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ABSTRACT

Homeorhetic mechanisms assist dairy cows in the
transition from pregnancy to lactation. Less successful
cows develop severe negative energy balance (NEB),
placing them at risk of metabolic and infectious dis-
eases and reduced fertility. We have previously placed
multiparous Holstein Friesian cows from 4 herds into
metabolic clusters, using as biomarkers measurements
of plasma nonesterified fatty acids, 3-hydroxybutyrate,
glucose and IGF-1 collected at 14 and 35 d in milk
(DIM). This study characterized the global transcrip-
tomic profiles of liver and circulating leukocytes from
the same animals to determine underlying mechanisms
associated with their metabolic and immune function.
Liver biopsy and whole-blood samples were collected
around 14 DIM for RNA sequencing. All cows with
available RNA sequencing data were placed into bal-
anced (BAL, n = 44), intermediate (n = 44), or im-
balanced (IMBAL, n = 19) metabolic cluster groups.
Differential gene expression was compared between
the 3 groups using ANOVA, but only the comparison
between BAL and IMBAL cows is reported. Pathway
analysis was undertaken using DAVID Bioinformatic
Resources (https://david.nciferf.gov/). Milk yields
did not differ between BAL and IMBAL cows but dry
matter intake was less in IMBAL cows and they were
in greater energy deficit at 14 DIM (—4.48 v —11.70
MJ/d for BAL and IMBAL cows). Significantly differ-
entially expressed pathways in hepatic tissue included
AMPK signaling, glucagon signaling, adipocytokine
signaling, and insulin resistance. Genes involved in
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lipid metabolism and cholesterol transport were more
highly expressed in IMBAL cows but IGF! and IG-
FALS were downregulated. Leukocytes from BAL cows
had greater expression of histones and genes involved
in nucleosomes and cell division. Leukocyte expression
of heat shock proteins increased in IMBAL cows, sug-
gesting an unfolded protein response, and several key
genes involved in immune responses to pathogens were
upregulated (e.g., DEFB13, HP, OAS1Z, PTX3, and
TLR/). Differentially expressed genes upregulated in
IMBAL cows in both tissues included CD36, CPT1,
KFL11, and PDKY, all central regulators of energy
metabolism. The IMBAL cows therefore had greater
difficulty maintaining glucose homeostasis and had dys-
regulated hepatic lipid metabolism. Their energy deficit
was associated with a reduced capacity for cell division
and greater evidence of stress responses in the leuko-
cyte population, likely contributing to an increased risk
of infectious disease.

Key words: metabolic clustering, RNA sequencing,
liver, leukocyte, negative energy balance

INTRODUCTION

Dairy cows undergo extensive metabolic and endo-
crine changes as they transition from pregnancy to lac-
tation (Bell, 1995; Drackley et al., 2001; Chagas et al.,
2007). Some of the metabolic and humoral signals affect
appetite during the periparturient period, influenced by
many individual cow factors, including health and age,
together with management and environmental factors
such as feed availability and temperature (Ingvartsen
and Andersen, 2000; Ingvartsen, 2006). Cows have been
selected to promote nutrient partitioning, and the as-
sociated endocrine shifts in transition cows cause major
body tissue mobilization, which in turn reduces appe-
tite and thus feed intake. When DMI fails to keep pace
with the rising energy requirements of early lactation,
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cows enter a period of negative energy balance (NEB),
which may last for several months in severe cases (Tay-
lor et al., 2003). The liver coordinates the extensive
metabolic changes required via upregulation of genes
involved in fatty acid oxidation and gluconeogenesis
and downregulation of triacylglycerol synthesis (Loor
et al., 2006; Habel and Sundrum, 2020). These changes
are reflected in circulating metabolite concentrations,
with increased concentrations of nonesterified fatty ac-
ids (NEFA) and BHB and decreased concentrations of
glucose. This may be associated with the development
of hepatic steatosis (fatty liver disease; Vernon, 2005;
Ingvartsen, 2006; Shi et al., 2020).

Extensive changes to the somatotropic axis also occur
during the peripartum period. Growth hormone plays a
key role in milk production by promoting lipolysis and
gluconeogenesis (Bauman, 1999). The hepatic growth
hormone (GH) receptor is, however, downregulated at
this time (Lucy, 2008), causing a sharp decline in the
synthesis of IGF-1. For cows in severe NEB, the hepatic
expression of transcripts encoding IGF binding proteins
(IGFBP)-3, -4, -5, and -6 and the acid labile subunit
are also reduced, whereas expression of IGFBP-2 is
elevated (Fenwick et al., 2008). These changes not only
lead to a reduction in circulating IGF-1, but also reduce
its half-life and bioavailability (Clemmons, 1997; Bach,
2018). As lactation progresses, the GH-IGF-1 axis
becomes recoupled, so IGF-1 concentrations increase
again (Wathes et al., 2007a; Lucy, 2008).

Some cows are less able than others to respond ap-
propriately to the demands placed on them in early
lactation. They then become metabolically imbalanced,
placing them at increased risk of suffering from meta-
bolic and infectious diseases (Ingvartsen, 2006; Moyes
et al., 2013; Habel and Sundrum, 2020). Cows with a
low IGF-1 nadir in the first 2 wk after calving are also
less likely to conceive (Taylor et al., 2004; Wathes et
al., 2007a). Elevated NEFA and BHB and decreased
glucose and IGF-1 are thus recognized as biomarkers of
an unsuccessful transition from the dry period to lacta-
tion (Ingvartsen et al., 2003; Puppel and Kuczynska,
2016). We recently demonstrated that a k-means clus-
tering technique could be used to combine information
based on the log-transformed and standardized concen-
trations of these 4 metabolic biomarkers in blood to
identify individual cows with balanced or imbalanced
metabolic profiles (De Koster et al., 2019). Samples
were collected at around 14 DIM (early lactation) and
35 DIM (peak lactation) and data from both time
points were considered in the classification. The study
by De Koster et al. (2019) showed that the metabolic
clusters provided a better diagnostic tool than the use
of individual metabolite measurements. It also demon-
strated that the clusters were strongly associated with
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DMI and the severity of NEB in the first 50 DIM, but
only weakly with some milk quality parameters and
milk yield in very early lactation.

Another characteristic change over the periparturient
period is that immune function is suppressed. Not only
do the numbers of circulating leukocytes decrease in
early lactation (Cai et al., 1994; Mallard et al., 1998;
Wathes et al., 2009) but their functional capacity (e.g.,
their ability to generate reactive oxygen species in
vitro) is reduced (Ingvartsen and Moyes, 2013). This
loss of functionality is strongly associated with liver
triacylglycerol content and circulating NEFA concen-
trations, indicators of lipid mobilization (Zerbe et al.,
2000; Hammon et al., 2006; McCarthy et al., 2016).
A gene expression study of neutrophils obtained from
cows with elevated NEFA and BHB levels after calving
found that genes important for granulocyte recruit-
ment, IFN signaling, and apoptosis were all downregu-
lated (Crookenden et al., 2019). The impaired immune
function is likely to be linked directly to the reduc-
tion in nutrient availability. Immune cells require an
adequate supply of glucose, amino acids, fatty acids,
and cholesterol/oxysterols to mount an effective im-
mune defense (Ingvartsen and Moyes, 2013; Loftus and
Finlay, 2016; Walls et al., 2016). Clonal expansion of
T cells in response to antigen recognition also requires
dynamic changes in their metabolism (Dimeloe et al.,
2017; Desdin-Micé et al., 2018). Immune dysfunction
makes cows more susceptible to infectious disease, and
a high proportion of dairy cows experience infection of
their reproductive tract after calving, which manifests
as metritis or endometritis (Sheldon et al., 2006). The
incidence of mastitis also increases at this time (Van-
groenweghe et al., 2005).

Pathways involving lipid mobilization are all involved
in metabolic adaptations necessary for survival during
periods of nutrient deprivation or in periparturient
animals (Ingvartsen and Andersen, 2000). In lactating
cows, this involves minimizing glucose utilization and
switching to fatty acids (FA) as the main energy source
via mobilization of triglycerides stored in adipose tis-
sue (Bauman and Currie, 1980; Contreras et al., 2018).
The liver plays a critical role by supplying glucose and
ketone bodies to other organs (Shahzad et al., 2014).
The metabolic response to fasting is coordinated by the
endocrine system with key hormones including insulin,
glucagon and GH, and requires induction of enzymes
for fatty acid oxidation and ketogenesis. Adenosine
monophosphate-activated protein kinase (AMPK) is
a serine threonine kinase that is activated by increases
in the cellular AMP:ATP ratio caused by metabolic
stresses, thus acting as a sensor of cellular energy sta-
tus (Viollet et al., 2006). Once activated itself, AMPK
activates ATP-producing catabolic pathways, such as
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fatty acid oxidation and glycolysis while simultaneously
inhibiting energy-consuming biosynthetic pathways,
such as protein, FA, and glycogen synthesis.

We hypothesized that cows that experience metabolic
imbalance in early lactation are also more susceptible
to immune dysfunction at this time, which will be re-
flected in differences in their leukocyte transcriptome.
The study therefore investigated the mechanisms un-
derlying the relationship between metabolic status, liv-
er function and immunity in high yielding multiparous
Holstein Friesian dairy cows. Cows were classified into
balanced or imbalanced metabolic groups as described
previously (De Koster et al., 2019), and RNA sequenc-
ing methodology (RINA-Seq) was used to compare the
transcriptomes of their livers and circulating leukocytes.

MATERIALS AND METHODS

The data in this study were collected as a part of
the Genotype plus Environment (GplusE) FP7-Project
(http://www.gpluse.eu). All procedures had local
ethical approval and complied with the relevant na-
tional and EU legislation under the European Union
(Protection of Animals used for Scientific Purposes)
Regulations 2012 (S.I. No. 543 of 2012). Details of the
management of each herd, laboratory analyses, and
phenotypic data collection are provided in Krogh et al.
(2020). All chemicals were obtained from Sigma Aldrich
(Gillingham, UK) unless otherwise stated.

