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Summary
Metabolic responses of hepatic tissues on niacin treatment in dairy cows in the transition period
Asako Kinoshita
Background: Hepatic glucose metabolism is crucial for health and performance of high producing
dairy cows, because more than 80% of glucose demand is covered by hepatic glucose production.
Insulin has generally a suppressive effect on hepatic glucose production. Forkhead box protein O1
(FoxO1) is one of the main targets of insulin signaling. The activities of FoxO1 to promote the
transcription of glucose-6-phosphatase (G6P) and cytosolic phosphoenolpyruvate carboxykinase
(PCK1) are inhibited by insulin-induced phosphorylation. In monogastric species, it is one of the main
pathways for the suppressive effect of insulin on hepatic gluconeogenesis. Nicotinic acid (NA), an
important precursor for NAD synthesis, can affect energy metabolism through several pathways in
pharmacological doses. In addition to the lipid-lowering effect based on the interaction with NA
receptor, NA could modify the ruminal fermentation, endocrinal profiles, and transcriptional- and
posttranscriptional regulations. However, the effects of NA on hepatic glucose metabolism in dairy
cows on the molecular levels are unknown. It was hypothesized that dietary NA supplementation and
concentrate proportion affected hepatic glucose metabolism in dairy cows in the transition period. Two
feeding trials were conducted with aims to investigate whether the diet-induced alteration in hepatic
glucose metabolism is associated with changes in hepatic insulin signaling (project 1), and whether it
is associated with changes in FoxO1 expression/phosphorylation and fatty acid metabolism (project 2).
Methods: In both feeding trials, pluriparous German Holstein cows were fed diets including 0 (CON)
or 24 (NA) g/day NA supplementation. Cows in each NA or CON group were further divided into two
groups and received diets with low or high (30:70 or 60:40 concentrate-to-roughage-ratios on dry
matter (DM) basis) concentrate proportion. In project 1 20 cows were fed the same diet prepartum.
From day 1 related to calving (d1) to d21, the cows were assigned randomly into feeding groups and
fed CON or NA diets with low or high (LCpp or HCpp) concentrate proportions. Liver biopsy and
blood samples were taken at d-21 and d21. The concentration of plasma glucose, serum NEFA, and
insulin was determined and a revised quantitative insulin sensitivity check index (RQUICKI) was
calculated. The protein expression of insulin receptor (INSR), phosphatidylinositol-3-kinase (PI3K),
and glucose transporter 2 (GLUT2) was measured by Western blotting. In project 2, 21 cows were
assigned into feeding groups at d-42. NA or CON diets were offered from d-42 to d24. From d-42 to
d0, the cows received diets with low or high (LCap or HCap) concentrate proportions. At d0 the
concentrate level in the diet was set at 30% in all the groups. It was increased up to 50% within 14
days in LCap and within 24 days in HCap. During the study period, twelve blood samples were
collected for serum insulin concentration (insulin). Liver biopsies were collected at d-42, 1, 21, and
100, and analyzed for the total protein expression of FoxO1 (tFoxO1) and the extent of
phosphorylation of FoxO1 at serine 256 (pFoxO1) by Western blotting, and by real-time qPCR for the
mRNA expression of genes involved in glucose metabolism and of carnitine-palmitoyl-transferase 1
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(CPT1A). The amount of triacylglyceride (TAG) in the liver was determined enzymatically. The
effects of diet, time, and their interaction were examined using a general linear model (protein
expression in project 1) or a mixed model (the other variables). Pearson’s correlation analysis was
used to test the associations. The levels of significance and trend were set at P < 0.05 and 0.1,
respectively. Results: In project 1, lower mean GLUT2 protein expression at d21 relative to d-21 and
higher plasma glucose concentration at d21 was found in cows in NA compared with cows in CON.
Neither a general time effect nor NA × concentrate interactions were found in investigated proteins. In
project 2, the prepartum mean serum insulin level was higher in NA groups. Almost no time and diet
effect was found in tFoxO1, pFoxO1, and mRNA expression of FoxO1 (rFoxO1). The mean mRNA
expression was lower at d1 in GLUT2 and insulin receptor B and higher in G6P, propionyl-CoA
carboxylase A, and GLUT2 at d21 in cows in NA compared with cows in CON. Mean hepatic TAG
was highest at d1 and 21 and was generally higher in NA compared to CON. Different correlation
patterns among the sampling days were found. Positive correlations of pFoxO1-insulin and tFoxO1PCK1 were found at d100 only, while rFoxO1 correlated positively with mRNA expression of several
investigated genes at d21 and 100. Positive correlations of CPT1A - G6P and CPT1A - PCK1 were
found repeatedly. Conclusion: Dietary NA supplementation altered the expression of GLUT2 protein
and mRNA of genes involved in energy metabolism; however, its physiological impact seemed to be
small. No obvious evidence was found for the effect of concentrate proportion in the diet on the NA
action on gene expression. Fatty acid oxidation was associated positively with hepatic glucose
production. It appeared that the insulin signaling and FoxO1 were not the main regulators of hepatic
glucose production in dairy cows in the transition period on the levels of transcription, translation, and
phosphorylation. However, results indicated that FoxO1 appeared to be associated with at least a part
of the regulation mechanism of hepatic glucose production in the mid-lactation.
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Zusammenfassung
Untersuchungen zur hepatischen Glukoneogenese unter dem Einfluss von Niacin bei
Milchkühen in der Transitperiode
Asako Kinoshita
Hintergrund: Der Glukosestoffwechsel in der Leber spielt eine wichtige Rolle für die Gesundheit und
Leistung von laktierenden Milchkühen. Über 80% des Glukosebedarfs wird durch die hepatische
Glukoseproduktion gedeckt. Insulin spielt eine wichtige Rolle in der Regulation des
Glucosestoffwechsels. Forkhead box protein O1 (FoxO1) ist eines der Zielmoleküle von Insulin. Die
durch Insulin induzierte Phosphorylierung von FoxO1 unterdrückt deren Funktion, die Transkription
von Glukose-6-Phosphatase (G6P) und zytosolischem Phosphoenolpyruvat-Carboxykinase (PCK1) zu
fördern. Bei Monogastriern gilt dieser Signalweg als einer der wichtigsten für die suppressiven Effekte
der Insulin auf hepatische Glukose Produktion. Nicotinsäure (NA) ist ein Hauptsubstrat für die NADSynthese. In pharmakologischer Dose kann NA über verschiedene Mechanismen den
Energiestoffwechsel beeinflussen. Neben den auf einer Interaktion mit NA-Rezeptoren basierten antilipolytischen Effekten, vermag NA Änderungen in der Pansenfermentation zu induzieren. Ferner sind
Effekte auf das endokrinologische Profil beschrieben sowie auf die die Transkription und
Posttranskription von Proteinen. Direkte Effekte von NA auf den hepatischen Glukosestoffwechsel auf
molekularer Ebene sind jedoch nicht bekannt. Für diese Arbeit wurde deshalb die Hypothese
aufgestellt, dass eine diätetische NA Supplementation Auswirkungen auf den hepatischen
Glukosestoffwechsel von Milchkühen in der Transitperiode hat. Es wurden zwei Fütterungsversuche
mit dem Ziel durchgeführt, die folgende Fragen beantworten sollten: induziert eine NASupplementation im hepatischen Stoffwechsel 1. Änderungen im Insulin-Signaling des
Glucosestoffwechsels (Projekt 1) und 2. Änderungen der Expression/Phosphorylierung der FoxO1 und
stehen diese im Zusammenhang mit Änderungen in der mRNA Expression von Schlüsselproteinen im
Glucose- sowie Fettsäurestoffwechsel (Projekt 2). Material und Methoden: In beiden Projekten
wurden pluripare Deutsche Holstein Milchkühe in der Ration entweder mit 0 (CON) oder 24 (NA)
g/Tag NA Supplementation gefüttert. Die Kühe in den CON und NA Gruppen wurden weiter in zwei
Gruppen aufgeteilt, und erhielten Rationen mit niedrigem oder hohem (30:70 oder 60:40% Kraftfutterzu-Grundfutter-Verhältnis bezogen auf Trockenmasse) Kraftfutter-Anteil. Im Projekt 1 wurden 20
Milchkühe präpartal gleich gefüttert. Vom ersten Tag nach der Kalbung (d1) bis d21 wurden die Kühe
zufällig in Fütterungsgruppen aufgeteilt und erhielten CON oder NA Rationen mit niedrigem (LCpp)
oder hohem (HCpp) Kraftfutter-Anteil, so dass in den vier Gruppen jeweils fünf Versuchskühe waren.
Leberbioptate - und Blutproben wurden am d-21 und d21 entnommen. Es wurden die Konzentrationen
von Glukose in Plasma sowie von NEFA und Insulin im Serum gemessen. Aus deren Ergebnissen
wurde der revised insulin sensitivity check index (RQUICKI) errechnet. Die Protein Expression von
Insulin Rezeptor (INSR), Phosphatidylinositol-3-Kinase (PI3K), und Glukose Transporter 2 (GLUT2)
wurde mit Western Blot semi-quantitative gemessen. Im Projekt 2 wurden am d-42 21 Milchkühe
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zufällig in Fütterungsgruppen aufgeteilt. CON oder NA Rationen wurden vom d-42 bis d24
angeboten. Ante partum, von d-42 bis d0, erhielten die Kühe Rationen mit niedrigem (LCap) oder
hohem (HCap) Kraftfutter-Anteil. Am d0 wurde der Kraftfutter-Anteil für alle Kühe auf 30%
eingestellt und innerhalb von 16 Tagen in der LCap Gruppe bzw. von 24 Tagen in HCap Gruppe auf
50% erhöht. Insgesamt wurden 12 Blutproben im Zeitraum d-42 bis d100 für die Bestimmung der
Serumkonzentrationen von Insulin genommen. Leberbiopsien wurden am d-42, 1, 21 und 100
durchgeführt. In diesen wurde die Gesamtprotein-Expression von FoxO1 (tFoxO1) sowie das Ausmaß
der Phosphorylierung von FoxO1 bei Serine 256 (pFoxO1) mittels Western blotting analysiert sowie
ferner mittels real-time qPCR die mRNA Expression von Genen des hepatischen
Glukosestoffwechsels und der Carnitine-Palmitoyl-Transferase 1 (CPT1A). Der TriacylglyceridGehalt in der Leber (TAG) wurde enzymatisch bestimmt. Die Effekte der Fütterung, der Zeit und ihrer
Interaktionen wurden varianzanalytisch im Allgemeinen linearen Modell (GLM; Proteine-Expression
in Projekt 1) oder im gemischten Modell (übrige Parameter) statistisch getestet. Für die Prüfung von
Assoziationen zwischen Parametern wurden Pearson Korrelationen berechnet. Die Kriterien für
Signifikanz und statistischen Trend wurden auf P < 0.05 und 0.1 festgelegt. Ergebnisse: Projekt 1:
Im Mittel waren die Protein-Expression von GLUT2 am Tag d21 relativiert zu d-21 niedriger und die
Plasma-Glukosekonzentration höher bei Kühen der NA- im Vergleichen zu denen der CON-Gruppe.
Die Zeit und der Konzentratanteil in den Rationen der Versuchsgruppen hatten statistisch keine
gesicherten Effekte auf die Untersuchungsparameter. Projekt 2: Die mittleren SerumInsulinkonzentrationen waren präpartal bei Kühen der NA-Gruppe höher als bei denen der CONGruppe. Statistisch gesicherte Effekte der Fütterung und der Zeit auf tFoxO1, pFoxO1 und mRNA
Expression von FoxO1 (rFoxO1) wurden nicht gefunden. Bei Kühen der NA-Gruppe im Vergleich zu
denen der CON-Gruppe waren die mittleren mRNA Expressionen am d1 des GLUT2 und des
Insulinrezeptors B niedriger und am d21 der G6P, der Propyonyl-CoA Carboxylase A und des GLUT2
höher. Positive Korrelationen zwischen pFoxO1 und Insulin sowie tFoxO1 und PCK1 wurden nur am
d100 gefunden. Die mRNA Expression von FoxO1 korrelierte positiv mit der mRNA Expression von
mehreren gemessenen Genen am d21 und d100. Positive Korrelationen bestanden zwischen CPT1A
und G6P sowie PCK1. Schlussfolgerungen: Unabhängig vom Kraftfutter-Anteil in der Ration scheint
eine diätetische NA Supplementation die Expression von GLUT2 Proteinen und die mRNA
Expression von im Glukosestoffwechsel beteiligten Gene zu verändern, auch wenn die physiologische
Bedeutung dieser Effekte eher klein erscheint. Die hepatische Fettsäure-Oxidation ist bei Milchkühen
anscheinend positiv mit der hepatischen Glukose-Produktion assoziiert. In der Regulation der
hepatischen Glukoseproduktion spielen das Insulin-Signaling und das FoxO1 bei Milchkühen in der
Transitperiode offenbar zumindest auf der Ebene der Transkription, Translation und Phosphorylierung
keine große Rolle. Möglich erscheint jedoch, dass FoxO1 in der späteren Laktation intensiver an der
Regulation der hepatischen Glucoseproduktion beteiligt ist.
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1. Introduction
1. 1. Hepatic glucose metabolism in dairy cows
1.1.1. Energy metabolism in dairy cows in transition period
Dairy cows are under the highest risk for metabolic and infectious diseases in the
transition period, from high pregnancy to early lactation (Drackley, 1999; Ingvartsen, 2006).
This is because the cows undergo drastic shift of metabolic status from anabolic to catabolic
metabolism during this period. After calving, the whole body energy requirement of dairy
cows increases markedly due to the onset of lactation, so that it cannot be covered by dietary
intake. This energy shortage is physiologically compensated by mobilizing the body reserve,
especially muscle and adipose tissue, by reducing the glucose uptake, and by increasing the
capacity of fatty acid oxidation in peripheral tissues (Herdt, 2000). These homeorhetic
adaptations to the status of negative energy balance appear to be critical to maintain health
status; however, the mechanism is not completely understood.
1.1.2. Hepatic glucose metabolism in dairy cows in transition period
In ruminating animals, a substantial proportion of glucose demand is covered by
hepatic glucose production (Aschenbach et al., 2010) and only a limited amount of glucose is
absorbed in the small intestine (Reynolds, 2006). In sheep, hepatic gluconeogenesis accounted
for more than 80% of glucose production (Bergman et al., 1974). Accordingly, in ruminants,
both gluconeogenic and lipogenic pathways are up-regulated in fed condition, while in
monogastric species, the up-regulation of gluconeogenesis occurs mainly in the fasted
condition (Nafikov and Beitz, 2007). Consequently, in high lactating dairy cows, glucose
metabolism plays central roles to maintain the milk production performance and the health
condition of the cows. The glucose availability is the most important limiting factor for milk
production performance with a linear relationship between net hepatic glucose release and
milk yield (Danfær, 1994). This is because glucose serves as a main substrate for milk lactose
synthesis in the mammary gland (Reynolds et al., 1988). The main precursor for the hepatic
gluconeogenesis is propionate. The amount of propionate provided for gluconeogenesis
depends on feed intake (Larsen and Kristensen, 2013). Absorption of an excessive amount of
propionate due to overdose of fermentable carbohydrates can lead to milk fat depression
syndrome, while limited feed intake shortly after the calving can cause a shortage of
propionate supply, resulting in hypoglycemia and ketosis (Ulbrich et al., 2006).

