triglyceride 
wet weight; Bobe et al., 2004; Meikle et al., 2004) and 
were similar to previously reported values for mid- to 
late lactation in grazing conditions (García-Roche et 
al., 2021). However, the NZH cows had greater plasma 

glucose concentrations than the NAH cows, probably 
due to greater glucose uptake by the mammary gland 
(Bell and Bauman, 1997), as milk yield in NAH cows 
was greater.

Liver energy homeostasis is crucial to maintain 2 ma-
jor pathways in dairy cows: gluconeogenesis and detoxi-
fication of ammonia via the urea cycle (White, 2020). 
Oxidative phosphorylation provides the main source for 
ATP in the cell, and this is the predominant function of 
mitochondria. Additionally, mitochondria are dynami-
cally regulated to cater for a broad spectrum of energy-

García-Roche et al.: HEPATIC METABOLISM IN 2 HOLSTEIN STRAINS

Figure 1. Mitochondrial function of New Zealand (NZH, n = 12) and North American (NAH, n = 18) cows in a pasture-based system dur-
ing mid-lactation, 3-yr average. Oxygen consumption rates were measured in liver biopsies before and after the sequential addition of 10 mM 
glutamate and 5 mM malate (G/M; A, C, and E) or 20 mM succinate (Succ) (B, D, and F), 4 µM ADP, 2 µM oligomycin (Oligo), up to 4 µM 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 0.5 µM rotenone and 2.5 µM antimycin (Rot/AA). Panels A and B show 
representative traces of oxygen consumption rates obtained for liver biopsies of NZH (black) and NAH (gray) cows. C and D show oligomycin-
sensitive respiration, and E and F show maximum respiratory rate, obtained from oxygen consumption rate measurements performed as de-
scribed in A and B. *P < 0.05, **P < 0.01, ***P < 0.001, and #0.05 < P < 0.10. Data represent LSM ± SEM.
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demanding situations, and their inability to respond 
adequately may be considered an impairment (Brand 
and Nicholls, 2011). Our previous work found that, in 
grazing cows, mitochondrial function was impaired dur-
ing early lactation, which was correlated with increased 
liver triglyceride content as well as protein acetylation, 
but restored toward late lactation (García-Roche et 
al., 2019). However, this study indicated differences in 
mitochondrial function between Holstein strains dur-
ing mid-lactation in a pasture-based system. Param-
eters related to ATP synthesis and maximum respira-
tory rate were increased for NZH compared with NAH 
cows; differences were more dramatic when complex II 
substrates were used. In spite of this, when evaluat-
ing the isolated activity of SDH, which evaluates only 
the catalytic oxidoreductase activity, it tended to be 
increased for NAH compared with NZH cows, sug-
gesting that decreased respiratory parameters when 

complex II substrates were used in NAH cows may be 
related to overall oxidative phosphorylation capacity 
impairment (Bandara et al., 2021). Indeed, in human 
models, mitochondrial complex II is related to respira-
tory reserve capacity and is increased when PDK is 
inhibited (Pfleger et al., 2015); consistent with this, in 
our study hepatic PDK4 was greater in NAH than NZH 
cows. Also, a recent study developed an SDH subunit 
D (SDHD) knockout mutant in human kidney cells and 
demonstrated that this decreased not only complex 
II-dependent respiration but also complex I-dependent 
respiration, given the repercussion of SDHD in the 
TCA cycle, which could have decreased the synthesis of 
reduction equivalents (Bandara et al., 2021).

Along with the assessment of parameters related to 
ATP synthesis, we also assessed proton leak—a phe-
nomenon that consumes part of the protonmotive force 
and thus compromises ATP turnover—by means of the 
leaking control ratio (Brand and Nicholls, 2011; Koliaki 
et al., 2015) and found it was higher for NAH than for 
NZH cows (P < 0.05) when complex I substrates were 
used, although this was not the case when complex II 
substrates were used (P = 0.16). It is important to 
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Figure 2. Mitochondrial abundance in New Zealand (NZH, n = 11) and North American (NAH, n = 11) cows in a pasture-based system dur-
ing mid-lactation, 3-yr average. (A) Ratio of mitochondrial DNA to nuclear DNA (mtDNA: nDNA) assessed by real-time PCR in liver biopsies 
of NZH (black) and NAH (gray) cows. Results are expressed relative to NZH cows. (B) Citrate synthase activity measured in liver biopsies of 
NZH (black) and NAH (gray) cows. Data represent LSM ± SEM. *P < 0.05.