Animals and Sampling

Samples and production data were obtained between
calving and 50 d after calving (1-50 DIM) from 130
Holstein Friesian cows (parity 2: n = 42; parity 3: n
= 51; parity >4: n = 37) in 4 research herds each in
different countries in the European Union (Aarhus
University, Denmark; University College Dublin Lyons
Research Farm, University College Dublin, Ireland;
Agri-Food and Biosciences Institute, Northern Ireland,
UK; and Leibniz Institute for Farm Animal Biology,
Dummerstorf, Germany). All cows were milked twice
daily and their daily yields were recorded. Milk samples
were collected twice weekly until 50 DIM and analyzed
for composition of protein, fat, and lactose by mid-
infrared analysis. The ECM yield was adjusted to 3.5%
fat and 3.2% protein using the formula ECM = (0.327
x milk kg) + (12.95 x fat kg) + (7.65 x protein kg).
Body weights were recorded twice weekly using weigh
scales until 50 DIM. Daily individual DMI was recorded
using electronic feeding systems. Weekly ration samples
collected over the course of the sampling period were
dried and shipped for NE; analysis in a single run
(Cumberland Valley Agricultural Services, Waynesboro,
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PA). The energy input was calculated by multiplying
the weekly NE; density of the ration with the daily
DMI of the animal. The energy output was calculated
according to the NRC (2001) calculation correcting for
NE,; using the last recorded BW of the animal and the
most recent fat, protein, and lactose contents, together
with the daily milk yield for the NE;. Energy balance
(EBAL) was calculated as described by Krogh et al.
(2020).

Analysis of Glucose, NEFA, BHB, and IGF-1

Blood samples were taken around 14 DIM (15 + 0.1
DIM, mean + SEM) and 35 DIM (37 + 0.1 DIM) into
both serum and heparin tubes by jugular or coccygeal
venipuncture, separated by centrifugation (1,600 x g
at 4°C for 15 min), and stored at —20°C for subsequent
analysis. Laboratory analysis of blood metabolites was
performed at the Department of Animal Science, Aarhus
University, Denmark. Glucose and NEFA concentra-
tions were determined using enzymatic methods (glu-
cose, ADVIA 1800 Clinical Chemistry System, Siemens
Healthcare Diagnostics, Ballerup, Denmark; NEFA, C
ACS-ACOD assay method, Fujifilm Wako Diagnostics,
Mountain View, CA). Plasma BHB concentrations were
determined by measuring absorbance at 340 nm due to
the production of NADH at alkaline pH in the presence
of BHB dehydrogenase. Intra- and inter-assay CV were,
in all cases, <3 and 4%, respectively, for both low and
high control samples. Concentrations of IGF-1 were de-
termined in serum by radioimmunoassay at University
College Dublin, Ireland, following acid-ethanol extrac-
tion using the method previously described by Beltman
et al. (2010). Intra-assay CV were 12.4, 7.5, and 9.9%
for low, medium, and high control samples, respectively.
The corresponding inter-assay CV were 7.8, 3.9, and
9.4%. The sensitivity of the assay, defined as the lowest
concentration detectable, was 4 ng/mL.

Liver Biopsy and RNA Preparation

Liver biopsies were collected from all cows in the
study at around 14 DIM using a standard operating
procedure. First, a 5 x 5 cm area on the right side
of the cow at the 10th intercostal, where it crosses a
line from mid-humerus to the tuber coxae, was shaved
and disinfected, and 10 mL of local anesthetic (Proca-
sel, 2%; Selectavet, Dr. Otto Fisher GmbH, Weyarn-
Holzolling, Germany) was given. After a minimum of
10 min, a 5-mm incision was made in the skin. Next,
a 20-mg liver biopsy was taken through this incision
using a Manan Automatic Biopsy system (14 gauge
x 17 mm notch; Marmon/MDTech, Gainesville, FL).
The biopsy samples were placed in 2-mL screw-capped
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collection tubes containing 1 mL of RNAlater solution
(Qiagen, Hilden, Germany), and initially kept on wet
ice before snap-freezing in liquid nitrogen. The incision
was closed with a disposable skin stapler (Autosuture,
Roual 35W, United States Surgical, Norwalk, CT).
Samples were then stored in a freezer at —80°C before
shipment to the University of Liege, Belgium (GIGA
Research Facility) for extraction. Approximately 20
mg of frozen liver samples was disrupted using a Tis-
sueLyzer IT homogenizer for 2 min at 30 Hz twice in
600 L of Buffer RLT with a 5-mm stainless steel bead
(Qiagen). Total RNA was extracted from the homoge-
nates using RNeasy Mini kits and QIAcube workstation
according to the manufacturer’s instructions (Qiagen).
Quantity and quality of RNA were evaluated using a
QIAxcel capillary electrophoresis device (Qiagen) and
NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA), respectively. The average
RNA concentrations, absorbance ratios at 260 and 280
nm (A260/280), and RNA integrity scores were 337.7
ng/pL, 2.04, and 7.8, respectively, n = 104 (see Supple-
mental Table 1A for details; https://rve-repository
.worktribe.com/output /1442087).

Leukocyte Collection and RNA Preparation

Blood samples were collected into Tempus blood
collection tubes (Thermo Fisher, Loughborough, UK)
and shaken vigorously for 15 to 20 s immediately upon
collection, frozen, and stored at —80°C. They were
then shipped to the Royal Veterinary College (Hatfield,
UK) for extraction. Tempus tubes were thawed at
room temperature before decanting the contents into
50-mL conical tubes. Whole-blood extraction (contain-
ing leukocytes) used Tempus Spin RNA isolation Kits
(Thermo Fisher) following the manufacturer’s instruc-
tions. Quantity and integrity of RNA were assessed us-
ing an Agilent BioAnalyzer 2000 (Agilent Technologies
UK Ltd., Cheadle, UK) and Agilent RNA 6000 Nano
Kit (Agilent). The RNA measurements were validated
using a NanoDrop 1000 spectrophotometer (Thermo
Fisher). The average RNA concentrations, A260/280
absorbance ratios, and RNA integrity scores were 145.0
ng/pL, 2.09, and 9.2, respectively, n = 105 (see Supple-
mental Table 1B for details; https://rve-repository
.worktribe.com/output/1442087).

Animal Clustering

Metabolic clusters of cows were derived based on
the log-transformed and standardized metabolite and
hormone concentrations (mean = 0 and SD = 1) of
blood glucose, IGF-1, BHB, and NEFA at 14 and 35
DIM. The kmeans clustering methodology was de-
scribed in detail by De Koster et al. (2019). Cows with
a favorable metabolic profile were grouped as balanced
(BAL), cows with an unfavorable metabolic profile
were grouped as imbalanced (IMBAL), and, for this
study, the remainder were placed into an intermediate
group. Sample size for RNA-Seq was estimated based
on achieving 80% power for each test to detect a true
difference in expression fold change of at least 1.2, with
a group coefficient of variation of 50% and a false dis-
covery rate of 0.05 for testing 20,000 genes. At least 15
cows in each group was required. The distribution of
cows between the 3 metabolic groups with RNA-Seq
data available from hepatic and blood leukocyte sam-
ples is shown in Table 1. Because not all animals used
in the original analysis described by De Koster et al.
(2019) had associated RNA-Seq data available, data on
the metabolite and IGF-1 concentrations, BW, DMI,
milk yield, and composition, and calculated energy
balance values for each cow used in the present study
were reanalyzed by metabolic cluster. Statistical data
analysis was carried out using SPSS version 26 (IBM
Corp., Armonk, NY). The differences of the above pa-
rameters between metabolic clusters for each of 14 and
35 DIM were initially compared using ANOVA with the
level of significance set to P < 0.05. Where ANOVA
showed significance, Tukey HSD multiple comparisons
were performed to identify the sources of differences.
A 2-way ANOVA was also performed to determine the
difference between metabolic clusters, DIM (14 or 35
d), and their interactions.

RNA Sequencing

The RNA sequencing libraries were prepared from
liver and whole-blood samples using an epMotion liquid
handling workstation (Eppendorf, Hamburg, Germany)
with the Illumina TruSeq Stranded Total RNA Library
Prep Ribo-Zero Gold kit (Illumina Inc., San Diego, CA)
at the University of Liege (GIGA Research Facility,
Liege, Belgium). Pooled cDNA libraries were sequenced

Table 1. Sample sizes for RNA-sequencing (RNA-Seq) analysis according to metabolic clusters

Group Balanced Intermediate Imbalanced Total
Cows with liver RNA-Seq data 44 44 16 104
Cows with leucocyte RNA-Seq data 42 44 19 105
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on an Illumina NextSeq 500 sequencer at 75-nt single-
end reads to reach an average 30 million reads per
sample. Raw data were stored as FASTQ) files (Sanger/
Nlumina 1.9 [Phred +33]) in the EBI ArrayExpress:
E-MTAB-9431, E-MTAB-9347, and E-MTAB-9348.

Transcriptomics Pipeline

Reads were trimmed or removed according to base
quality using Trimmomatic v. 0.36 (Bolger et al., 2014)
and the following setting (SLIDINGWINDOW:4:25
MINLEN:30 LEADING:3 TRAILING:3). The quality
of raw and trimmed FASTQ files was assessed with
FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Bos taurus assembly (ARS_UCD1.2),
and its corresponding gene set, was used as reference
to map reads using the splice aware aligner HISAT2
(Kim et al., 2015). The SAM files were converted to
BAM files and coordinate sorted with SAMtools (Li et
al., 2009). Picard Tools (http://picard.sourceforge.net)
were used on the BAM files to remove PCR duplicates,
add read group information, sort by chromosome, and
create indexes. Reads per protein coding gene were
counted with StringTie (Pertea et al., 2015) and ex-
pression values were normalized as reads per kilobase
million (RPKM).