1

1.1.3. Regulation of hepatic glucose output in dairy cows
Increasing the glucogenic status of cows could support healthy maintenance of the
cows by preventing the risk of metabolic diseases. Regulation mechanisms of hepatic glucose
production in dairy cows have been investigated intensively for about 30 years, and the results
have been reviewed repeatedly (Young, 1977; Danfaer et al., 1995; Aschenbach et al., 2010;
Larsen and Kristensen, 2013). Uptake of glucogenic substrate appeared to determine the
amount of hepatic glucose output (Larsen and Kristensen, 2013). Larsen and Kristensen
(2009) observed concomitant increases in the contribution of hepatic arterial blood flow to
total liver blood flow, hepatic consumption of oxygen, and hepatic and net splanchnic uptake
of lactate. Utilization of glucogenic substrate is linked to the transcriptional and posttranscriptional regulations of gluconeogenic enzymes, which appear to be mostly under the
influence of the insulin/glucagon ratio, as well as the glucose status of liver (Aschenbach et
al., 2010). Under catabolic status with a lower insulin/glucagon ratio, pyruvate carboxylase
(PC) was up-regulated together with an increase of beta-oxidation of non-esterified fatty acid
(NEFA), so that acetyl-CoA production occurred. These enabled the cows to utilize increased
amounts of lactate and alanine, which are endogenous glucogenic precursors. This is typically
observed in the period shortly after calving when the supply of exogenous glucogenic
precursor cannot cover the demand due to reduced dry matter intake (DMI). The upregulation of cytosolic phosphoenolpyruvate carboxykinase (PCK1) and propionyl-CoA
carboxylase (PCCA) was observed later than that of PC and corresponds to the increase of
DMI (Greenfield et al., 2000; Velez and Donkin, 2005; Karcher et al., 2007; Loor et al., 2007;
Graber et al., 2010; Akbar et al., 2013). The critical regulation point of glucose-6-phosphatase
(G6P) seems to be on the post-transcriptional level depending on the concentration of its
substrate, glucose-6-phosphate (Aschenbach et al., 2010).
1.1.4. Roles of insulin in glucose metabolism in dairy cows
Insulin plays a central role in regulation of glucose metabolism by suppressing the
gluconeogenesis and fatty acid oxidation and promoting glycogen synthesis and reesterification of fatty acid. Binding of insulin to an insulin receptor at the cell surface leads to
autophosphorylation of the insulin receptor, followed by downstream signal transduction
through phosphorylation and dephosphorylation of insulin signaling molecules. There are
several pathways in signal transduction specific to final biological actions of insulin (Hayirli,
2006). Disorders in insulin signaling were accounted by for pathophysiological pathways for
metabolic disorders in human medicine (Samuel and Shulman, 2012). In comparison to
2