Table 6. Hepatic expression of gluconeogenic enzyme genes for NZH 
and NAH cows in a pasture-based system during mid-lactation

Gene1

Strain2

SEM3 P-valueNZH NAH

SDHA 1.45 1.69 0.21 0.28
PC 0.76 2.23 0.33 <0.01
PCK1 0.54 1.11 0.11 <0.01
PDK4 0.48 0.95 0.21 <0.05
G6PC 2.30 2.05 0.50 0.50
MMUT 0.43 0.50 0.11 0.37
PDHA1 2.02 1.82 0.29 0.62
1Genes: glucose-6-phosphatase (G6PC), methylmalonyl-CoA mutase 
(MMUT), succinate dehydrogenase complex, subunit A, flavopro-
tein (Fp) (SDHA), pyruvate carboxylase (PC), phosphoenolpyru-
vate carboxykinase (PCK1), pyruvate dehydrogenase E1 subunit α 1 
(PDHA1), pyruvate dehydrogenase kinase (PDK4).
2NZH = New Zealand Holstein (n = 11); NAH = North American 
Holstein (n = 11).
3All data shown as LSM ± SEM.

Table 7. Protein abundance of AMPK and pAMPK for NZH and 
NAH cows in a pasture-based system during mid-lactation

Protein1

Strain2

SEM3 P-valueNZH NAH

AMPK 1.00 1.11 0.095 0.47
pAMPK 1.06 1.16 0.177 0.61
pAMPK/AMPK 1.07 0.99 0.200 0.54
1AMPK = AMP-activated protein kinase; pAMPK = phosphorylated 
AMP-activated protein kinase.
2NZH = New Zealand Holstein (n = 11); NAH = North American 
Holstein (n = 11).
3All data shown as LSM ± SEM.
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bear in mind that studies assessing mitochondrial func-
tion by respiration measure the respiration rate, which 
represents the proton current generated by substrate 
oxidation, which then flows through the protonmotive 
force and is afterward divided between proton leak and 
ATP turnover (Brand and Nicholls, 2011). Hence, dif-
ferences between 2 groups of animals can be observed 
at different levels of ATP turnover and steady levels of 
proton leak, or vice-versa, or even at different levels of 
both ATP turnover and proton leak.

In general terms, functional loss of any of the com-
plex II subunits could account for the lower complex 
II and complex I respiration in NAH cows. It has been 
widely reported that functional loss or inhibition of 
complex II could lead to reactive oxygen species, which 
could further damage mitochondrial function (Dröse, 
2013; Hadrava Vanova et al., 2020). An impairment of 

mitochondrial function can result in a deficient energy 
supply and hinder hepatic functions further progressing 
in disease, such as nonalcoholic fatty liver (Rector et 
al., 2010) and insulin resistance (Galgani et al., 2008; 
Peinado et al., 2014), as shown in mice and human 
models.

White et al. (2012) determined mRNA expression of 
gluconeogenic genes and hypothesized that NAH cows 
had decreased TCA cycling compared with NZH cows. 
Possible causes that explain impairment of the TCA 
cycle, a major contributor of reduction equivalents, are 
related to depletion of intermediates, yielding a drop 
in NADH/NAD+ ratios to the detriment of ATP syn-
thesis (Burgess et al., 2004). Indeed, the TCA cycle 
in the dairy cow represents a major point of control, 
where oxaloacetate and acetyl-CoA are located in the 
crossroads; oxaloacetate levels may be depleted due 
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Figure 3. Hepatic gene expression of PC, PCK1, and PDK4 for New Zealand Holstein (NZH) and North American Holstein (NAH) cows in 
a pasture-based system during mid-lactation. (A) Relative mRNA abundance of PC in liver biopsies of NZH (black, n = 11) and NAH (gray, 
n = 11) cows. (B) Relative mRNA abundance of PCK1 in liver biopsies of NZH (black, n = 11) and NAH (gray, n = 11) cows. (C) Relative 
mRNA abundance of PDK4 in liver biopsies of NZH (black, n = 11) and NAH (gray, n = 11) cows. *P < 0.05, and **P < 0.01. Data represent 
LSM ± SEM.
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to demanding levels of gluconeogenesis (Allen, 2014; 
White, 2015), and acetyl-CoA concentration may be 
overloaded due to high levels of fatty acid oxidation, 
especially during early lactation (Adewuyi et al., 2005), 
or acetyl-CoA levels may be decreased as pyruvate is 
used for gluconeogenesis (Akbar et al., 2013).

