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ABSTRACT

During the transition period, the lipid metabolism
of dairy cows is markedly affected by energy status.
Fatty liver is one of the main health disorders after
parturition. The aim of this study was to evaluate the
effects of a negative energy balance (NEB) at 2 stages
in lactation [NEB at the onset of lactation postpartum
(p-.p.) and a deliberately induced NEB by feed restric-
tion near 100 d in milk] on liver triglyceride content
and parameters of lipid metabolism in plasma and liver
based on mRNA abundance of associated genes. Fifty
multiparous dairy cows were studied from wk 3 ante-
partum to approximately wk 17 p.p. in 2 periods. Ac-
cording to their energy balance in period 1 (parturition
to wk 12 p.p.), cows were allocated to a control (CON;
n = 25) or a restriction group (RES; 70% of energy
requirements; n = 25) for 3 wk in mid lactation starting
at around 100 d in milk (period 2). Liver triglyceride
(TG) content, plasma nonesterified fatty acids (NEFA),
and B-hydroxybutyrate were highest in wk 1 p.p. and
decreased thereafter. During period 2, feed restriction
did not affect liver TG and (-hydroxybutyrate concen-
tration, whereas NEFA concentration was increased
in RES cows as compared with CON cows. Hepatic
mRNA abundances of tumor necrosis factor o, ATP
citrate lyase, mitochondrial glycerol-3-phosphate acyl-
transferase, and glycerol-3-phosphate dehydrogenase 2
were not altered by lactational and energy status dur-
ing both experimental periods. The expression of fatty
acid synthase was higher in period 2 compared with
period 1, but did not differ between RES and CON
groups. The mRNA abundance of acetyl-coenzyme A-
carboxylase showed a tendency toward higher expres-
sion during period 2 compared with period 1. The sol-
ute carrier family 27 (fatty acid transporter), member
1 (SLC27A1l) was upregulated in wk 1 p.p. and also
during feed restriction in RES cows. In conclusion, the
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present study shows that a NEB has different effects
on hepatic lipid metabolism and TG concentration
in the liver of dairy cows at early and later lactation.
Therefore, the homeorhetic adaptations during the
periparturient period trigger excessive responses in
metabolism, whereas during the homeostatic control
of endocrine and metabolic systems after established
lactation, as during the period of feed restriction in the
present study, organs are well adapted to metabolic and
environmental changes.

Key words: fatty liver, lipid metabolism, negative
energy balance, dairy cow

INTRODUCTION

Etiology and occurrence of fatty liver, representing a
serious metabolic disorder in periparturient dairy cows,
have been demonstrated frequently over the past years
(Grummer, 1993; Bobe et al., 2004). The first weeks of
lactation in dairy cows are shaped by a negative energy
balance (NEB) in consequence of a delayed increase
in feed intake (Rukkwamsuk et al., 1999). Besides
endocrine and metabolic changes, physiological status
and level of production affect metabolic turnover and
nutrient fluxes between different tissues (Bauman and
Currie, 1980; Drackley et al., 2006). In this respect,
during the transition from late gestation to early lacta-
tion, considerable amounts of adipose tissue are mobi-
lized, resulting in elevated plasma NEFA to support
increased energy requirements in dairy cows.

Circulating NEFA can be oxidized in the hepato-
cytes or exported as constituents of very low density
lipoproteins (VLDL; Brickner et al., 2009). However,
postpartum release of NEFA from adipose tissue mostly
exceeds the needs and oxidation capabilities of the liver
(McNamara, 2000) and causes formation of ketone bod-
ies (e.g., BHBA) and reesterification to triglycerides
(TG; Grummer, 1993; Brickner et al., 2009). The latter
are stored in hepatocytes and implicate the develop-
ment of fatty liver (Grummer, 1993). Depending on the
degree of histological and compositional changes, the
incidence of fatty liver is associated with reduced meta-
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bolic function, health status, production, and reproduc-
tive performance, as well as incidence and severity of
metabolic disorders and infectious diseases (Veenhuizen
et al., 1991; Bobe et al., 2004).