human and monogastric animals, dairy cows have physiologically much lower glucose levels
in blood and are known to be less insulin sensitive (Bell and Bauman, 1997). In dairy cows
the insulin blood concentration and insulin responsiveness of peripheral tissues is the lowest
in the early lactation period, so that distribution of glucose into the mammary gland for milk
synthesis will be maximized (Bell and Bauman, 1997). On a molecular level, the protein and
mRNA expression of insulin-dependent glucose transporter 4 (SLC2A4) was lower in
muscles of ruminating animals compared to non-ruminating animals (Komatsu et al., 2005;
Duehlmeier et al., 2007). The lower expression of this key component of insulin-dependent
glucose uptake in peripheral tissues may contribute to the constitutively lower insulin
sensitivity of ruminants.
Considering the hepatic insulin sensitivity, the impact of insulin action on hepatic
glucose metabolism in dairy cows is not yet much elucidated, although the expression of
insulin receptors and downstream insulin signaling molecules in bovine hepatocytes were
found (Liu et al., 2010; Gross et al., 2011; Kreipe et al., 2011; Castro et al., 2012; Zachut et
al., 2013). In general, insulin has suppressive effects on hepatic gluconeogenesis by inhibiting
the transcription of gluconeogenic enzymes (discussed below) as well as inactivating PC and
PCK1 (Hayirli, 2006). The inhibitory effect of insulin on the activity of PC occurs indirectly
through promoting the synthesis of Malonyl-CoA, which suppresses the activity of carnitinepalmitoyl transferase 1A (CPT1A). This leads to a decrease of acetyl-CoA concentration and
PC activity, because PC is activated by acetyl-CoA allosterically (Wallace, 2010). However,
the gluconeogenic pathway from lactate and alanine, in which PC are necessary, contributed
only up to 30% of total hepatic glucose output (Aschenbach et al., 2010), and the
gluconeogenesis from propionate, which accounted for up to 80% of total hepatic glucose
output, was not affected by insulin in hepatocyte isolated from liver from ruminating dairy
bull calves (Donkin and Armentano, 1995) and hepatic tissue biopsies taken from dairy cows
(Smith et al., 2008) as well as in the in vivo condition in non-lactating non-pregnant sheep
(Brockman, 1990). Aschenbach et al. (2010) argued that this could be due to a mechanism to
protect cows from toxic effects of accumulating propionate.
Lower whole-body insulin sensitivity appeared to be associated with ketosis and
hepatic steatosis (Herdt, 2000), as well as displaced abomasum (Kräft, 2004) of dairy cows in
transition period.
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1.1.5. FoxO1 as a target of insulin signaling and a regulator for hepatic insulin
production
FoxO1 is a member of FoxO, one of the subclasses of transcription factor protein
family Fox sharing a common DNA-binding domain, which consists of 110 amino acids
named forkhead box- or winged helix domain. FoxO1 plays a central role in cellular
proliferation, differentiation, DNA damage repair response, and control of metabolism (Wang
et al., 2014). The transcriptional activities of FoxO1 are regulated by posttranslational
modifications including phosphorylation, acetylation, and ubiquitination as well as
interactions with other proteins (Calnan and Brunet, 2008). FoxO1 is one of the main targets
of insulin/insulin-like growth factor-1 signaling pathway. Insulin phosphorylates FoxO1
through phosphatidylinositol-3-kinase (PI3K)-Akt signaling, which inhibits DNA-binding to
the target DNA and induces a rapid translocation of FoxO1 protein from nucleus to
cytoplasm, results in the deactivation of its function (Calnan and Brunet, 2008). In the liver,
FoxO1 is a main regulator of glucose production and lipid metabolism. Regarding
gluconeogenesis, FoxO1 in active form binds to the FoxO-responsive elements in the
promoter region of G6P and PCK1 and promotes the transcription of these genes, which leads
to an increased hepatic glucose production (Jitrapakdee, 2012; Oh et al., 2013; Wang et al.,
2014). In cattle, studies showed that FoxO1 seems to be associated with enhanced
gluconeogenesis in liver in underfed cows (Grala et al., 2013). However, the roles of FoxO1
in hepatic glucose production and the association with insulin sensitivity in dairy cows are not
very well known.
1.1.6. Effects of onset of lactation on hepatic glucose output in in vivo and ex vivo (in
vitro) studies
Hepatic glucose output (HGO) in dairy cows has been investigated under in vivo and
ex vivo (using hepatic tissues) as well as in vitro (using isolated hepatocytes) conditions.
Representative studies regarding HGO in dairy cows are summarized in Table 1. In vivo HGO
was measured using a multicatheterization technique. Studies have shown that the net hepatic
glucose release ranged 1-3 kg per day, increased largely by the onset of lactation (Reynolds et
al., 2003; Larsen and Kristensen, 2009) and lactation week (Reynolds et al., 1988, 2003;
Hötger et al., 2013). In vitro and ex vivo hepatic glucose output was measured using isotope
tracer techniques. Representative studies using liver biopsy samples from dairy cows and
isolated hepatocytes from ruminating dairy bull calves are summarized in Table 2. When the
data was converted under the assumption that two molecules of propionates were converted
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into a molecule of glucose and that a liver of an adult cow has 10 kg wet weight (Soosten et
al., 2011) as well as 9.4 g of DNA (Grünberg et al., 2009), the calculated hepatic output of
glucose synthesized from propionate was about 0.1 kg per day. The markedly lower levels of
glucose output in the ex vivo and in vitro studies were probably accounted for by the factors
of blood flow and endocrine profiles. The effects of onset of lactation were examined in the
study by Mehyar (2011) only, where the conversion rate from propionate to glucose at d9 was
higher than at d-4. Considering the in vitro study, Faulkner and Pollock (1990, 1991) found
no difference in the conversion rate from propionate to glucose between hepatocytes isolated
from lactating and non-lactating sheep and concluded that postpartum increase of
gluconeogenesis and ketogenesis in ruminants appeared to be largely accounted for by
changes in substrate supply in the liver and in the intracellular concentration of metabolites in
hepatocytes.
1.1.7. Influence factors on hepatic glucose output in dairy cows in vivo and in vitro
Influence factors on HGO other than the onset of lactation were studied in vivo and in
vitro. Regarding the in vivo studies, no differences were found in glucose appearance rate
between cows in mid-lactation fed rumen-protected fat and those fed starch-rich diet for 3
weeks (Hammon et al., 2008), while feeding rumen-protected conjugated linoleic acid for 5
weeks led to lower endogenous glucose production in cows in 3 weeks after calving (Hötger
et al., 2013). Larsen and Kristensen (2012) observed that feeding a glucogenic diet (57%
NaOH-treated wheat grain) did not led to the greater HGO than ketogenic diet (40% fodder
beet) from d4 to d29 after calving, but made cows have a more glucogenic status with less
reliance on lactate from the Cori cycle for glucogenic substrate. An increased glucose
appearance rate was observed in cows in mid-lactation receiving a duodenal infusion of
glucose or nonessential amino acids or ruminal infusion of volatile fatty acids (Lemosquet et
al., 2004, 2009). On the other hand, Larsen and Kristensen (2009) observed that net hepatic
release of glucose was decreased by abomasal glucose infusion; however, the effect was not
found when the net hepatic glucose release was related to DMI. They discussed that the
suppressive effect of glucose infusion on hepatic glucose release was probably due to higher
insulin concentration. The insulin probably did not act at the levels of liver, but it suppressed
DMI as well as the ruminal absorption of glucogenic substrates. On the level of hepatic tissue,
the conversion from propionate to glucose measured in an incubated liver biopsy obtained
from dairy cows (ex vivo) was not affected by in vitro treatment of glucagon at d-4 and d9
(Mehyar, 2011) or in vitro treatment of insulin at d1 (Smith et al., 2008), or by subcutaneous
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glucagon injection at d-4, d9 (Mehyar, 2011) as well as d96 (Williams et al., 2006). No
difference was found in conversion from propionate to glucose between biopsy samples taken
from cows fed ad libitum and those under restricted feeding, while restricted feeding led to
the higher lactate conversion to glucose (Velez and Donkin, 2005). On the other hand, the
propionate conversion to glucose was affected significantly by interaction of dietary non-fiber
carbohydrate source ×chromium supplementation (Smith et al., 2008). Regarding the
propionate-to-glucose conversion in hepatocytes (in vitro), positive effects of long chain fatty
acid were observed in several studies (Faulkner and Pollock, 1986; Aiello and Armentano,
1988; Chow and Jesse, 1992; Strang et al., 1998), while negative effects (Cadórniga-Valiño et
al., 1997) or no effect (Mashek and Grummer, 2004) were also observed. Effects of insulin on
gluconeogenesis have been investigated in hepatocytes from ruminating calves. In the studies
by Donkin and Armentano (1995) and Cadórniga-Valiño et al. (1997), no effect of insulin was
found. On the other hand, Strang et al. (1998) observed inhibitory effects of insulin on
gluconeogenesis, which disappeared when hepatocytes were previously incubated with NEFA
to induce fat accumulation. Chow and Jesse (1992) observed that insulin inhibited
gluconeogenesis by reducing the CPT1A activity in hepatocytes isolated from ruminating
rams. One of the reasons for the inconsistency of the results could be the difference of fatty
acids composition and hormone composition in the incubation media used in the experiments
(Strang et al., 1998).
1.2. Effects of nicotinic acid supplementation on hepatic glucose metabolism in dairy
cows
1.2.1. Nicotinic acid (NA)
NA is important nutrition as a precursor for the synthesis of NAD and NADH, which
are required for many of the energy metabolic pathways including glycolysis,
gluconeogenesis, and lipid oxidation (Harmeyer and Kollenkirchen, 1989). Ruminants
generally do not suffer from NA deficiency because it is metabolized and synthesized by
ruminal microbes and NA content in the rumen does not largely depend on NA in the diet
(Harmeyer and Kollenkirchen, 1989). However, when NA was supplemented in high doses
(>2 g/d), a certain amount of NA escaped the ruminal degradation and could be found in the
duodenum in a dose dependent manner (Harmeyer and Kollenkirchen, 1989), where the
amount of NA reaching the duodenum seemed to be affected by dietary composition, such as
forage-to-concentrate ratio (Niehoff et al., 2009a). Beneficial effects of NA supplements in
dairy cows have been suggested, although the results of feeding trials were inconsistent
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(Harmeyer and Kollenkirchen, 1989). According to meta-analysis using data from 27 studies,
beneficial effects of NA supplementation were found at 12 g/d in fat-corrected milk yields,
feed efficiency, and milk fat and protein yield in lactating dairy cows, but no significant effect
was found at 6 g/d (Schwab et al., 2005).
1.2.2. Effects of NA on indicators for glucose metabolism in dairy cows
Effects of NA on systemic glucose metabolism and insulin sensitivity have been
investigated intensively in dairy cows. Increased blood glucose levels (Di Costanzo et al.,
1997; Niehoff et al., 2009b) in mid-lactation, increased blood insulin levels in early (Morey et
al., 2011), and late lactation (Lanham et al., 1992), increasing milk yield in the mid-lactation
period (Lohölter et al., 2013; Zimbelman et al., 2013) were observed in dairy cows
supplemented with NA at doses of 6-36 g/d. However, the results of previous studies were
inconsistent, and no effects of NA were found on blood metabolites and milk yield in many of
the studies, as reviewed by Niehoff et al. (2009a). The effects of NA on insulin sensitivity
appeared to depend on energy status as well as blood NEFA levels of cows. Abomasal NA
infusion increased peripheral glucose uptake after glucose challenge in cows in a negative
energy balance induced by feed restriction (Pires et al., 2007). On the other hand, opposite
results with prolonged glucose elimination time and higher insulin response by glucose
challenge were observed in cows in mid-lactation receiving duodenal infusion of NA
(Chilliard and Ottou, 1995). As far as we know, there is no study that investigated the effects
of NA supplements on hepatic glucose metabolism in dairy cows. In humans, the effects of
NA on hepatic gluconeogenesis appeared to be closely linked to NA effects on blood NEFA
levels (Chen et al., 1999).
1.2.3. Possible mechanisms of NA action
NA could affect energy metabolism in dairy cows through several mechanisms. It can
modify the ruminal fermentation and increase the proportion of propionates. As already
mentioned, it is an important precursor for synthesis of dinucleotide coenzymes NAD and
NADH and involved in a lot of energy metabolic pathways. Studies in vitro (Kenéz et al.,
2014) and in vivo (Pires et al., 2007; Yuan et al., 2012) presented that NA as having an
inhibitory effect on lipolysis in dairy cows at a pharmacological dose. This effect was based
on activating the NA receptor (Titgemeyer et al., 2011b; Kenéz et al., 2014). The reduction of
NEFA concentration through abomasal infusion of NA led to an increased insulin-induced
peripheral glucose uptake in lactating dairy cows (Pires et al., 2007). In addition, recent
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studies showed NA induces modifications of gene expression. In sheep, oral application of
NA for three weeks induced a shift of muscle fiber from glycolytic (type II) to oxidative (type
I) together with elevated mRNA and protein expression of genes involved in fatty acids
oxidation (Khan et al., 2013a). In rats, a short tail vein infusion of NA for 1.5 h affected
mRNA expression of genes in skeletal muscle, adipose tissue, and liver. In this study, NA
decreased the extent of phosphorylation of FoxO1 protein at serine 256 (pFoxO1) in skeletal
muscle and adipose tissue, but not in the liver, while the extent of the phosphorylation of Akt
was decreased by NA in all of them (Choi et al., 2011).