In our work, NAH cows showed increased mRNA ex-
pression of key enzymes of gluconeogenesis (PC, PCK1, 
PDK4) compared with NZH cows. In addition, as 
lactation progresses, NZH cows reduced metabolizable 
energy intake and milk yield compared with NAH cows 
(Talmón et al., 2020). Indeed, the positive correlation 
between milk yield and PCK1 mRNA, the rate-limiting 
step of gluconeogenesis, confirmed that gluconeogenesis 
is the driver of milk production (Aschenbach et al., 
2010). In addition, the PC: PCK1 ratio tended to be 
higher for NAH than NZH cows, indicating that oxal-
acetate for gluconeogenesis was derived from precursors 
other than propionate (Weld et al., 2019). Moreover, 
MMUT mRNA levels in this work were similar to those 
previously reported in pasture-fed cows, lower than 
those of cows fed TMR (García-Roche et al., 2021). 
This emphasizes the relevance of turning to mobiliza-
tion of lipid and protein reserves for alternative gluco-
neogenic precursors in a pasture-based system and was 
in agreement with the increased PC mRNA abundance 
in NAH versus NZH cows. In fact, the positive cor-
relation between PC and PCK1 mRNA suggests that 
gluconeogenesis is mostly sustained by gluconeogenic 
precursors that enter the pathway at the pyruvate car-
boxylase step. Similar positive correlations are observed 
between milk yield and PC mRNA and milk yield and 
PCK1 mRNA. Furthermore, studies performed in dairy 
cows with propionate infusions have pointed out that 
mitochondrial increases of the NADH/NAD+ ratio may 
cause malate to be shunted toward gluconeogenesis, 
because mitochondrial malate dehydrogenase—the en-
zyme that catalyzes the conversion of malate to oxalo-
acetate—requires NAD+ (Zhang et al., 2015; Kennedy 
and Allen, 2019). This is especially relevant in models 
with propionate infusions, where the contribution of 
pyruvate from alternative precursors—evidenced by 
PC mRNA abundance—in the gluconeogenic pathway 
is scarce (Zhang et al., 2015). In our study, in contrast, 
we did find a relevant contribution of pyruvate from 
alternative precursors in the gluconeogenic pathway, as 
the correlations between PC and PCK1 mRNA and 
PC mRNA and milk yield were positive. By contrast, 
succinate dehydrogenase, an enzyme that has a role in 
electron transfer in the respiratory chain and also cata-
lyzes a step in the TCA cycle in between propionate 
conversion to methylmalonyl-CoA and oxaloacetate for-
mation, showed greater activity for NAH than for NZH 
cows, when corrected by mitochondrial mass. Hence, it 

is possible that gluconeogenesis from propionate and 
non-propionate precursors was increased in NAH cows. 
Neither abundance of mRNA and protein of SDHA nor 
abundance of MMUT mRNA differed between Holstein 
strains. Transcriptional or translational regulation of 
the steps that mediate mitochondrial propionate con-
version into oxaloacetate to supply gluconeogenesis in 
bovine liver, which are little-known, could explain these 
results (Aschenbach et al., 2010).

In this work, we found that both PCK1 mRNA and 
PC mRNA were increased in NAH cows; however, a 
previous work studying the expression of gluconeogen-
esis enzyme genes in different Holstein strains during 
early lactation while feeding less concentrate that the 
current study (White et al., 2012) found no differences 
in PCK1 mRNA and that PC mRNA tended to be 
increased in NZH compared with NAH cows. These 
contrasting results could be due to differences in stage 
of lactation and level of supplementation, as both lacta-
tion stage and nutrition affect PC mRNA expression in 
dairy cattle (Greenfield et al., 2000; Velez and Donkin, 
2005; García-Roche et al., 2021).