Previously, we have reported different effects of a
NEB at 2 stages in lactation (NEB in early lactation
and a deliberately induced NEB by feed restriction at
100 DIM) on performance parameters and metabolites
in dairy cows (Gross et al., 2011a). Even though the
extent of the induced NEB in established lactation
was higher compared with the NEB in early lactation,
observed changes in plasma metabolites during the
deliberately induced NEB were less pronounced than
during the NEB in early lactation. In further analyses,
the underlying endocrine alterations accounting for
mobilization of body reserves were studied, focusing
the somatotropic axis and related compounds (Gross et
al., 2011b). In the present study, attention was turned
to the liver TG content and the regulation of hepatic
lipid metabolism predominantly based on mRNA ex-
pression of enzymes during these 2 periods of an energy
deficiency. The hypothesis was tested that the hepatic
adaptation to NEB at parturition and to a deliberately
induced NEB by feed restriction at 100 DIM is differ-
ently regulated.

MATERIALS AND METHODS
Experimental Study

The animal study was conducted at the Agricultural
Experimental Unit Hirschau of the Technical Univer-
sity of Munich (Germany) and was approved by the
Bavarian State Animal Care and Use Committee. The
study included 50 multiparous Holstein dairy cows (3.2
+ 0.2 parities; mean + SEM) and covered the period
from wk 3 antepartum (a.p.) to approximately wk 17
postpartum (p.p.) in 2 experimental periods. Cows
were not inseminated throughout the entire study.

In experimental period 1 (wk 3 a.p. to 12 p.p.), all
cows were treated similarly. In experimental period 2 at
98 + 7 DIM, animals were allocated equally to either
a control (CON) or a restriction (RES) group. Each
group consisted of 25 cows, and the feed restriction
(period 2) lasted for 3 wk. The week before feed restric-
tion was designated as wk 0, where all cows were not
subjected to a treatment. Procedures and the feeding
regimen were recently described in more detail (Gross
et al., 2011a).

Determination of Energy Balance

Energy balance was calculated for each individual
cow once per week by subtracting energy requirements
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for maintenance and milk production from energy
intake via feed. More details on determination of en-
ergy content of feed and milk were reported previously
(Gross et al., 2011a).

Blood Collection and Analyses of Metabolites

Blood samples obtained via jugular vein puncture
between 0730 and 0900 h before feeding in wk 3 a.p.
and wk 1 and 4 p.p. (period 1), and during period 2 in
wk 0 and 3 were immediately cooled down on wet ice
and centrifuged for 15 min at 2,000 x g¢. Aliquots (1
mL) of plasma were stored at —20°C until analysis of
metabolites.

Concentration of plasma NEFA and BHBA were mea-
sured enzymatically using kit no. FA 115 and RB 1007
from Randox Laboratories Ltd. (Schwyz, Switzerland).
The method of BHBA measurement was based on the
oxidation of D-3-hydroxybutyrate to acetoacetate by the
enzyme 3-hydroxybutyrate dehydrogenase, where con-
comitantly NAD+ is reduced to NADH, and changes of
absorbance were measured at 340 nm. Nonesterified FA
were detected by colorimetric measurement at 550 nm
after enzymatic incubation with acyl-CoA-synthetase,
acyl-CoA-oxidase, and peroxidase.

Liver Tissue Collection, Triglyceride Determination,
mRNA Extraction, and Quantitative Real-Time
Reverse-Transcription PCR

Liver samples were obtained by blind percutaneous
needle biopsy (14G x 152 mm; Dispomed Witt oHG,
Gelnhausen, Germany) under local anesthesia after
blood sampling as previously performed in Gross et al.
(2011b) at wk 3 a.p. and wk 1 and 4 p.p., and before
feed restriction in wk 0 and 3 of period 2. An aliquot
(~40 mg) of the liver tissue was frozen immediately
at —20°C until determination of TG content. Liver
TG content was measured after extraction according
to Schlegel et al. (2012). In brief, lipids from biopsy
tissue were extracted with a mixture of n-hexane and
isopropanol (3:2, vol/vol). An aliquot of the extracts
containing 25 to 50 nmol of TG was transferred into
a glass vial (1.5 mL). After evaporation of the solvent
by vacuum, the lipids were resolved in a 20-pL portion
of a 1:1-mixture of chloroform and Triton X-100, and
the solvent was evaporated again. The TG content was
measured by colorimetry using a commercially avail-
able enzymatic TG kit (Fluitest TG; Analyticon Bio-
technologies AG, Lichtenfels, Germany). Lipoprotein
lipase hydrolyzes TG to glycerol, which is followed by
oxidation to dihydroxyacetone phosphate and hydrogen
peroxide. The hydrogen peroxide produced then reacts
with 4-aminophenazone and 4-chlorophenol under the
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catalytic action of peroxidase to form a red dyestuff
whose absorbance is measured at 550 nm.