Table 1. Studies for in vivo measurements of hepatic glucose output (HGO) in dairy
cows
kg /day*liver

HGO
mg/g*30min

mmol/h/liver
mmol/h/liver

1.27
1.37
2.71
3.36
3.50
3.63
2.67
3.01
1.38
1.87
2.32
2.94
2.36
2.17

2.6
2.9
5.6
7
7.3
7.6
5.6
6.3
2.9
3.9
4.8
6.1
4.9
4.5

mmol/h/liver

1.32

2.8

Unit
(original)

DIM

HGO

-19
-9
11
21
33
83
21
63
-14
4
15
29
100
89
Nonlactating
cows

294
317
627
777
810
840
1.03
1.16
319
433
538
680
547
502

mmol/h/kg BW

305

mmol/h/liver

mmol/h/liver

DIM: days in milk, BW: body weight
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Reference

Reynolds et al. (2003)

Hötger et al. (2013)

Larsen and Kristensen (2012)
Hammon et al. (2008)
Lemosquet et al. (2009)
Starke et al. (2012)

Table 2. Studies for ex vivo and in vitro measurements of hepatic glucose output (HGO) in
ruminating animals
DIM /condition HGO
ex vivo
156/ ad libitum
feed intake
156/ feed
restriction
156/ ad libitum
feed intake
156/ feed
restriction
96

Unit
(original)

3.82

0.08

0.16

4.59 nmol conversion
to glucose/µg of
DNA per h
0.91a

0.09

0.19

0.02

0.04

3.5b

0.07

0.15

2.65 nmol conversion
to glucose/mg wet
liver per h
0.5

96

HGO1
HGO
kg /day*liver mg/g*30min

1/ low
2.2a µmol conversion
prepartum NFC
to glucose/g wet
1/ high
liver per h
4.1b
prepartum NFC
4d ap
1212a
nmol conversion to
9d pp
2849b
glucose/mg of
4d ap
40a
DNA per h
9d pp
94b