It is well established that glucose requirements of the 
gravid uterus increase appreciably during the latter half 
of pregnancy (Bell and Bauman, 1997). However, glu-
cose demands of the gravid uterus might not have had 
a definitive effect in our results, because all the animals 
in this study were in the first trimester of pregnancy. 
Nonetheless, if the intrinsic differences in glucose me-
tabolism observed among strains in this work during 
mid-lactation were also present during early lactation, 
this could in part explain the higher number of services 
per conception reported in the NAH versus the NZH 
strain in a maximum pasture treatment (Stirling et al., 
2021), as low blood glucose concentrations after calving 
are associated with infertility in postpartum dairy cows 
(Green et al., 2012; Lucy et al., 2013).

Although we found no differences in hepatic PDHA 
expression, PDK4 mRNA was greater for NAH than for 
NZH cows, further confirming that gluconeogenic pre-
cursors such as alanine and lactate would be channeled 
toward oxaloacetate instead of acetyl-CoA, as PDH 
activity is inhibited by PDK4 phosphorylation (Akbar 
et al., 2013). Studies in human and mice models have 
shown that downregulation of PDK4 increased ATP 
production, as it favors oxidative phosphorylation by 
yielding acetyl-CoA to the TCA cycle (Crewe et al., 
2017; Liu et al., 2017). In line with our results, a previ-
ous study in mid-lactation feed-restricted cows found a 
downregulation of complex I proteins and upregulation 
of the gluconeogenic genes PC and PDK4 (Akbar et 
al., 2013). Thus, impaired TCA cycling due to scarcity 
of the precursors oxaloacetate and acetyl-CoA could 
explain the reduced mitochondrial function related to 
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ATP synthesis in NAH cows relative to NZH cows. In 
sum, the hepatocyte of the lactating cow faces a rather 
controversial dilemma: gluconeogenesis versus energy 
production, sustained glucose output or healthy liver.

Mitochondrial function is crucial for cellular metabo-
lism, and for this reason mitochondria have powerful 
feedback loops in order to maintain levels of ATP syn-
thesis (Brand and Nicholls, 2011). One of the strategies 
used to face increasing energy demands is increase in 
mitochondrial density (Pesta et al., 2011). We studied 
mitochondrial abundance, measuring the maximum re-
spiratory rate (García-Roche et al., 2018), CS activity, 
and mtDNA-to-nDNA ratio, and observed that they 
were increased for NZH compared with NAH cows. 
This could be a plausible mechanism to explain the 
ameliorated mitochondrial function in NZH cows. For 
instance, transition dairy cows with mild fatty liver 
have been found to present increased expression of oxi-
dative phosphorylation complexes as well as mtDNA-
to-nDNA ratio, probably as a response to impaired liver 
function due to lipid accumulation (Du et al., 2018). 
However, an increased ratio of mtDNA to nDNA, or 
any other proxy for mitochondrial abundance, does 
not necessarily reflect mitochondrial biogenesis and 
could also be a result of reduced degradation of dam-
aged mitochondria, as observed previously in hepatic 
biopsies of human patients with nonalcoholic steato-
hepatitis (Koliaki et al., 2015). Increased mitochondrial 
abundance in cattle has been associated with increased 
adaptive capacity in several production systems. For 
instance, steers with low residual feed intake presented 
greater mitochondrial abundance and CS activity than 
steers with high residual feed intake; in other words, 
high-efficiency steers probably partitioned nutrients 
more efficiently toward energy metabolism (Casal et 
al., 2018). Moreover, a recent work carried out in high 
and low feed-efficient dairy cattle during weeks −4, 2, 
and 12 postpartum studied net fat oxidation, heat pro-
duction, and mtDNA-to-nDNA ratio, and found that 
the high feed-efficient group had lower heat production 
(HP) per kilogram of metabolic BW (BW0.75), as well 
as a higher number of relative mtDNA copies, pointing 
out that lower feed efficiency could result from fewer 
hepatic mitochondria and greater HP losses (Kennedy 
et al., 2021). Indeed, during yr 2 of the present study, 
our group studied energy partitioning and found that, 
at 192 DIM, residual HP per kilogram of BW0.75 was 
lower in NZH than NAH cows. In particular, because 
HP is a function of maintenance and production, and 
no differences were found in retained energy among 
strains, differences in residual HP could be due to in-
creased maintenance energy requirements of NAH cows 
(Talmón et al., 2020). Lower whole-body residual HP 

and higher numbers of relative mtDNA copies, com-
bined with increased mitochondrial function favoring 
ATP synthesis, suggests that NZH cows could indeed 
be more feed efficient that NAH cows (Kennedy et al., 
2021).