The RNA-Seq data were analyzed using Partek Ge-
nomics Suite software version 7.1 (Partek Inc., St. Louis,
MO). The RPKM values were log, transformed. Effect
of different herds on gene expression was removed using
the function built in Partek Genomics Suite version 7.1.
This function calculates the variation attributable to
herd and then adjusts the original values to remove the
variation. Differences between the 3 metabolic clusters
were analyzed by ANOVA following removal of the herd
effect. The results presented here are based on the com-
parison between BAL and IMBAL cows. Differentially
expressed genes (DEG) that met the selection criteria
(P < 0.05 and fold change >1.2) were taken forward
for pathway analysis using DAVID bioinformatics re-
sources version 6.8 (https://david.nciferf.gov/; Huang
et al., 2009a,b). Benjamini-Hochberg (BH) adjustment
was used and statistical significance was considered at
P < 0.05.

RESULTS AND DISCUSSION

In this study, we used a transcriptomics approach to
investigate differences in liver and leukocyte function
between cows with BAL or IMBAL metabolic profiles
in early lactation. This provided insight into how such
metabolic adaptations may affect the immune system.
The RNA-Seq data were obtained from 105 multipa-
rous cows from 4 herds, each in a different country.
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This approach increased the heterogeneity in the
data, thus reducing the power of the analyses. It also
meant, however, that the differences identified should
be relevant across a range of genotypes and manage-
ment practices. A further novel strategy was the use
of k-means clustering methodology to divide cows into
metabolically BAL, IMBAL, or intermediate groups
based on circulating concentrations of NEFA, BHB,
glucose, and IGF-1 measured in both early and peak
lactation. Metabolic imbalance is defined as “a condi-
tion where the regulating mechanisms are insufficient
for the animals to function optimally leading to a high
risk of a complex of digestive, metabolic, and infectious
problems” (Ingvartsen, 2006). Although cows from
all 3 metabolic groups were included in the RNA-Seq
data analysis, the gene transcription results presented
here only include the comparison between BAL and
IMBAL cows. This was to improve clarity and because
understanding the differences between these 2 groups is
considered the most biologically relevant.

Metabolic Characteristics of BAL and IUBAL Cows

The BAL cows had significantly higher circulating
concentrations of glucose and IGF-1 and significantly
lower concentrations of NEFA and BHB than the
IMBAL cows at both 14 and 35 DIM (all P < 0.001;
Table 2). Glucose (P < 0.001), and IGF-1 (P < 0.002)
concentrations increased between these 2 time points,
whereas NEFA concentrations decreased (P < 0.001).
The IMBAL cows were numerically heavier than the
BAL cows at 14 DIM but the weight difference was
not significant. Dry matter intake was less in IMBAL
cows at both time points (P < 0.01). Milk yields were
similar between these 2 groups, but the milk of the
IMBAL cows contained a lower percentage of protein
at both time points (P < 0.001) and a higher percent-
age of fat at 35 DIM (P < 0.01). The IMBAL cows
therefore had the highest ECM yields at 35 DIM (P
< 0.01). The overall EBAL calculations showed that
all 3 groups were in NEB at both time points, but the
NEB was more severe in the IMBAL group than in the
BAL group on both 14 (P < 0.01) and 35 DIM (P <
0.001). Energy balance was the only measurement to
show a significant group x day interaction (P < 0.001).
For BAL cows, the average improved from —4.48 to
—1.95 MJ/d between 14 and 35 DIM, whereas for the
IMBAL cows, the values remained poor at both times,
at —11.70 and —12.41 MJ/d, respectively. In summary,
cows in the IMBAL group were in more severe NEB at
both 14 and 35 DIM, which was associated with lower
DMI but similar milk yield.

Metabolic adaptation to lactation requires lipolysis
of adipose tissue (Bauman and Currie, 1980; Drackley
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Day 35

Day 14

Table 2. Characteristics of the 3 clusters of cows: balanced (BAL), imbalanced (IMBAL), and intermediate (INT)"*

P-value

P-value
(Group)

P-value
(Group)

(Day)

INT IMBAL

BAL

INT IMBAL

BAL

Ttem

19
3.37 + 0.098°

44

3.56 + 0.045°

43
3.88 %+ 0.040"

0.44 + 0.023°

19
3.27 + 0.122"

44
3.37 £+ 0.041°

43
3.60 + 0.041"

Number of cows

<0.001
0.50

<0.001
0.002

<0.001
<0.001
<0.001
<0.001

1.26 + 0.156¢
939 + 109.9¢
60.5 + 6.11°

0.59 £ 0.036°
423 + 44.3°
72.7 + 4.78°

372 4 40.1°
160.0 + 8.63¢

<0.001
<0.001
<0.001
<0.001

1.35 & 0.262°
1350 + 148.5°
47.4 + 5.40

0.60 & 0.027"
764 + 50.3"
59.3 + 5.36"

0.46 + 0.026"
584 + 46.7°
131.3 + 6.88"

Glucose (mmol/L)
BHB (mmol/L)
NEFA (pmol/L)
IGF-1 (ng/mL)
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"Values are expressed as means + SEM. Animals were categorized based on kmeans clustering of glucose, BHB, nonesterified fatty acids (NEFA), and IGF-1 concentrations mea-

sured in blood at around 14 and 35 DIM.

’P-values (Group) are based on 1-way ANOVA for each day separately; P-values (Day) are based on 2-way ANOVA including group and day. The only significant group x day

interaction was for EBAL, where P = 0.001.

3Values are 7-d averages. EBAL = energy balance.

et al., 2001). This is a normal physiological process but
in some cows the amount of lipid reaching the liver
exceeds its capacity for oxidation or export and triglyc-
erides accumulate, resulting in hepatic steatosis. This
impairs liver functionality and increases inflammatory
responses (Vernon, 2005). Around half of high-yielding
dairy cows are estimated to develop moderate to severe
fatty liver disease within the first 14 DIM (Shi et al.,
2020). Tt is therefore probable that a significant propor-
tion of the IMBAL cows in this study were so affected;
they also had lower glucose levels. It has been estimated
that in cows producing 40 kg of milk/d (similar to the
yields in this study), mammary epithelial cells extract
up to 2.7 kg/d of glucose from the plasma pool (Bicker-
staffe et al., 1974). In ruminants, this glucose demand
is met almost exclusively through hepatic gluconeogen-
esis, placing them at risk of glucose insufficiency during
periods of peak demand (Habel and Sundrum, 2020).

A positive correlation was observed between circulat-
ing NEFA and BHB concentrations from about 1 wk
precalving until 4 wk postpartum, after which concen-
trations of NEFA generally started to decline, whereas
BHB concentrations continue to increase until about wk
6 (Wathes et al., 2007b). Animals that continue to mo-
bilize NEFA for longer in support of lactation lose more
condition. The period of high BHB at a time of glucose
shortage and with declining blood NEFA reflects utili-
zation of the triacylglycerol, which accumulates in the
liver in early lactation to supply energy. A concentra-
tion of serum BHB above 1.0 to 1.4 mmol/L is usually
considered the threshold for subclinical ketosis, with
clinical ketosis occurring at levels >2.0 to 2.6 mmol/L.
Symptoms for clinical ketosis include diminished appe-
tite, a decrease in milk yield, and weight loss (Duffield,
2000). Cows with precalving serum NEFA concentra-
tions >300 pmol/L are more likely to develop retained
placenta and uterine disease, whereas precalving NEFA
concentrations >500 pmol/L and postcalving NEFA
>1,000 pmol/L are associated with an increased risk
of developing a displaced abomasum (Chapinal et al.,
2011; Lyons et al., 2014). At least half of all dairy cows
are thought to experience subclinical ketosis in the first
month of lactation (Duffield, 2000). The IMBAL cows
in this study had mean BHB and NEFA concentrations
of 1.35 £ 0.262 mmol/L and 1,350 + 148.5 pmol/L,
respectively, at 14 DIM. These values exceeded the ac-
cepted thresholds for subclinical ketosis but no cows
developed clinical ketosis or a displaced abomasum. Al-
though the EB remained negative in the IMBAL cows
at both 14 and 35 DIM, the EB values of around —12
MJ/d at both these time points did not approach the
minimum levels of around —40 MJ/d, which cows in
severe NEB can reach in early lactation (Taylor et al.,
2003; Wathes et al., 2009).
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Relationships Between Metabolic Profiles and Gene
Expression in Liver

The ANOVA identified 152 DEG, of which 121
genes were upregulated in livers from IMBAL versus
BAL cows and 31 were downregulated (Supplemental
Tables S2 and S3; https://rve-repository.worktribe
.com/output/1442087). The 10 most highly up- or
downregulated genes are listed in Tables 3 and 4. Prin-
cipal component analysis separated the cows into 2
distinct clusters but with some overlap (Supplemental
Figure S1). Expression patterns of the 2 groups were,
however, distinctly separated using heat map analysis
(Supplemental Figure S2). Analysis of the complete list
of DEG using DAVID revealed 5 significant pathways
in the functional annotation chart. Two of these path-
ways also appeared in the only significant functional
annotation cluster (BH P < 0.001): bta04152: AMPK
signaling pathway and bta04922: Glucagon signaling
pathway. There was, however, overlap with genes in-
cluded in bta04920: Adipocytokine signaling pathway
and bta04931: Insulin resistance (Tables 5 and 6). The
common upregulated DEG in IMBAL cows identified
as part of the AMPK, glucagon, and adipocytokine
signaling pathways were CD36, CPTI1B, CREBS3LS,
GYS2, LDHB, PPARGC1A, and RXRG, which all have
well-established roles in regulating metabolic responses
to fasting, as described below. Several other DEG, most
of which were more highly expressed in the IMBAL

cows, were not identified in the functional analysis
but are also involved in these processes, as illustrated
in Figure 1. These results accord well with previous
studies. For example, McCarthy et al. (2010) used dif-
ferential feeding and milking regimens in early lactation
to produce 2 groups of cows with either a mild or severe
(SNEB) NEB status. Analysis of array data of hepatic
gene expression identified 36 gene networks, of which
the 3 most significant were pyruvate metabolism, LXR/
RXR activation, and fatty acid metabolism. The most
upregulated genes in the SNEB cows included CPT1B,
ANGPTL4, RXRG, APOA1, and ACADVL. Ha et
al. (2017) compared the liver transcriptome at 3 time
points with respect to calving: 22 d prepartum and 10
and 17 d postpartum. They also identified APOAI1,
CPT1B, ADIPOR2, and CREB3LS3 as key genes whose
expression changed during the peripartum period, with
AMP signaling acting as a central regulator of energy
homeostasis.