After liver biopsies, additional liver tissue (40 to 60
mg) was directly put into an RNA stabilization reagent
(RNAlater; Ambion, Applied Biosystems Business,
Austin, TX), and kept at +4°C for 24 h, and thereafter
stored at —20°C until analyzed. Total RNA was isolated
from liver tissue using the peqGOLD TriFast isolation
system (Peqlab Biotechnologie GmbH, Erlangen, Ger-
many) according to the manufacturer's instructions.
The yield and purity of total RNA were detected by
spectrophotometer with a BioPhotometer (Vaudaux-
Eppendorf, Basel, Switzerland). The RNA integrity
was verified by the optical density (OD) at 260-nm
wavelength:OD at 280-nm wavelength (ODyg:0Dag)
absorption ratio, which was between 1.7 and 2.1 for all
samples.

Details on the reverse transcription of extracted
total RNA and subsequent PCR quantification were
described in Gross et al. (2011b). The genes selected
to measure the expression from key enzymes and pa-
rameters of the hepatic lipid metabolism are shown in
Table 1.

Statistical Analysis

Data presented in the text and figures are means +
standard error of the mean. To identify changes over
time within groups, data on energy balance, plasma
metabolites, and mRNA abundance (delta cycle thresh-
old, log,) at the respective time points of liver biopsies
and blood samples in period 1 (wk 3 a.p. and wk 1 and
4 p.p.) and period 2 (wk 0 and 3) were evaluated by a
MIXED model in SAS (version 9.2; SAS Institute Inc.,
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Cary, NC), with time point and parity as fixed effects.
Differences over time were detected by the Bonferroni
t-test.

To evaluate the effect of feed restriction (period 2) on
energy balance, plasma metabolites, and gene expres-
sion in liver, data in wk 3 of period 2 was evaluated in a
MIXED model, including group and parity as fixed ef-
fects. Furthermore, the results of wk 0 in period 2 were
used as a co-variable and individual cow as repeated
subject. Group differences were detected by the Bonfer-
roni t-test. Relationships between liver TG and energy
balance, metabolites and hepatic mRNA abundance of
lipid metabolism-related parameters were evaluated by
linear regression models using PROC REG of SAS; P-
values <0.05 were considered to be significant.

RESULTS
Energy Balance During the Experimental Stages

Energy balance (EB) changed during lactational
stage and in response to experimental treatment of
cows. Weekly data on EB were shown previously in
Gross et al. (2011a). The EB dropped from a positive
value in wk 3 a.p. to a nadir in wk 1 p.p. for CON and
RES groups (Table 2). This lactational NEB decreased
in wk 4 p.p. and was positive again at the beginning of
period 2 (wk 0) for both groups. From wk 0 to 3 of the
feed-restriction period (period 2), the EB decreased in
RES cows (P < 0.05), whereas the EB for CON cows
remained unchanged. The EB was lower for RES cows
in wk 3 of period 2 compared with wk 1 p.p. In wk 3 of
period 2, the EB was lower in the RES group than in
the CON group (P < 0.05; Table 2).

Table 1. Polymerase chain reaction primer information, the annealing temperature, and the PCR product length for the genes analyzed in liver

samples
GenBank Annealing Product

Gene' Sequence 53’ accession no. temperature (°C) length (bp)

ACC Forward: CTCTTCCGACAGGTTCAAGC NM_174224.2 61 248
Reverse: ACCATCCTGGCAAGTTTCAC

ACLY Forward: TTACCCAGAGGAAGCCTAC NM_001037457.1 60 276
Reverse: AGGATCTTGCCATCTGGGTGC

FASN Forward: CTGAGTCGGAGAACCTGGAG NM_001012669.1 63 232
Reverse: ACAATGGCCTCGTAGGTGAC

GPAM Forward: GAACAGCAGTCGAGTACAAG NM_001012282.1 60 172
Reverse: CCATCCAGTCAGTCTGATCA

GPD2 Forward: CTCCCCATTTATCAGCTC NM_001100296.1 60 196
Reverse: ATTGCTCCCACCAGTTTGTC