0.06

0.12

0.01

0.022

0.05

0.10

0.09

0.18

0.05

0.10

0.12

0.24

0.0016
0.0038

0.0034
0.0080

0.20
0.18
0.16

0.42
0.38
0.33

0.13

0.26

0.10

0.2

0.14

0.29

Substrate, sample

[2-14C]-propionate, liver
slice from lactating dairy
cows

Reference

Velez and
Donkin (2005)

[U-14C]-lactate, liver slice
from lactating dairy cows
[2-14C]-propionate, liver
slice from lactating dairy
cows
[U-14C]-alanine, liver slice
from lactating dairy cows

Williams et al.
(2006)

[1-14C]-propionate, liver
slice from lactating dairy
cows

Smith et al.
(2008)

L[3-14C]-propionate, liver
slice from lactating dairy
cows
Mehyar (2011)
L[3-14C]-alanine, liver slice
from lactating dairy cows

In vitro

control
Insulin 1 nM
Insulin 10 nM
control

10
9
8
6.19a nmol conversion

to glucose &
1.5mM NEFA
concurrent 4.77b glycogen/µg of
DNA per h
incubation
1.5mM NEFA
6.97a
previous
incubation

Donkin and
Armentano
(1995)
[2-14C]-propionate,
hepatocytes from ruminating
dairy bull calves

Strang et al.
(1998)

1

Data was converted under the assumption that 9.4 g DNA/10 kg liver (Grünberg et al., 2009) and
10 kg liver wet weight (von Soosten et al., 2011)
a,b
HGO with different letters differed significantly within the same glucogenic substrate
DIM: days in milk, NFC: non-fiber carbohydrate, NEFA: non-esterified fatty acid

1.3. Summary
Hepatic gluconeogenesis plays a central role in glucose metabolism in dairy cows, because
it accounts for the production of up to 80% of the glucose requirement. In vivo and ex vitro studies
showed the hepatic glucose output drastically increased by the onset of lactation. The amount of
hepatic glucose production largely depends on the availability of exogenous and endogenous
glucogenic precursors, where VFA as exogenous precursors contribute to >70% of total glucose
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output and so that it is the most important. However, the utilization of endogenous and exogenous
glucogenic precursors appeared to be also dependent on the levels of the transcriptions and
activities of key enzymes. In healthy dairy cows, it has been observed that transcriptional upregulation of PC, PCK1, and PCCA coordinated with the changes of available glucogenic
precursors in transition period or in the status of negative energy balance induced by feed
restriction. Corresponding results were also found in the functional study in ex vivo conditions. In
vitro studies, using hepatocytes from ruminating animals, indicated NEFA could promote hepatic
glucose output. However, the mechanisms and influence factors for the transcriptional and posttranscriptional regulations of gluconeogenic enzymes are not yet completely elucidated.
Insulin suppresses the glucose production in the liver by reducing the transcription of key
enzymes involved in gluconeogenesis, the activity of PC, and the hepatocellular uptake of
glucogenic precursors as well as of NEFA. In dairy cows, expression of genes involved in insulin
signaling was found in the liver. However, in vivo and in vitro studies indicated that the
suppressive effects of insulin on gluconeogenesis at the liver levels appeared to be small, and the
association between insulin signaling and glucose production in the liver is not well known.
FoxO1, a transcriptional factor, which in active form stimulates the transcription of G6P and
PCK1, is one of the main targets of insulin signaling. The suppressive effect of insulin on the
transcription of glucogenic enzymes occurs through the phosphorylation and thereby inactivation
of FoxO1 in monogastric species. However, the roles of FoxO1-mediated regulation in the hepatic
glucose production in dairy cows are not known.
Dietary supplement or intravenous infusion of NA affected indicators for glucose
metabolism and systemic insulin sensitivity in dairy cows in some studies. However, the effects of
NA were not consistent among the studies. It seemed that the inconsistency of the results was
partly due to differences of feeding strategy and thereby energy metabolic status of cows.
Moreover, the NA kinetics appeared to be influenced by dietary composition, above all, by forageto-concentrate ratio. Recent studies indicated that dietary NA supplements can induce the
transcriptional modification. Interacting with the NA receptor, as well as insulin signaling and
thereby FoxO1 phosphorylation, were suggested to be involved in a part of the mechanism of NA
action.
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2. Hypothesis and aims
The hypothesis of this study was that dietary NA supplementation and concentrate
proportions affect hepatic glucose metabolism in dairy cows in transition period. To examine
this hypothesis, two different feeding trials were performed with following aims:
a. Monitoring the changes of protein and mRNA expression of molecules associated
with glucose production
b. Establishing a simple assay for quantification of ex vivo hepatic glucose output
c. Comprehensive analysis for the effects of diet on hepatic glucose metabolism
In project 1, the experiment was performed to test whether the diet-induced modification in
hepatic glucose metabolism was associated with changes in hepatic insulin sensitivity. The
protein expression of glucose transporter 2 (GLUT2) was used as an indicator for hepatic
glucose output. As the indicators for hepatic insulin sensitivity, insulin receptor (INSR) and
phosphatidylinositol-3-kinase (PI3K) were measured.
In project 2, the experiment was performed to test whether the diet-induced modification in
hepatic glucose metabolism was associated with changes in FoxO1
expression/phosphorylation, insulin sensitivity, and fatty acid metabolism. As main indicators
for hepatic glucose output, the mRNA expression of genes involved in hepatic glucose
production was used. Moreover, ex vivo hepatic glucose output was measured. Feeding
regime was modified for project 2 with the purpose to make the effect of NA more evident.

11

3. Materials and methods
3.1. Animals and feeding
The feeding trials described in this study were conducted according to the European
Community regulations concerning the protection of experimental animals and the guidelines
of the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES),
Germany (File number 33.14-42502-04-085/09 for project 1, 3392 42502-04-13/1102 for
project 2).
In both projects, the animals were kept in a free stall housing system with free access
to water. Roughage and concentrate were fed separately through an automatic feeding station
(Insentec, B. V., Marknesse, The Netherlands). Daily feed intake was recorded automatically
via ear transponders equipped to all the cows (Insentec BV, Marknesse, The Netherlands).
Representative concentrate samples and maize and grass silage samples were analyzed
according to the protocols of the Association of German Agricultural Analysis and Research
Centres (VDLUFA, 1997). Milk yield (Lemmer Fullwood GmbH, Lohmer, Germany) and
body weight after milking were daily recorded automatically. Milk samples were taken twice
a week and analyzed for milk composition with an infrared milk analyser (Milkscan FT 6000
combined with a Fossomatic 5000, Foss Electric, Hillerød, Denmark).
3.2. Experimental setup in project 1 and project 2
In project 1, twenty pluriparous German Holstein cows were dried off 8 weeks before
calving and received a silage-based diet (40% grass silage and 60% corn silage on a DM
basis). From about -21 days related to the expected calving date (d-21) cows were fed a diet
containing concentrate at 15% of DM of the total ration until calving. On the day after
calving, cows were assigned randomly in four groups (n = 5/group). Two groups of them
received diets with high concentrate proportion (“HCpp” with 60:40% concentrate-toroughage ratio), and another group received a diet with low concentrate proportion (“LCpp”
with 30:70% concentrate-to-roughage ratio) until 21 days related to calving (d21). Within
HCpp and LCpp each, the concentrate for one group contained nicotinic acid supplementation
(NA) (> 99.5% nicotinic acid, not rumen-protected, Lonza Ltd., Basel, Switzerland), while
the concentrate for the other two groups (CON) did not. Diets for LCpp-NA and LCpp-CON
comprised 42% corn silage and 28% grass silage, whereas the diet for HCpp-NA and HCppCON comprised 24% corn silage and 16% grass silage. The concentration of NA in the
concentrate offered to NA groups was adjusted so that the dose of NA could be 24 g/day per
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animal. The roughage (maize and grass silage) was fed ad libitum, whereas the available
amount of the concentrate was adjusted twice a week individually in order to realize the
intended concentrate-to-roughage ratio. Nutrient, energy, and fiber contents of the silages and
concentrate as well as the composition of the diet fed to each experimental group postpartum
are shown in supporting information (Table 1a and 1b). Blood and hepatic biopsy samples
were collected at d-21 and d21.
In project 2, twenty-one pluriparous German Holstein dairy cows were assigned
randomly into two groups. One group (LCap) was fed with diet containing low concentrate
proportion (30% DM basis) from about d-42 to calving. After calving the proportion of
concentrate was increased to 50 % within 16 days. The other group (HCap) received the diet
containing a high concentrate proportion (60 % DM basis) from d-42 to calving. After calving
the proportion of the concentrate was set to 30 % and increased to 50 % within 24 days. Each
group was further divided into two subgroups. One subgroup (HCap-NA, n = 6 and LCapNA, n = 5) additionally received 1 kg/day of pelleted concentrate including not rumen
protected NA (Mianyang Vanetta Pharmaceutical Technology Co., Ltd., Sichuan, China) at
24 g/day from about 42 days before calving to 24 days after calving, while the others (HCapCON and LCap-CON, n = 5 for both) additionally received 1 kg of a control concentrate.
Roughage was offered for ad libitum intake, while concentrate was offered for the intake of
an adjusted amount. Blood samples were collected at d-42, d-14, d-7, d-3, and after calving at
d1, d7, d14, d21, d42, d63, and d100. Liver biopsies were taken at d-42, d1, d21, and d100.
(A)
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(B)