Lipid Metabolism. Hepatic adaptations in early
lactation include upregulation of genes involved in fatty
acid oxidation and gluconeogenesis and downregulation
of triacylglycerol synthesis (McCarthy et al., 2010;
Shahzad et al., 2014). In support of this, the IMBAL
cows had greater expression of many genes involved in
the uptake, processing, and storage of lipids. Figure 1A
shows the pathways involved in triglyceride synthesis
and breakdown. Synthesis involves 4 sequential enzy-
matic steps, of which the third is catalyzed by LPINT;

Table 3. Summary list of the top 10 most upregulated differentially expressed genes in liver and leukocytes in the comparison of cows with
imbalanced (IMBAL) versus balanced (BAL) metabolic profiles, sampled at around 14 DIM

Fold
Entrez gene Gene symbol Gene name P-value change
Liver'
509963 ANGPTL/ Angiopoietin like 4 1.70E-05 2.05
537301 APOA4 Apolipoprotein A4 2.80E-03 1.84
509459 CPT1B Carnitine palmitoyltransferase 1B 1.90E-06 1.78
512633 MFSD2A Major facilitator superfamily domain containing 2A 3.50E-03 1.77
509500 RXRG Retinoid X receptor gamma 5.20E-05 1.71
505987 GK Glycerol kinase 3.70E-03 1.64
505987 INMT Indolethylamine N-methyltransferase 3.00E-02 1.63
540641 PDK}, Pyruvate dehydrogenase kinase 4 1.80E-04 1.63
540641 NOCT Nocturnin 1.80E-04 1.6
616337 PLPP5 Phospholipid phosphatase 5 5.50E-03 1.6
Leukocytes®
507367 PDK, Pyruvate dehydrogenase kinase 4 0.000 1.68
404107 DEFB13 Beta-defensin 13 0.017 1.66
280720 BRB Brain ribonuclease 0.002 1.64
541148 PTX3 Pentraxin 3 0.04 1.58
539835 HSPAG Heat shock protein family A (Hsp70) member 6 0.003 1.5
101904517 LOC101904517 Multidrug resistance-associated protein 4-like 0.022 1.48
519922 0OAS1Z 2’ 5'-oligoadenylate synthetase 1, 40/46 kDa 0.04 1.45
280692 HP Haptoglobin 0.03 1.43
282254 HSPA1A Heat shock 70 kDa protein 1A 0.002 1.42
532668 ZNF821 Zinc finger protein 821 0.002 1.42

"Liver: BAL, n = 44, IMBAL, n = 16.
’Leukocytes: BAL, n = 42, IMBAL, n = 19.
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Table 4. Summary list of the top 10 most downregulated differentially expressed genes in the comparison of cows with imbalanced (IMBAL)

versus balanced (BAL) metabolic profiles, sampled at around 14 DIM

Fold
Entrez gene Gene symbol Gene name P-value change
Liver'
513746 SERPINAG6 Serpin family A member 6 0.000 -2
281239 IGF'1 Insulin like growth factor 1 0.000 —1.62
539466 PPPI1R3C Protein phosphatase 1 regulatory subunit 3C 0.043 —1.52
540473 ASCL1 Achaete-scute family bHLH transcription factor 1 0.013 —1.47
532494 IGFALS Insulin like growth factor binding protein acid labile subunit 0.022 —1.46
508829 ABCGS ATP binding cassette subfamily G member 0.02 —1.44
101902412 ANGPTLS Angiopoietin like 8 0.011 —1.44
536781 LDB3 LIM domain binding 3 0.047 —-14
504559 DIRASS DIRAS family GTPase 3 0.016 —1.34
280934 SULT1E1 Sulfotransferase family 1E member 1 0.038 —1.33
Leukocytes®
504244 TUBA1C Tubulin, a 1c 0.026 —1.66
100139916 LOC100139916 Interleukin 32-like 0.02 —1.44
280821 JCHAIN Joining chain of multimeric IgA and IgM 0.027 —-14
511381 UNG Uracil DNA glycosylase 0.002 —1.31
514564 ZWINT ZW10 interacting kinetochore protein 0.016 —1.28
538485 CXXC5 CXXC finger protein 5 0.002 —-1.27
509796 DPYSL3 Dihydropyrimidinase like 3 0.022 —1.27
540737 PCLAF PCNA clamp associated factor 0.028 —1.27
513594 CEP55 Centrosomal protein 55 0.008 —1.26
505233 CERS/ Ceramide synthase 4 0.002 —-1.26

'Liver: BAL, n = 44, IMBAL, n = 16.
“Leukocytes: BAL, n = 42, IMBAL, n = 19.

this gene was more highly expressed in the IMBAL cows.
Genes encoding several enzymes potentially involved in
the degradation of both triglycerides (ABHD1, BREH]1,
LIPG) and monoacylglyceride (MGLL) into component
glycerol and free fatty acids (FFA) were upregulated
in IMBAL cows. Expression of GK, encoding glycerol
kinase, also increased.

Alternate pathways that can be used to provide fuel
for the tricarboxylic acid (TCA) cycle are summarized
in Figure 1B. The HNF/G and ACADVL genes were
both upregulated in IMBAL cows. The HNF4 fam-
ily are transcription factors that bind FA; HNF4a
regulates the expression of many hepatic genes that
influence differentiation and proliferation (Walesky and
Apte, 2015). In mouse intestinal epithelium, HNF4A
and HNF4G are both involved in upregulating the acyl-
CoA synthetases ACSL5 and ACSF2, which catalyze
the conversion of FA into acetyl CoA (Chen et al.,
2020). The ACADVL gene encodes an acyl-coenzyme A
dehydrogenase, which is specific to long-chain and very
long chain FA and drives the first step of the mitochon-
drial fatty acid 3-oxidation pathway.

Genes encoding pyruvate dehydrogenase kinase 4
(PDK}) and pyruvate carboxylase (PC) were also more
highly expressed in IMBAL cows; PDK4 inactivates
the pyruvate dehydrogenase complex, which catalyzes
the conversion of pyruvate to acetyl-CoA (Holness and
Sugden, 2003), whereas PC catalyzes the carboxylation
of pyruvate to oxaloacetate. Both of these actions help
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to conserve glucose. Glycogenesis is another glucose-
sparing mechanism (Figure 1C). Genes encoding 2
enzymes in this pathway, UGP2 and GYS2, were up-
regulated. The PPP1R3C gene encodes a subunit of the
protein phosphatase 1 (PP1) complex, which activates
glycogen synthase and limits glycogen breakdown by
reducing glycogen phosphorylase activity. This gene
was downregulated in the IMBAL cows.