SLC27A1 Forward: GCATGGATGATCGACTCTTC NM_001033625.2 58 272
Reverse: GTACTTGACGCAGTCATCC

TNF« Forward: CCACGTTGTAGCCGACATC NM_173966.2 60 155

Reverse: CCCTGAAGAGGACCTGTGAG

'ACC = acetyl-CoA-carboxylase a; ACLY = ATP citrate lyase; FASN = FA synthase; GPAM = glycerol-3-phosphate acyltransferase, mitochon-
drial; GPD2 = glycerol-3-phosphate dehydrogenase 2, mitochondrial; SLC27A1 = solute carrier family 27 (FA transporter), member 1; TNF«

= tumor necrosis factor o.
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Figure 1. Liver triglyceride content (mg/g wet weight) over the
time points in cows during experimental period 1 [up to wk 12 post-
partum (p.p.)] and period 2 (3 wk of feed restriction). Data are given
as mean values £ SEM. Changes over time within the groups in period
1 [wk 3 antepartum (a.p.), wk 1 and 4 p.p.] and feed restriction begin-
ning at 98 = 7 DIM (period 2, wk 0 and 3) are marked with different
letters (A to C for the control group; a and b for the feed-restricted
group; P < 0.05).

2, no differences were found in SLC27A1 expression
for RES and CON groups. For RES cows, the mRNA
abundance of SLC27A1 did not differ between wk 1 p.p.
(period 1) and wk 3 of period 2. In wk 3 of period 2,
RES cows had a higher mRNA abundance of SLC27A 1
than CON cows (P < 0.05).

mRNA Abundance of Hepatic Enzymes ATP Citrate
Lyase; FA Synthase; Acetyl-CoA-Carboxylase

a; Glycerol-3-Phosphate Acyltransferase,
Mitochondrial; and Glycerol-3-Phosphate
Dehydrogenase 2, Mitochondrial

Neither for CON nor for RES cows, was mRNA
abundance of ATP citrate lyase (ACLY) affected over
time. No differences were found in wk 3 of period 2
between groups (Table 2).

Compared with period 1, the mRNA abundance of
FA synthase (FASN) was higher in period 2 within
groups (P < 0.05; Table 2). From wk 0 to 3 of period
2, no differences were found in RES and CON groups
for FASN expression. No differences were found for the
hepatic FASN expression between RES and CON cows
due to feed restriction in wk 3 of period 2.

Compared with the other time points, the expression
of acetyl-CoA-carboxylase o (A CC) was lowest in wk 3
a.p. for the CON and RES groups (Figure 3). No differ-
ences in ACC expression were found between wk 0 and
3 of period 2 for both groups. The mRNA abundance
of ACC in RES cows between wk 1 p.p. and wk 3 of
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period 2 did not differ. The expression of ACC in RES
cows in wk 3 of period 2 was not different compared
with CON cows.

The expression of glycerol-3-phosphate acyltransfer-
ase, mitochondrial (GPAM) and glycerol-3-phosphate
dehydrogenase 2, mitochondrial (GPD2) within the
CON and RES groups did not show any differences over
time (Table 2). In wk 3 of period 2, the RES group did
not differ in mRNA abundance of GPAM and GPD2
compared with the CON group.

Relationships Between Liver TG Content
and EB, Metabolites, and Hepatic mRNA
Abundances of Lipid Metabolism Parameters

A significant correlation between liver TG content
and EB was only found in wk 1 p.p. (P < 0.05; Table
3). Plasma metabolites showed only weak correlations
with liver TG concentrations. Except ACC in wk 1 p.p.
and GPAM in wk 0 (period 2), gene expression data did
not show significant relationships for liver TG content
(Table 3).

Figure 2. Relative mRNA abundance [delta cycle threshold (CT),
logy] of solute carrier family 27 (FA transporter), member 1 (SLC27A1)
over the time points in cows during experimental period 1 [up to wk
12 postpartum (p.p.)] and period 2 (3 wk of feed restriction). Data
are given as mean values + SEM. Effects of feed restriction on mRNA
abundance for feed-restricted and control cows during period 2 are
marked with * (P < 0.05). Changes over time within the groups in
period 1 [wk 3 antepartum (a.p.), wk 1 and 4 p.p.] and feed restric-
tion beginning at 98 + 7 DIM (period 2, wk 0 and 3) are marked with
different letters (A to C for the control group; a and b for the feed-
restricted group; P < 0.05).
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Figure 3. Relative mRNA abundance (delta CT, log,) of acetyl-
CoA-carboxylase o (ACC) over the time points in cows during experi-
mental period 1 [up to wk 12 postpartum (p.p.)] and period 2 (3 wk of
feed restriction). Data are given as mean values == SEM. Changes over
time within the groups in period 1 [wk 3 antepartum (a.p.) and wk 1
and 4 p.p.] and feed restriction beginning at 98 + 7 DIM (period 2,
wk 0 and 3) are marked with different letters (A to C for the control
group; a and b for the feed-restricted group; P < 0.05).