Fig. 1. Feeding plan in project 1 (A) and 2 (B)
3.3. Blood samples
In general, blood samples were collected at about 08:00 a.m. after a feed withdrawal
of at least 2 h from the vena jugularis externa and centrifuged at 2000 g for 15 min at 15 °C.
The obtained blood serum was stored at -80 °C until analysis.
3.4. Hepatic biopsy samples
Liver biopsies were taken from the right 10th or 11th intercostal space (Bard Magnum,
Tru-Cut 12G needle, Bard Biopsy Systems, USA) under sonographic control (SSA 370 A,
Toshiba, Tokyo, Japan) after infiltration anesthesia with 5 mL procaine (Selectavet, WeyarnHolzolling, Germany). The cows were fixed at the station used for claw treatments. The area
around the biopsy sampling point (10th or 11th intercostal area on the right side) was shaved,
washed, defatted, and disinfected with 70% ethanol and iodine. After infiltration anesthesia
with 5 ml procaine (Selectavet, Weyarn-Holzolling, Germany), a skin incision of 1 cm length
was made with a scalpel. The incision was then punctured with a cannula with 3 mm width
and 2 cm length. The liver biopsy was taken through this skin hole with an automatic device
for biopsy sampling and a commercial Tru-Cut biopsy needle (Bard Magnum, Tru-Cut 12G
needle, Bard Biopsy Systems, USA). The puncture point was confirmed by observing the
liver by ultrasonography. After the sampling, the wounds were closed by a suture, treated
with aluminum-spray, and controlled every day.
Liver biopsy samples were shock-frozen in liquid nitrogen and stored at -80 oC until
analysis. In project 2, a part of liver biopsy samples were analyzed immediately for their
capacity to release glucose in ex vivo explant studies.
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3.5. Analysis of blood samples
Serum insulin concentration was measured by radioimmunoassay (IM3210,
Immunotech, Beckman Coulter Inc., Brea, CA). Serum NEFA concentration and plasma
glucose concentration (only for project 1) was determined by enzymatic reactions, using
spectrometric detection (Cobas Mira; F. Hoffmann-La Roche Ltd., Basel, Switzerland for
project 1 and Eurolyser CCA 180 Vet system, Eurolyser Diagnostica GmbH, Salzburg,
Austria for project 2). Revised quantitative insulin sensitivity check index (RQUICKI;
RQUICKI = 1/[log(Gluc) + log(Ins) + log(NEFA)]) was calculated according to Holtenius
and Holtenius (2007).
3.6. Tissue preparation for protein, glycogen, and glucose assay
In project 1, about 25 mg of hepatic tissues were ground in liquid nitrogen,
homogenized in 1 mL lysis buffer [in mM: 50 HEPES, pH 7.4; 0.1% Triton X-100 (vol/vol);
4 ethylene glycol-bis(2-amino-ethylether)-N,N,N´,N´-tetraacetic acid (EGTA); 10 EDTA; 100
β-glycerophosphate; 15 tetrasodium pyrophosphate; 5 sodium orthovanadate; 2.5 sodium
fluoride] containing protease inhibitors (cOmplete, Mini, F.Hoffmann-La Roche Ltd., Basel,
Switzerland) and incubated for 1 h at 4 oC under continuous shaking. After incubation, the
mixture was further homogenized with 22-gauge needle and frozen in 100 µL aliquots at -20
°C until further analysis.
In project 2, 30-60mg liver samples were weighed and homogenized in 800 µL of the
same lysis buffer containing protease inhibitors and phosphatase inhibitors (PhosStop; F.
Hoffmann-La Roche Ltd.) with ceramic beads (Matrix-Green, MP Biomedicals, Santa Ana,
USA) using the BIO101 Thermo Savant FastPrep FP120 Homogenizer (Qbiogene Inc.,
Carlsbad, USA) for 60 s at a power setting of 6. For the glycogen and glucose assay, 100 µl of
the homogenates was mixed with 900 µl distilled water, heated at 99 oC for 10 min to
deactivate enzymes and centrifuged at 18000 g for 10 min at 4 oC to remove the insoluble
material. The supernatant was aliquoted in new tubes and stored in -20 oC until further
analysis. For the analysis of protein, the rest of the tissue homogenates was centrifuged at
9000 g at 5 min at 4 oC, and the supernatant was separated into aliquots of 70 µl each.
Samples were shock frozen in liquid nitrogen and stored at -80 oC until further analysis.
3.7. Protein concentration in homogenate of liver samples
Protein concentrations of the homogenates were determined using the protein assay
according to Bradford (Bradford Reagent, 5 ×, SERVA, Heidelberg, Germany) according to
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the manufacturer’s instruction. The samples were diluted at 1:100 with distilled water, mixed
with 1 × Bradford reagent and incubated for 5 min at room temperature. The concentration of
protein was determined by measuring absorbance OD 592 (GENios Pro, Tecan Group Ltd.,
Männedorf, Switzerland) of samples and standard curves (0 -120 µg BSA /mL). The assays
for the standards and interplates controls contained the same amount (0.2 % in total volume)
of lysis buffer as in assays for samples to eliminate its effect.
3.8. Electrophoresis
In Project 1, 40 µg of protein was diluted in Laemmli buffer (50 mM Tris-HCl, 10%
glycerol (vol/vol), 5% SDS (wt/vol), bromphenol) (Laemmli, 1970) and mercaptoethanol (2%
(vol/vol)) in a total volume of 20 µL and was heat-denatured at 95 oC for 5 min and then
applied to SDS-PAGE using 0.75 mm wide-mini-polyacrylamide gel. Electrophoresis was run
at 60 V for 30 min in stacking gels (5% acrylamide (vol/vol), 125 mM Tris-HCl, pH 6.8,
0.1% SDS (wt/vol), 0.1% APS (wt/vol), 0.1% TEMED (vol/vol)) followed by 120 V for 90
min in resolving gels (8% acrylamide, 375 mM Tris-HCl with pH 8.8, 0.1% SDS, 0.1% APS,
0.06% TEMED) using running buffer (250 mM Tris-HCl, 190 mM glycine, and 10% SDS).
In Project 2, 30 µg of protein was applied to SDS-PAGE using precast polyacrylamide gels
(7.5% Mini-PROTEIN® TGXTM, Bio-Rad Laboratories, Inc., Hercules, USA) at 2000 V for
34 min.
3.9. Western blotting
Protein was transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Inc.,
Hercules, USA) by means of electrophoretic blotting. In Project 1, transfer was performed
using a tank system (Mini-Protein Tetra Cell, Bio-Rad Laboratories, Inc.) at 100 V for 90 min
in transfer buffer (250 mM Tris-HCl, 190 mM glycine, and 20% methanol (vol/vol)) cooled
with ice.
In Project 2, transfer was performed using the semi-dry blotting system (Trans-Blot
Turbo system, Bio-Rad Laboratories, Inc.) at 25V for 30 min.
Membranes were treated with blocking buffer at room temperature for 60 min, and afterwards
three washing cycles were performed with a washing buffer of 5 min each. Membrane was
incubated with primary antibodies overnight at 4 °C, followed by three wash cycles of 5 min
and incubated with secondary antibodies for 1-2 h. Membranes were then washed three times
for 5 min with washing buffer and once for 10 min with the washing buffer without Tween 20
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and incubated with LumiGLO substrate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg,
USA).
The detection and recording chemiluminiscence signals of membranes were
performed using a Molecular Imager ChemiDoc XRS+ System (Bio-Rad Laboratories, Inc.).
Assay conditions for each protein are presented in Table 3. Protein detection and
quantification was done in duplicate for each sample.
The normalization for the equalities of loading for each signal was performed using
India ink (project 1, the bands at about 200 kD) or β-actin (project 2). Inter-membrane control
samples applied to all the membranes. All the primary antibodies were predicted to react with
the bovine target proteins by the respective manufacturers. The specificity of detected signal
for the target proteins was proven mainly by the molecular weight and negative control (no
signal should be found at the target molecular weight with any primary antibody negative
control). Additionally, for GLUT2 and INSR, a preincubation test with antigenic peptide was
performed.
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Table 3. Assay conditions for investigated proteins
Primary antibody
Symbol
(MW)
Name