Figure 1D illustrates pathways involving lipid me-
tabolism within the hepatocyte. The gene encoding
the adiponectin receptor (ADIPORZ2) was more highly
expressed in IMBAL cows. This mediates increased
AMPK and peroxisome proliferator-activated receptor
(PPAR) ligand activities. The AMP-activated protein
kinase is a serine/threonine kinase, and its signaling
pathway acts as a sensor of cellular energy status. It
inhibits energy-consuming processes including protein,
FA, and glycogen synthesis while activating the ATP-
producing catabolic pathways of FA oxidation and
glycolysis (Viollet et al., 2006). Peroxisome prolifera-
tor-activated receptors are activated by FA and their
derivatives and can form heterodimers with retinoid X
receptors (RXR) and bind a peroxisome proliferator
response element on target genes. Both PPARa and
PPAR~ are expressed in liver and have significant
influences on hepatic glucose and lipid metabolism,
adipocyte differentiation and inflammatory responses
(Grygiel-Gérniak, 2014; Nakamura et al., 2014). In the
present study, PPARGC1A expression was upregulated
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Figure 1. Proteins encoded by genes whose expression was significantly higher in imbalanced (IMBAL; unfavorable metabolic profile) com-
pared with balanced (BAL; favorable metabolic profile) cows are shown in red and those whose expression was lower are in green. (A) Summary
of the pathways involved in triglyceride synthesis and breakdown. LPIN1 catalyzes the penultimate step in triglyceride synthesis including the
dephosphorylation of phosphatidic acid to yield diacylglycerol. ABHD1, BREH1, LIPG, and MGLL all have lipase activity and are involved in
triglyceride or monoacylglyceride metabolism, yielding glycerol and free fatty acids. GK catalyzes the phosphorylation of glycerol by ATP, yield-
ing ADP and glycerol-3-phosphate. (B) Summary of alternative pathways leading from proteins, carbohydrates, or triglycerides to provide fuel
for the tricarboxylic acid (TCA) cycle and oxidative phosphorylation. Under anaerobic conditions, pyruvate is converted to lactate with the first
step catalyzed by LDH. ACSL5 and ACSF2 catalyze the conversion of long- and medium-chain fatty acids to acetyl-CoA for potential degrada-
tion via 3-oxidation. These genes are upregulated by the transcription factor HNFAG. The mitochondrial enzyme PDK4 inactivates the pyruvate
dehydrogenase complex, which catalyzes the conversion of pyruvate to acetyl-CoA. PC catalyzes the carboxylation of pyruvate to oxaloacetate.
Together these changes favor the use of fatty acids and spare glucose for the generation of energy. (C) Pathway of glycogenesis. Two enzymes
in this pathway, UGP2 and GYS2, were upregulated in IMBAL cows. These activities also spare glucose use and promote glycogen storage.
PPPIR3C, which encodes a subunit of the protein phosphatase 1 (PP1) complex, which activates GYS2, was however less highly expressed
in IMBAL cows. (D) Pathways involving lipid metabolism within the hepatocyte and lipoproteins. ADIPOR2 mediates increased AMPK and
PPAR ligand activities. PPARs can form heterodimers with RXR and bind a PPRE on target genes. CREBL3 has similar and additive actions to
PPAR«. The transcription factor HNF4G upregulates ACSL5 and ACSF2 (see Figure 1B). CPT1B transports long-chain fatty acyl-CoAs from
the cytoplasm into the mitochondria where ACADVL drives the first step of the fatty acid 3-oxidation pathway (Figure 1B). Pyruvate is trans-
ported into the mitochondria by a MPC1/MPC2 heterodimer. CYP4A11 localizes to the endoplasmic reticulum (ER) and hydroxylates medium-
chain fatty acids. ELOVL2 catalyzes the first and rate-limiting reaction of the long-chain fatty acid elongation cycle. Small cytoplasmic lipid
droplets (LD) form by budding off from the ER. CIDEC regulates LD enlargement. PLIN2, PLIN4, HSD17B13, and HILPDA are all involved in
regulating the balance between storage and lipolysis within the LD. The 4 enzymes ACOX2, CROT, HSDL2, and IDH1 all play a role in break-
down of fatty acids within peroxisomes, and the transport of medium- and long-chain acyl-CoA molecules back into the cytosol. Hepatocytes also
synthesize lipoproteins, which transport lipids, triglycerides, and cholesterol esters around the body. Circulating very low density lipoproteins
(VLDL) release FA and glycerol from triglycerides through the actions of lipoprotein lipase (LPL) and hepatic lipase (HL), resulting in formation
of intermediate and low density lipoproteins (IDL, LDL) in which the neutral lipid core is progressively depleted of triglyceride and enriched in
cholesterol ester. LDL delivers cholesterol to extra-hepatic tissues, whereas high density lipoproteins (HDL) transport cholesterol in the reverse
direction back to the liver, where it can be degraded to bile acids and secreted. Genes encoding LPL, apolipoproteins (APO) A1, A4, and C2
were all upregulated in IMBAL cows. The angiopoietins ANGPTL4 and ANGPTLS cooperate in regulating LPL activity. CD36 is an adhesion
molecule involved in uptake of long-chain fatty acids and oxidized LDL. ABHD1, abhydrolase domain containing 1; AGPAT, l-acylglycerol-
3-phosphate-O-acyltransferase; BREHI, retinyl ester hydrolase type 1; DGAT, diglyceride acyltransferase; GK, glycerol kinase; GPAT, glycerol-
3-phosphate acyltransferase; LIPG, lipase; LPIN1, lipin 1; MGLL, monoglyceride lipase. ACADVL, acyl-CoA dehydrogenase, very long chain;
ACSL5, acyl-CoA synthetase long chain family member 5; ACSF2, acyl-CoA synthetase family member 2; HNF4G, hepatocyte nuclear factor
4 gamma; LDH, lactate dehydrogenase; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4.
GCK, glucokinase; GYS2, glycogen synthase; PP1R3C, protein phosphatase 1 regulatory subunit 3C; UGP2, UDP-glucose pyrophosphorylase
2. ACOX2, acyl-CoA oxidase 2; ADIPOR2, adiponectin receptor 2; ANGPTL4, angiopoietin like 4; ANGPTLS, angiopoietin like 8; CIDEC,
cell death inducing DFFA like effector ¢; CPT1B, carnitine palmitoyltransferase 1B; CREBL3, cAMP responsive element binding protein 3 like
3; CROT, carnitine O-octanoyltransferase; cytochrome P450, family 4, subfamily A, polypeptide 11; ELOVL2, fatty acid elongase 2; HILPDA,
hypoxia inducible lipid droplet associated; HSD17B13, hydroxysteroid 173-dehydrogenase 13; HSDL2, hydroxysteroid dehydrogenase like 2;
IDH1, isocitrate dehydrogenase [NADP(+)] 1, cytosolic; MPC1, mitochondrial pyruvate carrier 1; PLIN2, perilipin 2; PLIN4, perilipin 4; PPAR,
peroxisome proliferator activated receptor; PPRE, peroxisome proliferator response element; RXR, retinoid X receptor.

in IMBAL cows. This gene encodes a transcriptional
coactivator that interacts with both PPAR~ and the
cAMP response element binding protein (CREB).
Shahzad et al. (2014) found that the PPAR signal-
ing pathway was more highly induced postpartum in
the livers of cows that had been restricted fed versus
overfed during the dry period, indicating a response to
different levels of prepartal dietary energy. The CRE-
BL3 gene, also upregulated in IMBAL cows, encodes a
cAMP-dependent transcription factor that has similar
and additive actions to PPAR« in reducing the hepatic
expression of genes important for FA oxidation and ke-
togenesis (Nakagawa et al., 2016); PPAR« contributes
to the metabolic adaptation to starvation by inducing
genes involved in (B-oxidation and ketogenesis (Song et
al., 2010). These include PDK/ (mentioned above) and
CPT1B, which encodes carnitine palmitoyltransferase
1B, the rate-controlling enzyme that transports long-
chain fatty acyl-CoAs from the cytoplasm into the mi-
tochondria. Once there, ACADVL drives the first step
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of the mitochondrial fatty acid (3-oxidation pathway.
Pyruvate is transported into the mitochondria by a
MPC1/MPC2 heterodimer, and MCPI was also upreg-
ulated. Pathway analysis of the DEGs in liver between
BAL and IMBAL cows thus confirmed the key roles of
AMPK signaling responses and PPAR ligand activities.

Factors Affecting Lipid Storage. During the
early postpartum period, a significant amount of the
NEFA taken up by the liver is esterified into triglyc-
erides and stored in hepatocytes as small cytoplasmic
lipid droplets (LD). These form by budding off from
the endoplasmic reticulum (ER) and are coated by sev-
eral proteins, including perilipins, lipogenic enzymes, li-
pases, and membrane-trafficking proteins. The gene en-
coding the cytochrome P450 enzyme CYP4A11, which
localizes to the ER and hydroxylates medium-chain
FA, was upregulated in IMBAL cows. Also localizing to
the ER, ELOVL2 catalyzes the first and rate-limiting
reaction of the long-chain FA elongation cycle. Several
genes encoding proteins associated with LD were also
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upregulated in IMBAL cows: CIDEC, HSD17B13, HIL-
PDA, PLIN2, and PLINJ. Su et al. (2019) previously
observed upregulation of HSD17B18 in human patients
and mice with non-alcoholic fatty liver disease. The
CIDEC protein is thought to increase LD enlargement
and restrict lipolysis in cultured human hepatocytes,
whereas inhibition of HILPDA increases triglyceride
and cholesterol accumulation (Breher-Esch et al.,
2018). Perilipin 1 coordinates the activation of lipolysis
by B-adrenergic stimulation and low circulating insulin
levels during fasting, but less is known about the pre-
cise roles of perilipin 2 and 4 (Carr and Ahima, 2016).
It is likely that there are pools of LD in hepatocytes
with distinct lipid and protein composition that may be
preferentially used for either storage, energy generation
or export, but the specific mechanisms that determine
the fate of an individual LD remain to be clarified. He-
patocytes also contain many peroxisomes that absorb
intracellular nutrients and contain enzymes involved
in FA breakdown. Upregulated genes in IMBAL cows
associated with peroxisomes included ACOX2, CROT,
HSDL2, and IDH]1.

Lipoproteins and Cholesterol. The liver also syn-
thesizes lipoproteins, large water-soluble complexes in
which the insoluble lipid core is surrounded by a layer
of apoproteins, phospholipids and unesterified choles-
terol. Surplus triglycerides are initially exported from
hepatocytes as very low density lipoproteins (VLDL).
Once in the circulation, FA and glycerol are released
from the triglycerides through the actions of lipases,
producing intermediate and low density lipoproteins,
in which the neutral lipid core is progressively depleted
of triglyceride and enriched in cholesterol ester (Figure
1D). Low density lipoprotein delivers cholesterol to
extra-hepatic tissues, whereas high density lipoproteins
transport cholesterol in the reverse direction back to
the liver, where it can be degraded to bile acids and
secreted. Genes encoding the endothelial type lipase
LIPG and the apolipoproteins (APO) A1, A4, and C2
were all upregulated in IMBAL cows. Whereas APOA1
and APOC2 are major components of high density li-
poproteins and VLDL, respectively (Wu et al., 2015),
APOA4 appears to modulate VLDL expansion, enhanc-
ing triglyceride loading (Weinberg et al., 2012). Ha et al.
(2017) previously reported increased hepatic expression
of APOA1, APOA/, and APOC2 over the peripartum
period in dairy cows, noting that these genes are all as-
sociated with cholesterol metabolism and can be linked
to FA oxidation and metabolism through the actions
of RXRG. These genes are all important in achieving
a balance between the uptake and export of FA by the
liver during periods of nutrient shortage.