DISCUSSION
Plasma Metabolites and Liver TG Content

Lipids, mainly TG in adipose tissue, provide high
caloric storage of energy compared with protein and
glycogen reserves in dairy cows. Energy uptake above
the animal’s needs results in increasing fat depots.
These reserves can be mobilized when the energy re-
quirement exceeds the current supply. Elevated plasma
NEFA concentrations indicate a breakdown of adipose
tissue (de Boer et al., 1985; Grummer, 1993). In dairy
cows, the highest NEFA concentrations in plasma are
observed in the first weeks of lactation to compensate
for the concomitant NEB (Graber et al., 2010; Gross et
al., 2011a). However, in dairy cows, after parturition the
mobilization of NEFA is often far beyond the hepatic
oxidation capacity (McNamara, 2000). One alterna-
tive pathway is the formation of ketone bodies such as
BHBA, whose concentration increases consequently in
plasma and also in milk and urine. In the first 4 wk p.p.,
the plasma BHBA concentration was higher compared
with its concentration 3 wk a.p. in the present study.
Previously, we have shown, in agreement with Doepel
et al. (2002), that the elevation of NEFA precedes the
peak of BHBA (Gross et al., 2011a). A second alterna-
tive for removal of plasma NEFA is their reesterification
to TG in the liver, followed by export as constituents of
VLDL (Grummer, 1993; Brickner et al., 2009). Based
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on earlier studies, Brickner et al. (2009) summarized
that bovine hepatocytes are inefficient in the VLDL
export mechanism and do not increase oxidation or
reesterification of NEFA during a NEB. As reviewed
by Bobe et al. (2004), the accumulation of hepatic TG
decreases clearance rates of hormones (e.g., insulin) as
well as of endotoxins in hepatocytes, but also alters
sensitivity of tissues toward hormones and even their
concentrations. Those authors assumed that secretions
of hepatic insulin-like growth factor-I, pancreatic insu-
lin, and thyroid hormones are consequently decreased.
Thus, besides decreased gluconeogenesis, lipolysis of
adipose tissue is less inhibited and additional NEFA
are released that cannot be used efficiently by oxida-
tion. These paradoxical interactions between NEFA,
hepatic TG accumulation, and endocrine systems en-
hance a disadvantageous and accordingly suboptimal
regulation of metabolism. In consequence, the excessive
infiltration of TG in the liver reduces animal health
and productivity and promotes their susceptibility to
metabolic and infectious diseases (Bobe et al., 2004).
In their review, Bobe et al. (2004) classified fatty liver
in dairy cows due to their TG content into 4 categories:
normal, mild, moderate, and a severe form. Simultane-
ously with the highest concentration of NEFA, dairy
cows in the present study had the highest liver TG
content in wk 1 p.p., whose value can be attributed
to the classification “moderate fatty liver” according
to Bobe et al. (2004). Even in wk 4 p.p., the liver fat
content was similarly high, although the NEB improved
and plasma NEFA concentration decreased. In the first
weeks after parturition, up to 40% of dairy cows suffer
from a moderate fatty liver, whereas only 5 to 10%
develop a severe form of liver steatosis (Bobe et al.,
2004). de Boer et al. (1985) and Mazur et al. (1988)
showed high associations of fatty liver with plasma
BHBA and NEFA concentrations. Whereas Bertics et
al. (1992) showed that fatty liver developed already be-
fore parturition, Vazquez-Anon et al. (1994) located the
beginning of the onset of hepatic TG infiltration at the
acute NEFA increase directly after parturition. After
we did not find any relationship for liver TG content
and plasma NEFA concentration in early lactation, we
assume that susceptibility to development of fatty liver
is not only related to high plasma NEFA levels. More-
over, the simultaneous hepatic export of TG by VLDL
seems to be the main regulator of TG accumulation in
the liver.