We explored whether increases in mitochondrial mass 
and activity in NZH cows could be due to mitochondrial 
biogenesis. However, mRNA expression of PPARGC1A 
and SIRT1, which encode PGC1α and SIRT1 master 
regulators of biogenesis (Cantó and Auwerx, 2009), did 
not differ between strains. Although gene expression 
was not altered in this study, protein expression and 
activity could be modulated by post-translational mod-
ifications, as protein expression of PGC1α has been 
reported to be increased in dairy cows with increased 
mitochondrial abundance (Du et al., 2018). Indeed, 
a mechanism of PGC1α activation is acetylation by 
SIRT1, and, in turn, SIRT1 is activated by AMPK by 
increasing levels of the oxidized electron carrier NAD+ 
(Cantó et al., 2009). Our recent work in dairy cattle 
in a TMR versus a pasture-based system showed that 
AMPK and its effector PGC1α could be upregulating 
gluconeogenic genes, alongside its positive association 
with SIRT1 (García-Roche et al., 2021). However, we 
did not observe differential activation of this pathway 
between the 2 strains.

The activation of AMPK has been studied in cell cul-
ture and mice models and has been shown to modulate 
energy metabolism in response to high AMP or low 
ATP levels, and its effects include switching to cata-
bolic pathways, enhancing oxidative phosphorylation, 
and, as a result, inducing complete oxidation (Cantó et 
al., 2009; Jenkins et al., 2013). The present results did 
not show differences in phosphorylated AMPK for NZH 
versus NAH cows under pasture-based conditions dur-
ing late mid-lactation. This could be explained, as pre-
vious authors have hypothesized, because the AMPK 
pathway is not an eligible indicator for whole-animal 
energy balance, as differences among cow groups with 
high and low liver fat contents were not elicited; howev-
er, its increase during early lactation is relevant (Schäff 
et al., 2012). To confirm this, we have previously shown 
that AMPK activation is a phenomenon that indeed 
takes place during early lactation but not during late 
lactation (García-Roche et al., 2021). Although it is 
possible that the AMPK signaling pathway does not 
play a significant role in cows of diverging strains dur-
ing mid-lactation, the molecular mechanisms regulat-
ing hepatic nutrient partitioning still lack resolution 
of understanding. Hence, further studies emphasizing 
the activation of PGC1α by means of post-translation 
modifications, its activity, and its effect on hepatic cel-
lular energy metabolism of dairy cows, would be useful.

García-Roche et al.: HEPATIC METABOLISM IN 2 HOLSTEIN STRAINS



Journal of Dairy Science Vol. 105 No. 7, 2022

CONCLUSIONS

Our results showed that Holstein cows of New Zea-
land origin presented improved hepatic mitochondrial 
function compared with cows of North American origin 
during mid-lactation in a pasture-based system, as 
respiration parameters related to ATP synthesis were 
increased, while maintaining similar milk solids produc-
tion. Furthermore, Holstein cows of North American 
origin have greater expression of gluconeogenic genes, 
which probably translates into decreased availability of 
reducing equivalents for oxidative phosphorylation, as 
neither pyruvate nor oxaloacetate are fueling the TCA 
cycle. In addition to improved mitochondrial function, 
Holstein cows of New Zealand origin had increased 
mitochondrial mass, which could be a plausible mecha-
nism for augmenting the respiratory capacity. Although 
this work shows dramatic differences in hepatic cellu-
lar energy metabolism, further research is needed to 
elucidate the mechanistic regulation underlying this 
phenomenon. Moreover, information regarding cellular 
energy metabolism presented in this study could be 
useful for the selection of a genetic strain that is better 
adapted for a production system with a high inclusion 
of pastures.
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