Lipoprotein lipase (LPL) activity is influenced by the
secreted angiopoietins whose concentrations in cows are
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correlated with plasma NEFA (Nakano et al., 2018). In
IMBAL cows, expression of ANGPTL/ increased (and
was the most highly upregulated hepatic gene), where-
as that of ANGPTLS decreased. McCabe et al. (2012)
also found that ANGPTL/ was upregulated in livers of
cows in SNEB. Both ANGPTL4 and ANGPTLS inhibit
LPL and can form complexes with ANGPTL3 and with
each other. The ANGPTL4/ANGPTLS8 complex is,
however, less active than ANGPTL4 alone (Kovrov et
al., 2019; Li et al., 2020); therefore, LPL activity would
be predicted to decrease when ANGPTLS expression
is reduced. The gene encoding ATP binding cassette
subfamily G member, ABCGS8, was upregulated in
IMBAL cows. The protein product promotes excretion
of cholesterol and sterols from hepatocytes into bile,
playing a key role in preventing potentially harmful ac-
cumulation of xenosterols (Patel et al., 2018).

Steroid Hormone Activity. The liver also plays a
role in steroid hormone homeostasis. This is potentially
important in terms of cattle fertility, because circulat-
ing estradiol-173 concentrations must be sufficient to
trigger the LH surge and ovulation, whereas the rate of
increase in progesterone levels after ovulation is related
to the likelihood of conception (Diskin et al., 2006).
Corticosteroid binding globulin is the major transport
protein for both glucocorticoids and progestins in the
blood. It is encoded by SERPINAG6, which was the
most downregulated gene in IMBAL cows, potentially
reducing circulating progesterone levels. The SULT1E1
gene was also in the top 10 list of most downregulated
genes in the IMBAL cows (Table 4). This gene en-
codes an enzyme that inactivates estrogens by sulfa-
tion; paradoxically, therefore, its decrease might help
to maintain circulating estradiol concentrations. The
cholesterol side chain cleavage enzyme CYP11A1 was
upregulated in IMBAL cows. It catalyzes the conver-
sion of cholesterol to pregnenolone, the first step in
steroid hormone synthesis. In accord with these results,
McCabe et al. (2012) previously noted downregulation
of SULT1E1 and upregulation of CYP11A1 in livers
of postpartum cows experiencing SNEB. Salleh et al.
(2017) compared the hepatic transcriptomes of lactat-
ing cows subdivided according to their residual feed
intake and found that the steroid hormone biosynthesis
pathway, including CYP11A1, was upregulated in the
group with high residual feed intake. The liver is, how-
ever, associated with steroid metabolism rather than
biosynthesis, which occurs in specialized glands else-
where in the body. The CYP11A1 gene is also involved
in vitamin D metabolism (Tuckey et al., 2019). Vitamin
D is important for calcium homeostasis in lactation,
and circulating concentrations of 25-hydroxyvitamin D
are lower in the early postpartum period (Holcombe et
al., 2018). Further work is required to determine the
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potential role of hepatic CYP11A1 expression in this
process.

Endothelial Cells and Inflammation. Another
aspect of fatty liver disease is the involvement of cell
types in addition to hepatocytes: these include the resi-
dent macrophages (Kiipffer cells) and sinusoidal endo-
thelial cells. Several of the DEG identified in this study
play key roles in the migration of neutrophils from the
bloodstream into inflamed tissues, including PTAFR,
SELP, SEMA4D, TNFSF18, and VCAM1, which were
all downregulated in IMBAL cows (Supplemental Table
S3; https:/ /rve-repository.worktribe.com /output/
1442087). Contreras et al. (2012) showed that the addi-
tion of NEFA to cultured bovine endothelial cells caused
a significant increase in mRNA of cytokines (IL6, ILS)
and adhesion molecules (ICAM1, VCAMI) associated
with inflammatory responses, including leukocyte mi-
gration into extravascular tissue. Two previous studies
that investigated the transcriptome of white blood cells
during the transition period found changes in gene ex-
pression related to transendothelial migration. Whereas
Minuti et al. (2020) reported activation of this pathway
in leukocytes after calving (including increased VCAM1
expression), Crookenden et al. (2019) found a reduction
of migration capacity, indicated by decreased expres-
sion of C5AR1, CXCR2, and SELL. This was in accord
with our finding of reduced hepatic expression of genes
involved in leucocyte migration in IMBAL compared
with BAL cows. Such changes could potentially reduce
the neutrophil response to inflammatory stimuli in IM-
BAL cows and imply greater hepatic neutrophil inva-
sion in the BAL cows, although this suggestion requires
verification using histological techniques.

Hepatic Somatotropic System. Insulin-like growth
factor-1 is synthesized primarily in the liver, and cir-
culating IGF-1 concentrations in postpartum cows are
highly correlated with hepatic IGF1 expression levels
(Fenwick et al., 2008). The IGF1 and IGFALS genes
were both in the top 10 list of most downregulated
genes in the IMBAL cows (Table 4), whereas IRS2
(insulin receptor substrate 2) and IGFBP2 were more
highly expressed (Supplemental Table S2). For INSR,
P = 0.052 but the fold change was —1.09, implying
little difference between the 2 groups. In dairy cows,
the somatotropic axis becomes uncoupled during the
peripartum period, so IGF-1 decreases even though GH
concentrations increase (Lucy, 2001; Lucy et al., 2009).
Insulin concentrations are also lower in early lactation
(Wathes et al., 2007b). In addition, adipose tissue and
muscle become insulin resistant but develop increased
sensitivity to lipolytic agents (De Koster and Opsomer,
2013). In this study, however, expression of the insulin
receptor in the liver was unchanged, and IRS2 was
slightly increased in the IMBAL cows. Fenwick et al.
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(2008) similarly did not find changes in hepatic insulin
receptor expression in cows in SNEB, and Zachut et al.
(2013) reported that hepatic tissue in early lactating
Holstein cows did not exhibit insulin resistance. The
IRS2 gene encodes a cytoplasmic signaling molecule
that is phosphorylated by tyrosine kinase upon recep-
tor stimulation and mediates downstream effects of
both insulin and IGF-1 (Peng and He, 2018). In con-
trast, activation of Ser/Thr kinases, leading to serine
and threonine phosphorylation of IRS, blocked these
pathways and so contributed to pathological insulin re-
sistance. Further work is required to clarify how these
complex pathways relating to insulin signaling may be
altered in hepatic tissue of cows in early lactation.

In contrast, there is consistent evidence for altera-
tions in the hepatic IGF system in metabolically IM-
BAL cows. In agreement with the results of the present
study, Fenwick et al. (2008) found that early lacta-
tion cows in SNEB had reduced hepatic expression of
IGF1, IGF1R, IGF2R, 4 of the 6 IGFBPs (IGFBPS,
4, 5, 6), the acid labile subunit IGFBPALS, and the
GH receptor (both total GHR and the liver specific
GHR1A variant). Insulin-like growth factor binding
protein-3, together with ALS, forms a ternary complex
with IGF-1, which is the main carrier protein for IGF-1
in blood, acting to prolong its half-life in the circula-
tion (Clemmons, 1997). In contrast, IGFBP2 follows
the opposite trend, increasing during SNEB, having a
negative correlation with circulating IGF-1 and with
both hepatic expression and circulating concentrations
of IGFBP2 increasing in early lactation (Vleurick et
al., 2000; Fenwick et al., 2008). Insulin-like growth fac-
tor binding protein-2 can inhibit the actions of IGFs
in cell lines (Hoflich et al., 1998) and promotes rapid
clearance of IGF from the circulation (Cohick, 1998).
It is therefore clear that there is an overall suppression
of IGF-1 activity in IMBAL cows in early lactation.
This will affect many bodily functions and has been
associated with both a reduced likelihood of conception
(Taylor et al., 2004) and an increased risk of culling
(Lyons et al., 2014). Several other genes that were more
highly expressed in IMBAL cows are known targets for
both IGF and insulin signaling with respect to glucose
metabolism and have already been mentioned. These
included CPT1B, CREB3L3, GYS2, RXRG, PPARG-
C1A, CD36, ADIPOR2, and LDHA.

Relationships Between Metabolic Profiles and Gene
Expression in Leukocytes

There were 59 upregulated and 58 downregulated
DEG identified in the leukocytes of IMBAL versus
BAL cows (Supplemental Tables S4 and S5; https://
rve-repository.worktribe.com/output/1442087).  The
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top 10 genes in each category are listed in Tables 3
and 4. Principal component analysis separated the
cows into 2 distinct clusters (Supplemental Figure S3).
The somewhat greater overlap of distribution for the
leukocyte samples compared with the liver samples
was expected, because the groups were defined on the
basis of circulating metabolites, and many other factors
will also influence expression patterns, particularly in
leukocytes. A heat map analysis is given in Supplemen-
tal Figure S4 and confirms clear differences in overall
gene expression patterns of leucocytes between the 2
groups. The DAVID analysis of the list of DEG re-
vealed 7 significant UP_keyword terms: chromosome,
nucleosome core, DNA-binding, methylation, citrul-
lination, nucleus, and stress response (fold enrichment
16.1 to 2.2, BH 3.55E-08 to 4.5E-03; Table 7). The top
annotation cluster similarly included the terms chro-
mosome, histone core, and nucleosome core (Table 8).
This cluster included 26 genes that were more highly
expressed in BAL cows, of which 11 encoded histones
(Table 9). These are the main proteins in chromatin
that package DNA into nucleosomes; their posttrans-
lational modification by acetylation, methylation, and
phosphorylation plays a central role in controlling gene
transcription. In terms of immune responses, histone
methylation is important for orchestrating the path-
ways that regulate differential development of effector
and memory T cells and cytokine production (He et al.,

2013). Other DEG in cluster 1 more highly expressed
in BAL cows were involved in aspects of cell division
(BIRCS5, CCNB1, CCNE2, CDC20, SKA2 UBE2C,
ZWINT) and DNA repair (POLE2, UNG). Of these,
BIRCY encodes a protein termed “survivin” that acts as
an inhibitor of apoptosis and is essential for successful
cell division (Altieri, 2015). The 12 genes more highly
expressed in the IMBAL cows had more varied actions,
including regulating cell cycle progression (CDKNI1A,
PFKFB30), heat shock proteins (HSP; DNAJBI,
HSPB1), and transcription factors (CEBPB, FOXSI,
IRF7, ZNF821). Cluster 3 included the terms cell divi-
sion, cell cycle, and mitosis. All 9 genes in this cluster
were also present in cluster 1 (Table 9).