The question came up if dairy cows in the present
study would respond similarly in developing a fatty
liver when they experience a second NEB later on in
lactation that is comparable in its degree to the first
NEB occurring directly after parturition. Although
the extent of the NEB induced by feed restriction
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Table 3. Regression analysis parameters for the relationship between liver triglyceride concentration as predictor variable and different
parameters during the experimental periods at the time points of liver sampling

Period 2
Period 1° wk 0 wk 3
Variable' wk 3 ap. wklpp.  wk4p.p. CON RES CON RES
EB (MJ of NE /d)
Intercept 28.18 27.35 43.58 23.72 24.05 18.42 37.98
Slope —0.11 —0.66 -0.37 0.01 —0.25 —0.00 0.24
R? 0.01 0.21 0.04 0.00 0.02 0.00 0.02
P-value 0.65 0.01 0.28 0.99 0.53 0.97 0.52
Concentration (mmol/L)
NEFA
Intercept 15.35 46.55 41.99 16.70 —1.09 20.37 11.46
Slope 27.06 14.01 24.37 55.71 195.85 —22.55 66.75
R? 0.08 0.04 0.05 0.04 0.19 0.00 0.07
P-value 0.08 0.26 0.24 0.36 0.04 0.84 0.24
BHBA
Intercept 19.53 35.82 45.86 20.64 16.42 16.46 37.74
Slope 18.52 31.38 11.57 5.75 11.26 339 —22.98
R? 0.01 0.05 0.01 0.00 0.01 0.00 0.03
P-value 0.51 0.20 0.69 0.89 0.72 0.86 0.45
mRNA abundance of genes (delta CT, log,)
TNF«a
Intercept 46.09 33.13 —6.38 —121.26 91.96 94.58 85.81
Slope —2.23 2.33 6.07 14.16 —6.75 —7.54 —5.96
R? 0.01 0.00 0.03 0.15 0.08 0.17 0.02
P-value 0.59 0.80 0.39 0.07 0.19 0.08 0.58
ACLY
Intercept 127.35 254.99 56.33 18.86 124.49 78.95 374.10
Slope —7.71 —14.38 —0.17 0.42 —7.78 —4.45 —26.09
R? 0.08 0.04 0.00 0.00 0.06 0.04 0.56
P-value 0.11 0.27 0.98 0.96 0.26 0.43 <0.001
FASN
Intercept 71.54 198.31 45.03 26.56 15.81 61.56 75.94
Slope —3.96 —11.21 0.79 —0.16 0.44 —3.20 —4.30
R? 0.10 0.07 0.00 0.00 0.00 0.04 0.09
P-value 0.07 0.16 0.91 0.98 0.93 0.41 0.24
ACC
Intercept 50.21 190.58 99.29 9.51 51.10 19.86 94.91
Slope —-3.71 —16.73 —5.64 1.76 —3.47 —0.17 —8.83
R? 0.03 0.14 0.05 0.00 0.02 0.00 0.21
P-value 0.37 0.04 0.26 0.83 0.53 0.97 0.05
GPAM
Intercept 117.47 257.37 —72.58 483.19 171.54 106.86 259.87
Slope —5.34 —11.35 7.32 —26.13 —8.54 —5.07  —13.38
R? 0.04 0.03 0.04 0.24 0.09 0.05 0.11
P-value 0.27 0.34 0.28 0.02 0.16 0.34 0.18
GPD2
Intercept 32.43 153.94 31.97 —T71.47 —35.35 13.70  —77.55
Slope —1.01 —10.42 2.51 10.52 6.15 0.54 10.98
R? 0.00 0.05 0.01 0.08 0.07 0.00 0.06
P-value 0.75 0.24 0.66 0.19 0.24 0.90 0.34
SLC27A1
Intercept —10.17 —117.39 12.85 —57.92 5.47 —3.63 43.23
Slope 3.05 15.54 3.90 7.71 1.52 2.13 —2.30
R? 0.02 0.09 0.01 0.04 0.00 0.01 0.01
P-value 0.46 0.11 0.55 0.36 0.80 0.64 0.66

'EB = energy balance; TNFa = tumor necrosis factor o; ACLY = ATP citrate lyase; FASN = FA synthase; ACC = acetyl-CoA-carboxylase a;
GPAM = glycerol-3-phosphate acyltransferase, mitochondrial; GPD2 = glycerol-3-phosphate dehydrogenase 2, mitochondrial; SLC27A1 = solute
carrier family 27 (FA transporter), member 1.