Dilution
factor

Buffer

Rabbit anti-rat glucose transporter 2 polyclonal IgG
GLUT2
1:100
2.5% fat(60 kD)
GT21-A, Alpha Diagnostic Intl. Inc., San Antonio, USA,
free milkRabbit anti-human insulin receptor β subunit polyclonal IgG
INSR
PBST
1:400
(95, 200 kD)
sc-711, SantaCruz Biotechnology, Inc., Dallas, USA
Rabbit anti-human phosphatidylinositol-3-kinase p85α
2.5%
PI3K
subunit polyclonal IgG
1:200
BSA(85 kD)
sc-423, SantaCruz Biotechnology, Inc., Dallas, USA
PBST
Rabbit anti-human FoxO1 polyclonal antibody
FoxO1
1:1000
(70 kD)
bs9439R, Bioss Inc., Massachusetts, USA
5% fat-free
Rabbit anti-human FoxO1 (Ser256) polyclonal IgG
pFoxO1
1:200
milk(70 kD)
bs-3142R, Bioss Inc. Massachusetts, USA
TBST
Mouse anti--actin monoclonal IgG
-actin
1:10000
(42 kD)
A5441, Sigma-Aldrich, Inc., Missouri, USA

Secondary antibody
Dilution
Name
factor
(incubation)
1:2500
(2 h)
1:12500
(2 h)
Goat anti-rabbit IgG1:2500
peroxidase antibody,
(2 h)
A0545, Sigma-Aldrich, Inc.
1:20000
(1 h)