Cluster 2 included the terms heat shock protein and
stress response (Table 8), with 9 of the 10 genes upregu-
lated in IMBAL cows (Table 9). These included 5 HSP
(DNAJB1, HSPA1A, HSPAG6, HSPB1, HSPHI) but
also TLR4, a bacterial pathogen recognition receptor;
the cytokine IL12B, the suppressor of cytokine signal-
ing SOCS1; and IRF'7, an IFN regulatory transcription
factor that is important in response to viral infection.
In humans, these genes participate in several Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
ways involved in responses to a variety of pathogens
(bta05162:Measles; bta05134:Legionellosis; bta05145:
Toxoplasmosis; bta05164:Influenza A; bta04620:Toll
-like receptor signaling pathway; Table 8). During the

Table 7. Functional annotation analysis of the genes that showed significant differential expression in leukocyte samples collected from dairy
cows with balanced (n = 42) or imbalanced (n = 19) metabolic profiles in early lactation, sampled at around 14 DIM

Fold

Category" Term Count enrichment P-value BH?

UP_KEYWORDS Chromosome 14 11.25 3.0E-10 3.5E-08
INTERPRO IPRO0O07125:Histone core 9 18.40 2.8E-08 6.5E-06
KEGG_PATHWAY bta05322:Systemic lupus erythematosus 12 8.78 6.6E-08 7.8E-06
UP_KEYWORDS Nucleosome core 9 16.09 8.2E-08 4.9E-06
INTERPRO IPR009072:Histone-fold 9 13.17 3.8E-07 4.5E-05
KEGG_PATHWAY bta05034: Alcoholism 12 7.27 4.5E-07 2.7E-05
KEGG_PATHWAY bta05203:Viral carcinogenesis 12 6.68 1.1E-06 4.1E-05
UP_SEQ_FEATURE chain:Histone H2B type 1 6 28.57 1.5E-06 1.9E-04
UP_SEQ_FEATURE chain:Histone H2B type 1-N 6 28.57 1.5E-06 1.9E-04
INTERPRO TPR000558:Histone H2B 6 26.11 3.0E-06 2.3E-04
SMART SM00427:H2B 6 21.69 6.7E-06 4.7E-04
GOTERM_CC_DIRECT GO:0000788~nuclear nucleosome 6 21.08 8.7E-06 1.0E-03
GOTERM_BP_DIRECT G0:0006334~nucleosome assembly 8 10.18 1.2E-05 6.5E-03
UP_KEYWORDS DNA-binding 17 3.54 1.9E-05 7.6E-04
UP_SEQ_FEATURE cross-link:Glycyl lysine isopeptide (Lys-Gly) 8 8.08 4.2E-05 2.8E-03

(interchain with G-Cter in ubiquitin)

INTERPRO IPRO18181:Heat shock protein 70, conserved site 4 48.49 6.7E-05 3.9E-03
INTERPRO IPRO13126:Heat shock protein 70 family 4 48.49 6.7E-05 3.9E-03
GOTERM_CC_DIRECT G0:0000786~nucleosome 6 12.05 1.3E-04 8.0E-03
UP_KEYWORDS Methylation 10 5.06 1.5E-04 4.5E-03
UP_KEYWORDS Citrullination 5 18.26 1.5E-04 3.7E-03
UP_KEYWORDS Nucleus 26 2.16 2.3E-04 4.5E-03
UP_KEYWORDS Stress response 5 15.85 2.7E-04 4.5E-03

!Category terms derived from DAVID bioinformatics resources version 6.8 (https://david.nciferf.gov).

2P-values with Benjamini-Hochberg adjustment.
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early postpartum period, the metabolic imbalances ex-
perienced, together with possible pathogen exposure,
are likely to place increased demands on the immune
system, which includes a requirement for protein syn-
thesis. If these proteins are misfolded or aberrantly
modified then they cannot exit the ER lumen and so
cause ER stress. During such an unfolded protein re-
sponse, overall mRNA translation is inhibited but more
molecular chaperones are produced to help correct
folding of the proteins that are being made (Clerico et
al., 2015). The 5 HSP upregulated in the IMBAL cow
leukocytes are all involved in providing protection from
misfolded proteins. In addition to this role, HSP are
also involved in immune responses, in part by binding
pathogen-associated molecular pattern (PAMP) mol-
ecules and modulating PAMP-induced toll-like receptor
signaling (Osterloh and Breloer, 2007).

Other notable DEG not part of these 3 clusters
(listed in Supplemental Tables S4 and S5) included
those with involvement in glucose metabolism: expres-
sion of the adipokine C1QTNF12 was higher in the
BAL cows whereas PDK/ and PFKFB3 were both
lower. Expression of IGF2BP3 was downregulated in
the IMBAL cows. Other DEG were involved in immune
defense mechanisms. Those more highly expressed in
BAL cows included ACOD1, CR2, ITGAD, JCHAIN,
LOC100139916 (interleukin 32-like), LOC100295645,
and TLR10. Those that were higher in the IMBAL
cows included CLECIB, DEFB13, FCGRT, HP,
ILIRAP, KLRA1, LOC514978 (LPS binding pro-
tein), LOCG18409, LOC100852090, LOC112445498,
LOC618409 (interferon regulatory factor 4), OAS1Z,
PTX3 RAB20, RNASEG, SEMAD/D, and SLC11A1.
Of these, DEFB13, PTX3, OAS1Z, and HP were all

Table 8. Functional cluster analysis of the genes that showed significant differential expression in leukocyte samples collected from dairy cows
with balanced (n = 42) or imbalanced (n = 19) metabolic profiles in early lactation, sampled at around 14 DIM

Cluster and category Term Count P-value BH?

Annotation Cluster 1 Enrichment score: 4.67

Category"
UP_KEYWORDS Chromosome 14 3.0E-10 3.5E-08
INTERPRO IPRO07125:Histone core 9 2.8E-08 6.5E-06
KEGG_PATHWAY bta05322:Systemic lupus erythematosus 12 6.6E-08 7.8E-06
UP_KEYWORDS Nucleosome core 9 8.2E-08 4.9E-06
INTERPRO IPR009072:Histone-fold 9 3.8E-07 4.5E-05
KEGG_PATHWAY bta05034:Alcoholism 12 4.5E-07 2.7E-05
KEGG_PATHWAY bta05203:Viral carcinogenesis 12 1.1E-06 4.1E-05
UP_SEQ_FEATURE chain:Histone H2B type 1-N 6 1.5E-06 1.9E-04
UP_SEQ_FEATURE chain:Histone H2B type 1 6 1.5E-06 1.9E-04
INTERPRO IPR0O00558:Histone H2B 6 3.0E-06 2.3E-04
SMART SM00427:H2B 6 6.7E-06 4.7E-04
GOTERM_CC_DIRECT GO:0000788~nuclear nucleosome 6 8.7E-06 1.0E-03
GOTERM_BP_DIRECT G0:0006334~nucleosome assembly 8 1.2E-05 6.5E-03
UP_KEYWORDS DNA-binding 17 1.9E-05 7.6E-04
UP_SEQ_FEATURE cross-link:Glycyl lysine isopeptide (Lys-Gly) (interchain with G-Cter 8 4.2E-05 2.8E-03

in ubiquitin)

GOTERM_CC_DIRECT G0:0000786~nucleosome 6 1.3E-04 8.0E-03
UP_KEYWORDS Methylation 10 1.5E-04 4.5E-03
UP_KEYWORDS Nucleus 26 2.3E-04 4.5E-03
UP_KEYWORDS Ubl conjugation 11 1.2E-03 1.8E-02
UP_KEYWORDS Acetylation 19 4.4E-03 4.3E-02

Annotation Cluster 2 Enrichment Score: 2.03

Category
INTERPRO IPRO13126:Heat shock protein 70 family 4 6.7E-05 0.004
INTERPRO IPRO18181:Heat shock protein 70, conserved site 4 6.7E-05 0.004
UP_KEYWORDS Stress response 5 2.7E-04 0.005
KEGG_PATHWAY bta05162:Measles 7 6.1E-04 0.018
KEGG_PATHWAY bta05134:Legionellosis 5 8.6E-04 0.020
KEGG_PATHWAY bta05145:Toxoplasmosis 6 1.5E-03 0.030
KEGG_PATHWAY bta05164:Influenza A 7 1.8E-03 0.030

Annotation Cluster 3 Enrichment Score: 1.98

Category
UP_KEYWORDS Cell division 6 0.002 0.025
UP_KEYWORDS Cell cycle 7 0.002 0.029
UP_KEYWORDS Mitosis 5 0.003 0.034

!Category terms derived from DAVID bioinformatics resources version 6.8 (https://david.nciferf.gov).
?P-values with Benjamini-Hochberg (BH) adjustment. Only terms significant with BH adjustment are included.
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= 42) or imbalanced (n = 19) metabolic profiles

BIRC5, CONB1, CCNE2, CDC20, CERS, CXXC5, H2B, HIST1HIA, HIST1H1D, HIST1H2AG, HIST1H2AH, HIST1H2BB,

HIST1H2BI, HIST1H2BJ, HIST1H3I, JOHAIN, LMO2, LOC104968446, LOC516742, MND1, POLE2, SKA2, TUBA1C,
UBE2C, UNG, ZWINT, CD36, CDKN1A, CEBPB, DNAJB1, FOXS1, GATM, HSPB1, IRF7, MTUS1, PFKFB3,

CCNE2, DNAJB1, HSPA1A, HSPAG6, HSPB1, HSPHI1, IL12B, IRF7, SOCS1, TLR}
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stress response

Cluster 3: Enrichment Score: 1.98

BIRC5, CONB1, CONE2, SKA2, TUBA1C, UBE2C, ZWINT, HSPB1, MTUS1

'Genes in boldface had higher expression in the imbalanced cows.