2a.p. = antepartum; p.p. = postpartum.
3CON = control; RES = feed restricted.
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in mid lactation was even higher compared with the
NEB in early lactation, plasma NEFA concentration
was elevated only to a smaller extent, whereas BHBA
concentration did not differ between groups during feed
restriction (Gross et al., 2011a). Nevertheless, cows mo-
bilized body reserves to a comparable extent to early
lactation, as indicated by a decrease in BCS and back
fat thickness (Gross et al., 2011a). In the later lacta-
tional stage, dairy cows seem to react less intensely
to a NEB regarding NEFA and BHBA concentration,
as shown in feed-restricted mid-lactation dairy cows
(Carlson et al., 2006). The lower BHBA concentrations
in period 2 can be explained as a consequence of the
lower plasma NEFA levels. Moreover, feed restriction
did not lead to development of fatty liver in the present
study either. Emery et al. (1992) showed a proportional
hepatic uptake of NEFA to its plasma concentration.
Therefore, NEFA did not seem to overload hepatic
B-oxidation and VLDL export capacity in mid lacta-
tion, as they were only increased marginally by feed
restriction. However, feed of poor quality (e.g., silage
with high butyrate concentration) increased the inci-
dence of fatty liver as BHBA formation was elevated
and feed intake was decreased in dairy cows (Stober
and Scholz, 1991; reviewed by Bobe et al., 2004).
Whenever feed intake is depressed, the occurrence of
a NEB additionally results in mobilization and release
of NEFA that, in turn, promote TG accumulation in
the liver of periparturient dairy cows, independent of
stage of lactation (Katoh, 2002). However, data on
fatty liver in mid- and late-lactating dairy cows can be
rarely found in the literature. Contrary to our findings,
feed-restricted dairy cows (around 132 DIM) in the
study of Carlson et al. (2006) had an increase in liver
TG content. Those authors found that feed restriction
did not affect the rate of palmitate oxidation or the
proportion of palmitate oxidized. Furthermore, the rate
of total B-oxidation increased from the beginning of
lactation onwards (Grum et al., 2002). Along with the
low increase in plasma NEFA concentration during feed
restriction in the present study, the higher capability
for their oxidation at the onset of NEB induction at 100
DIM gives a conclusive explanation for the unchanged
liver TG concentration.

Gene Expression of Parameters and Enzymes
Related to Lipid Metabolism in the Liver

Although plasma metabolites and liver TG concen-
tration followed numerous previous findings dealing
with periparturient dairy cows, hepatic expression
of TNFa was not affected by treatment or stage of
lactation in the present study, indicating no inflamma-
tory challenge. In contrast, Loor et al. (2005) found
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positive correlations between the expression of mRNA
encoding for the proinflammatory cytokine TNFa and
lipomobilization and oxidation. In the present study,
no significant relationships were observed for plasma
NEFA and BHBA with TNFa expression in the liver
(data not shown). Furthermore, Loor et al. (2005) pos-
tulated a causal link between hepatic inflammation and
TG accumulation, which could not be verified in the
present study.

The solute carrier family 27 (FA transporter), member
1, also known as FATP1, mediates the translocation of
long-chain FA across plasma membranes. Although Or-
dovés et al. (2006) found only very low expression levels
of SLC27A1 in the bovine liver and Gimeno (2007) at-
tested hepatic FATP1 absence or no relevance in FA
incorporation, this transporter nevertheless seems to be
of importance in the present study. Mean expression
of SLC27A1 was highest in wk 1 p.p. in the present
study along with highest plasma NEFA and liver TG
concentration, in agreement with Schlegel et al. (2012),
and interestingly elevated for feed-restricted cows com-
pared with control cows. To our knowledge, this paper
shows distinct results on expression of SLC27A1 in the
bovine liver during feed restriction in mid lactation for
the first time. In contrast, SCL27A2 (FATP?) is highly
expressed in the liver (Gimeno, 2007) and might be as-
sumed to act in the same way as FATP1; SLC27A2 was
upregulated during feed restriction in early lactating
dairy cows to cope with increased NEFA influx (Loor
et al., 2007). These findings would support the mRNA
expression pattern of SLC27A1 in the present study
during the NEB both early lactation and feed restric-
tion, indicating an enhanced uptake of plasma NEFA
into the liver.

In the present study, liver TG content was highest
in wk 1 p.p. Previous studies (e.g., Bertics et al., 1992)
found that fatty liver developed already before partu-
rition. Besides the prepartum increase in NEFA con-
centration, also changes in regulatory mechanisms of
FA oxidation and lipogenesis in hepatocytes must take
place during the periparturient period. However, the
sampling schedule of the present study did not allow us
to determine the initiation of fatty liver development.
The GPAM gene encodes for the glycerol-3-phosphate-
acyltransferase (GPAT), an enzyme that catalyzes the
initial step in glycerolipid synthesis and, therefore,
plays an important role in the regulation of cellular TG
concentrations. Whereas in the present study, mRNA
abundance of GPAM was not significantly altered dur-
ing the entire experiment, previous studies (Loor et al.,
2006; Graber et al., 2010) found a downregulation of
GPAM in early lactation, which supports channeling of
NEFA toward FA oxidation. Because GPAM is not lim-
iting for hepatic TG accumulation (Loor et al., 2006),
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the development of fatty liver in early lactation can be
explained despite an unchanged expression pattern of
GPAM in the present study. Graber et al. (2010) showed
for GPD2 (involved in the glycerol-3-phosphate shuttle
for regeneration of NAD™) a decrease in its expression
in wk 4 p.p. compared with wk 3 a.p. Those authors
also suggested the orientation toward increased NEFA
oxidation as an interpretation for their findings. In the
present study, neither in early lactation nor during feed
restriction did GPD2 change, which might also indicate
that expression might be not limiting for accomplishing
its task in lipid metabolism.

Up to wk 4 p.p. in the present study, mRNA abun-
dances of FASN and ACC were lower compared with
the feed-restriction period starting in wk 14 p.p. Al-
though these findings for ACC apply only numerically,
along with the expression pattern of FASN, they are
in agreement with the results of Graber et al. (2010),
who performed liver sampling at predominantly identi-
cal time points. Reduced expression of FASN and ACC
during the peripartal period in dairy cows mirrors
reduced lipogenic activity in the liver (Graber et al.,
2010), which was confirmed earlier by lowered activities
of these enzymes postpartum (Murondoti et al., 2004).
Thus, during the NEB induced by feed restriction at
around 100 DIM, synthesis of FA formed by acetyl-CoA
and malonyl-CoA seems to be upregulated compared
with the NEB after parturition in the present study.
In contrast, feed restriction performed directly after
parturition to induce ketosis (Dann et al., 2005) was
associated with a downregulation of FASN and ACC
(Loor et al., 2007). Consequently, not a NEB per se,
but also stage of lactation affects de novo synthesis of
FA in the liver.

The regulation of ACC activity by feedback via NEFA
and their CoA-esters was reported earlier (e.g., Wol-
frum and Spener, 2000). As reviewed by those authors,
however, studies relating to control of FASN and ACLY
activity remain contradictory. The mRNA abundance
of ACLY was not affected by time or treatment in the
present study as well as previously reported by van
Dorland et al. (2009). Hanson and Ballard (1967) ap-
proved the appearance of only moderate ACLY activity
in the bovine liver, as reflected by the lack of changes
in its mRNA expression in recent studies. On the other
hand, Graber et al. (2010) supposed the involvement of
ACLY expression in the adaptation process of peripar-
turient dairy cows.

CONCLUSIONS

In the present study, changes in lipid metabolism
were observed at different levels and sites of metabo-
lism. Whereas the postpartum NEB resulted in a cer-
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tain degree of fatty liver, the NEB induced by feed
restriction did not lead to an increased hepatic TG ac-
cumulation in mid-lactation cows. Expression of genes
related to lipid metabolism did not show a consistent
pattern during the study. However, hepatic uptake of
mobilized FA for oxidation seemed to be enhanced dur-
ing feed restriction and of comparable extent to early
lactation. Therefore, the homeorhetic adaptations dur-
ing the periparturient period trigger excessive responses
in metabolism, which the liver and other tissues have
to cope with. In contrast, during homeostatic control
of endocrine and metabolic systems after established
lactation, as during the period of feed restriction in the
present study, organs are well adapted to metabolic and
environmental changes.
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