Top terms: cell division, cell cycle

in the top 10 list (Table 3). The encoded proteins
B-defensin 13, pentraxin 3, and haptoglobin all have
antimicrobial activity (Mantovani et al., 2008; Mayas-
ari et al., 2017), and OAS1Z encodes an IFN response
gene that is an effector in the OAS1-RNasel. antiviral
pathway (Sadler and Williams, 2008). The IMBAL
cows therefore showed more evidence of responses to
both bacterial and viral infections and the ER stress
response to unfolded proteins.

Several previous studies have investigated changes in
gene expression in white blood cells in dairy cows over
the peripartum period. Agrawal et al. (2017) compared
the transcriptome of bovine polymorphonuclear leuko-
cytes at —14 and +7 DIM between control cows and
those overfed a moderate-energy diet during the dry
period. They found downregulated expression of TLR/
and KLF11 in the overfed cows, whereas HSPA1A was
upregulated. In our study, all 3 of these genes were
more highly expressed in the IMBAL cows. Crookenden
et al. (2016) looked at time-dependent changes in gene
expression of circulating neutrophils between —1 wk
(prepartum) and +4 wk (postpartum) and reported that
TLR4 decreased around calving. Other studies have
investigated the leukocyte transcriptome in relation to
blood biomarkers around calving. Expression of TLR/
in mononuclear cells increased after calving, whereas,
in agreement with our data, TLR 10 expression declined
(Mann et al., 2019). Minuti et al. (2020) found that
metabolic pathways related to lipid and amino acid me-
tabolism were inhibited over the immediate postcalving
period and immune pathways were activated. Interest-
ingly, as plasma BHB increased, the KEGG pathways
relating to DNA replication, cell cycle, homologous
recombination, base excision repair, and valine, leucine,
and isoleucine biosynthesis were all inhibited, whereas
genes involved with vitamin metabolism, the endocrine
system, signaling molecules, and the immune system
were activated. This is supported by Crookenden et al.
(2019), who compared cows classified as being at a high
or low risk of metabolic dysfunction. Gene expression
patterns in neutrophils isolated from the high-risk cows
indicated that apoptosis and cell death were decreased
but cell survival time was increased, suggesting that
neutrophils survive longer in the circulation when they
are exposed to proinflammatory conditions. Together,
these studies suggest that leukocytes in cows with BAL
metabolic profiles are more actively engaged in cell
division, repair, and protein biosynthesis.

It is notable that several of these studies reported
differences in TLR4 expression between groups or
times. In addition to acting as a cell surface receptor
that generates innate immune responses to pathogens,
TLRA4 plays an important role in chronic inflammation
by dampening insulin actions both directly, through ac-
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tivation of proinflammatory kinases and reactive oxy-
gen species, and indirectly, via activation of cytokine
signaling cascades (Kim and Sears, 2010). It is likely
that its inhibitory role in insulin signaling can be acti-
vated by saturated fatty acids without the requirement
for a pathogen. Potential ligands include palmitic acid
(Mamedova et al., 2013), which is a major component
of circulating NEFA in the cow. This could in part ex-
plain the higher TLR/ expression in the leucocytes of
IMBAL cows, and would contribute to reduced insulin
signaling in these cells.

DEG Common to Both Leukocytes and Liver

Four genes were significantly upregulated in the IM-
BAL cows in both the hepatic and leukocyte data sets:
CD36, KLF11, PDK/, and RAB20. The key role for
PDK4 in helping to conserve glucose by limiting the
conversion of pyruvate to acetyl-CoA was mentioned
above. CD36 is a multifunctional adhesion molecule
present on the cell surface. In the context of energy
metabolism its role as a class B scavenger receptor that
facilitates the intracellular uptake of long chain FA and
oxidized low density lipoproteins seems likely to be most
important (Nakamura et al., 2014). The KLF11 gene
encodes Kruppel-like factor 11, a zinc finger transcrip-
tion factor that binds to and regulates promoters of
many genes involved in the metabolism of cholesterol,
lipid, and glucose metabolism, including phosphoenol-
pyruvate carboxykinase (PEPCK) and peroxisome pro-
liferator-activated receptor ~ coactivator-lae (PGC-1a),
subsequently decreasing the cellular output of glucose
(Zhang et al., 2014). There is little information avail-
able concerning the function of the RAS-related protein
RAB20, but in human and mouse skeletal muscle, loss
of RAB20 was shown to impair insulin-stimulated glu-
cose uptake by blocking the translocation of GLUT4
to the cell surface (Gorgens et al., 2017). Expression of
CPT1A was higher in leukocytes and that of CPT1B
was higher in liver. As noted above, carnitine palmi-
toyltransferases are rate-controlling enzymes in the
mitochondrial oxidation of long-chain FA. No genes
were significantly downregulated in both leukocytes
and liver from IMBAL cows, although there was one
pair of closely related genes: expression of DIRAS2 was
lower in blood and DIRAS3 was in the top 10 list of
most downregulated genes in liver. The DIRAS family
members encode GTPases, which compete with RAS
for binding to deactivate multiple downstream effect
targets of the RAS signaling pathway and they can also
interfere with other key signaling pathways including
JAK/STAT, PI-3K/AKT, mTOR, and NF-kB signal
transduction (Li et al., 2019). This suggests that RAS
signaling may be important in regulating responses
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to an energy deficit, an aspect that is worth further
investigation.

Causes and Consequences of Metabolic Imbalance

The weak relationship between milk yield and meta-
bolic imbalance found in this study supports the earlier
findings of Ingvartsen (2006), who concluded that the
important difference between animals is in their ability
to cope with the metabolic challenges of early lacta-
tion rather than actual milk yield. Some of the differing
metabolic responses between cows after calving have
been influenced by genetic selection, which has led to
alterations in carbohydrate and lipid metabolism and
the somatotropic axis to support higher milk yield po-
tential (e.g., Grisart et al., 2002; Chagas et al., 2007;
Wathes et al., 2012). The influence of dry cow manage-
ment is also of critical importance, as demonstrated by
Shahzad et al. (2014), who performed a comprehensive
analysis of hepatic transcriptome data obtained over
the peripartal period from several experiments that
evaluated the effect of prepartal plane of energy intake.
Livers from animals that had been on a restricted diet
had a greater lipid and amino acid catabolic capacity
after calving and a better capacity to cope with ER
stress, whereas the overfed animals had a greater acti-
vation of pathways and functions related to triglyceride
synthesis. Dry matter intake is also of importance and
is linked to metabolism, as hepatic oxidation of certain
FFA may trigger a satiety signal and so depress feed
intake (Ingvartsen and Andersen, 2000; Hayirli et al.,
2002). Restricted feed intake after calving promotes the
development of clinical ketosis and is associated with
downregulation of genes involved in oxidative phos-
phorylation, protein ubiquitination, proton transport,
cholesterol metabolism, growth hormone signaling, and
FA desaturation. Genes involved in cytokine signaling
and FA uptake, transport, and oxidation are, however,
upregulated (Loor et al., 2006; McCabe et al., 2012).

Our results confirm that appropriate liver function is
critical to the success with which a cow transitions into
lactation. The BAL cows were able to maintain IGF-1
secretion in early lactation, which in turn is known to
be beneficial for fertility. In contrast, the IMBAL cows
clearly had greater problems in maintaining glucose
homeostasis and were mobilizing more lipid from body
reserves. This promotes the build-up of fat in the liver,
which then perturbs other key liver functions, including
cholesterol metabolism and glycogen storage. Previous
studies have described mechanisms whereby metabolic
imbalance can predispose cows to an increased incidence
of other diseases, including milk fever, ketosis, and
mastitis (Ingvartsen et al., 2003). Habel and Sundrum
(2020) presented evidence for the key role of glucose
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availability in this relationship, as selection of cows for
milk yield has prioritized glucose supply to the mam-
mary gland, so reducing its availability to the immune
cell population. Our results support these conclusions
by providing evidence of impaired functionality of leu-
kocytes in cows with IMBAL metabolic profiles, which
was associated with gene expression indicative of re-
duced glucose availability, reduced cell division, and an
increased unfolded protein response. The relationships
between nutrient supply, inflammation, and disease are
complex, with evidence that some FA are able to acti-
vate TLR4 signaling pathways (Kim and Sears, 2010;
Mamedova et al., 2013). Furthermore, infections such as
Escherichia coli-induced mastitis have major systemic
effects that impair metabolic hepatic function through
altered expression of key regulatory transcription fac-
tors including PPAR, RXR, and HNF4A (Heimes et
al., 2020). All of these genes were differentially ex-
pressed between BAL and IMBAL cows in our study. It
is worth noting that, although the IMBAL cows in this
study were in a greater energy deficit than the BAL
cows, their EB values of around —12 MJ/d were much
better than the minimum values of around —40 MJ/d
that can be reached in early lactation (Taylor et al.,
2003). This suggests that the adverse effects noted here
could be much more severe in some animals.

CONCLUSIONS

This study compared the transcriptomes of early
postpartum cows showing balanced (high glucose,
high IGF-I, low NEFA, and low BHB) and imbalanced
(low glucose, low IGF-I, high NEFA, and high BHB)
metabolic profiles. Metabolic imbalances in individual
cows reflect both their specific genetic and environmen-
tal circumstances and the interactions between them.
Excessive lipid mobilization and an overall shortage of
glucose in some animals compromise their health and
productivity. Avoidance of these issues in future dairy
production requires a combined approach on the part of
breeding companies and farm managers, to select more
robust cows and to improve lifetime nutritional man-
agement (as heifers and during both lactation and the
dry period). This should be optimized on an individual
cow basis, an ideal that should become more feasible
in future as better automated monitoring systems are
developed.
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