Buffer
2.5%
fatfree
milkPBST
5%
fatfree
milkTBST

Blocking
buffer
5% fatfree milkPBST

Washing
buffer

PBST

5% BSAPBST

10% fatfree milkTBST

TBST
Goat anti-mouse IgG1:10000
peroxidase antibody,
(1 h)
A2304, Sigma-Aldrich, Inc.
GLUT2: glucose transporter 2, INSR: insulin receptor, PI3K: phosphatidylinositol 3-kinase, FoxO1: Forkhead box protein O1, pFoxO1: phosphorylated FoxO1 at serine 256,
PBS: phosphate-buffered saline (137 mM sodium chloride, 2.7 mM potassium chloride, 1.8 mM monopotassium phosphate, and 10.1 mM disodium phosphate), PBST: PBS +
0.1% Tween 20 (vol/vol), BSA: bovine serum albumin
TBS: tris-buffered saline (50 mM tris-hydrochloride and 150 mM sodium chloride, pH 7.6), TBST: TBS + 1% Tween 20 (vol/vol)
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3.10. RNA isolation, RNA quality control and reverse transcription
Total RNA was isolated using a commercial kit (RNeasy® Mini Kit, Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. About 30 mg of frozen liver
samples were homogenized in 600 μL of homogenizing buffer containing guanidine
thiocyanate and β-mercaptoethanol as described above. After centrifugation for 3 min at full
speed, 400 μL of the supernatant was mixed with 400 μL 50 % ethanol and transferred to a
spin column for RNA binding. The spin column was washed and incubated with DNase I
(DNase-Free DNase Set, Qiagen, Hilden, Germany) for 15 min at room temperature to digest
the possible genomic DNA contamination. After three cycles of washing, the column was
centrifuged for 1 min for drying.
RNA was eluted in total volume of 65 μl of nuclease-free water. The concentration and purity
of isolated RNA was determined by measuring absorbance OD at 230, 260, and 280 nm
(Biophotometer, Eppendorf AG, Hamburg, Germany) of samples diluted at 1:15 in 2 mM
disodium hydrogen phosphate (Na2HPO4) (pH 8.0). RNA integrity was controlled using RNA
Integrity Number based on an electropherogram of RNA samples measured with an Agilent
2100 bioanalyzer and commercial kit (RNA Nano Chips, Agilent Technologies, Santa Clara,
USA) according to manufacturer’s instructions. The RNA concentration of samples,
A260/A280 ratio, A260/A230 ratio, as well as RIN of samples (mean ± standard deviation)
were 420.4 ± 109 (range 209-660) ng/μL, 2.2 ± 0.001 (range 2.1-2.3), 2.0 ± 0.3 (range 0.542.5) and 8.2 ± 0.3 (range 7-8.6), respectively. The lower A260/A230 ratio under 2.0 was
observed in 32 samples. This is normally an indicator for the contamination of chloroform,
which has inhibitory effects on downstream analysis. However, these samples were further
analyzed together with others, because chloroform was not used in the present protocol, and
no negative effects of lower A260/230 ratio on downstream analysis were observed in
preliminary studies. Reverse transcription of isolated RNA was performed using a
commercial kit (iScript cDNA Synthesis Kit, Biorad Laboratories, Inc., Hercules, USA)
according to the manufacturer’s instructions. One μg of total RNA was mixed with reaction
mix, reverse transcriptase, and nuclease-free water with a final volume of 20 μl and incubated
for 5 min at 25 °C for stabilization, followed by the incubation for 30 min at 42 °C for reverse
transcription and for 5 min at 85 °C for denaturation. Transcribed cDNA samples were cooled
immediately to 4 °C, diluted at 1:20 with nuclease-free water, separated into aliquots for
single use and stored at -20 °C for further analysis. No-template control and no reverse
transcriptase controls were included in the assay.
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3.11. Quantitative real-time PCR
Quantitative real-time PCR assay was performed using the CFX96 Touch Real-Time PCR
Detection System (Biorad Laboratories, Inc., Hercules, USA) and a commercial PCR master
mix (SsoAdvanced™ Universal SYBR® Green Supermix, Biorad Laboratories, Inc.,
Hercules, USA) according to the manufacturer’s instructions. The reaction mix consisted of
PCR master mix including polymerase, dNTPs, MgCl2, and SYBRGreen I dye, reverse and
forward primer (500 nM for each), cDNA samples (0.1 μL of not diluted samples
corresponding to 5 ng of RNA), and nuclease-free water with a final volume of 20 μL. The
assays were performed in triplicate. The thermal cycling protocol was 30 sec at 95 °C for
polymerase activation, 40 cycles of an amplification step consisting of 10 sec at 95 °C and 15
sec at 60 °C, and melt-curve analysis, from 65 °C to 95 °C, 5 sec at 0.5 °C increments. Each
assay contained no-template controls and standards (mixture of all the cDNA samples) for the
standard curve (5 dilution series corresponding to 1.25-20 ng RNA) as well as for inter-plate
controls. The investigated genes were FoxO1 (rFoxO1), propionyl CoA carboxylase A
(PCCA), pyruvate carboxylase (PC), cytosolic phosphoenolpyruvate carboxykinase (PCK1),
glucose-6-phosphatease (G6P), glucose transporter 2 (SLC2A2), insulin receptor isoform A
and B (IRA and IRB), and glycogen phosphorylase, liver form (PYGL). Primers were
selected using the online tool for primer design “Primer 3” (Rosen and Skaletsky, 1999) by
setting the selection criteria including CG contents at 50%, primer length at 20 base pairs,
target product length at 150-300 base pairs, annealing temperature at 60 °C, and that primers
or target products spanned a large intron. Specificity of the PCR products were tested by
melt-curve analysis, agarose gel electrophoresis, and sequencing (Eurofins Genomics GmbH,
Ebersberg, Germany), followed by BLAST analysis (NCBI, Bos taurus Nucleotide BLAST)
(Zhang et al., 2000) confirming a single melt peak and a single band for each target amplicon
(supporting information S.Fig. 4). All the sequences of PCR products were found specifically
in the target sequences (supporting information S.Table 3). Investigated genes, primer
sequence and PCR conditions are shown in Table 3. Reference genes were selected by
analyzing stability of expression of seven candidate genes (ribosomal protein L19: RPL19,
ribosomal protein L32: RPL32, ribosomal protein S9: RPS9, ubiquitously expressed
transcript: UXT, ribosomal protein S15: RPS15, RNA binding motif, single strand interacting
protein 2: RBMS2, mitochondrial ribosomal protein L39: MRPL39) in 28 samples from all
the experimental groups and sampling days. The geNorm analysis performed using qBase
Plus (Biogazelle NV, Zwijnaarde, Belgium) revealed that RPL19 and RPL32 were expressed
most stably across the samples. The geNorm V was 0.085 (calculated using 28 samples).
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Because it was under the threshold of 0.15 (Vandesompele et al., 2002), the third reference
gene was not measured. The coefficient of variation of the normalized reference gene
expression levels and the geNorm stability M-value were 0.096 and 0.272, respectively, in the
expression of two selected reference genes in all 84 samples. The further results of the qPCR
assay were analyzed also using qBase Plus. Normalized relative quantities of RNA for target
genes were calculated from the threshold cycles (Cq) at relative fluorescence units of 50
using the delta-delta-Ct method-based method modified for the use of multiple reference
genes for normalization (Hellemans et al., 2007) by setting the mean value of all samples at 1
for each gene. The amplification efficiency was set to 2, because the estimated amplification
efficiency from the standard curve did not much differ to 2 within the investigated dynamic
range (1.25 – 20 ng RNA) for all the measured genes (Table 4). In raw data quality control,
the Cq values with large differences more than 0.5 cycles to the others are discarded.
3.12. Glycogen concentration in the liver
The amount of glycogen in liver samples was measured colorimetrically using a commercial
kit (Glycogen Assay Kit, BioVision Incorporated, Milpitas, USA) according to the
manufacturer’s instructions. Samples were rapidly thawed in a thermomixer set at 99 °C,
further diluted at 1:2.5 (20 µl samples + 30 µl distilled water), mixed with 2µl of hydrolysis
enzyme mix and incubated for 30 min at room temperature for glycogen hydrolysis. After
incubation, samples were mixed with 48 µl of reaction mix containing development buffer,
enzyme mix and probe and incubated for 30 min at 37 °C for glucose oxidation. The amount
of glycogen was determined by measuring the absorbance OD 570 nm (GENios Pro, Tecan
Group Ltd.) of samples and standard curves (0-1.6 µg). The measurement was performed in a
96-well plate in a single assay. To eliminate background signals from lysis buffer, the same
amount (2%) of lysis buffer was added in the assays for the standard curve and for inter-plate
controls. Assay for no-hydrolase controls were not performed, because glucose concentration
in the same samples was determined independently.
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Table 4. Characteristic of primers and the real-time PCR conditions
Accession
slope Mean
Size2 Tm2
Symbol
Primer sequences (5´– 3´)1
E3
number1
(r2)3
Cq4
5
FoxO1
F-CGCAGATTTACGAGTGGATGG
XM_583090
189 85
2.1
-3.07
24.6
R-CACTCTTGCCTCCCTCTGG
(0.98)
G6P
F-GATAAAGCAGTTCCCGGTCA
BC114011
199 85
2.1
-3.14
19.5
R-GCAGACATTCAGTTGCACGA
(0.99)
SLC2A2 F-CGAAATTGGGACCATCTCAC
BC149324
207 84
2.0
-3.29
21.7
R-TGCCCAGGATAAAGTCAAGG
(1.00)
IRA6
F-TCCTCAAGGAGCTGGAGGAGT
AJ320235
89 81.5
2.0
-3.32
26.7
R-TTTCCTCGAAGGCCTGGGGAT
(0.99)
IRB6
F-TCCTCAAGGAGCTGGAGGAGT
AJ320235
110 83
2.1
-3.20
24.5
R-TAGCGTCCTCGGCAACAGG
(0.99)
PC
F-CCAGAAAGTGGTGGAGATCG
BC114135
298 90.5
2.1
-3.13
21.9
R-GTTGATGCGGATGTTCTCCT
(0.99)
PCCA
F-AACCGCAGAAGCTGCTACAT
BC123876
181 84.5
2.0
-3.26
23.3
R-CACTGTGCCGAGAAACTGAA
(0.99)
PCK1
F-GCCTGACCAAGTCCACATCT
BC112664
198 86.5
2.0
-3.33
18.7
R-ATGGGCACCGTATCTCTTTG
(0.97)
PYGL
F-CAACGTGAAGCAGGAGAACA
BC120097
195 85
2.1
-3.17
20.2
R-GGCACGAATAGCTTCTTTGG
(1.00)
RPL19
F-GGTACTGCCAATGCTCGAAT
BC102223
200 84.5
2.0
-3.23
18.4
R-TTGTCTGCCTTCAGCTTGTG
(0.99)
RPL32
F-CCTCGTGAAGCCTAAGATCG
BC102748
229 86
2.0
-3.22
18.4
R-GACGTTGTGGACCAGGAACT
(0.98)
RBMS25 F-ATGGCACCACCTAGTCCAAG
BC102935
251 86
2.0
-3.26
24.1
R-ACTGCTTTCTGTGCTGCTGA
(0.98)
MRPL39 F-ACTGCTTTCTGTGCTGCTGA
BC122667
264 82.5
2.1
-3.13
24.5
R-GGCACAAGAACGCCAATAAG
(0.98)
UXT6
F-GGCACAAGAACGCCAATAAG
BC108205
101 81.5
1.9
-3.47
23.5
R-GGTTGTCGCTGAGCTCTGTG
(0.99)
MRPS156 F-GCAGCTTATGAGCAAGGTCGT
BC122687
151 84
2.0
-3.24
23.5
R-GCTCATCAGCAGATAGCGCTT
(0.97)
RPS9
F-GGTCTGGAGGGTCAAATTCA
BC148016
171 88.5
2.0
-3.26,
19.5
R-CCCAGGATGTAATCCAGCTT
(0.99)
FoxO1: forkhead box protein O1, IRA: insulin receptor isotype A, IRB: insulin receptor isotype B, SLC2A2:
glucose transporter 2, G6P: glucose-6-phosphatase, PCK1: cytosolic phosphoenolpyruvate carboxykinase,
PCCA: propionyl-CoA carboxylase, PYGL: glycogen phosphorylase, RPL19: ribosomal protein L19: ribosomal
protein L32, RPS9: ribosomal protein S9, UXT: ubiquitously expressed transcript, MRPS15: mitochondrial
ribosomal protein S15, RBMS2: RNA binding motif, single strand interacting protein 2, MRPL39:
mitochondrial ribosomal protein L39
1
Forward (F-) and reverse (R-) primer sequences and NIH GenBank accession number of template sequences.
2
Amplicon size (base pair) and melting temperature (Tm) (°C) of PCR products
3
Amplification efficiency (E), slope and r2 estimated from standard curves using 5 dilution series of cDNA
samples corresponding to 1.25-20 ng RNA.
4
Mean threshold cycle (Cq) of all the measured samples at relative fluorescence units of 50 and 0.1µl cDNA (5
ng RNA) input.
5
Modified assay conditions were used; FoxO1:125/875 nM for F-/R- primer concentration and 10 sec at 95 °C
and 15 sec at 60 °C for amplification step; RBMS2: 1 µM primer concentration.
6
Primer sequences were published by Neuvians et al. (2003) for IRA and IRB, and by Bionaz and Loor (2007)
for UXT and MRPS15.

3.13. Glucose concentration in the liver
The amount of glucose in liver was measured fluorimetrically using a commercial kit
(AmpliteTM Fluorimetric Glucose Quantitation Kit, AAT Bioquest, Inc., Sunnyvale, USA)
according to the manufacturer’s instruction. Samples (the same samples for the glycogen
assay without further dilution) were rapidly thawed in a thermomixer at 99 °C, mixed with
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reaction mix containing glucose oxidase, horseradish peroxide, assay buffer, and fluorescence
probe and incubated for 30 min at 37 °C. The glucose concentration was determined by
reading the fluorescent signal at Ex/Em = 340/590 nm (GENios Pro, Tecan Group Ltd.,
setting for mirror selection: “Dichroic 1”) in samples and standard curves (0 – 50 µM). The
measurement was performed in duplicate. The assay for the standards and interplates controls
contained the same amount (10 % in total volume) of lysis buffer as in assays for samples to
eliminate background signals.
3.14. Triacylglyceride concentration in the liver
The content of triacylglyceride (TAG) in the liver was determined colorimetrically using a
commercial kit (Triglyceride Quantification Colorimetric/Fluorometric Kit, BioVision
Incorporated, Milpitas, USA) according to the manufacturer’s instructions. Then 20-40 mg of
frozen liver samples were weighed and homogenized in 500 µL of 5 % NP-40 as described
above. After two cycles of heating for 5 min at 99 °C and cooling to room temperature,
samples were centrifuged at 14000 g for 2 min and incubated again for 3 min at 99 °C. The
supernatant was diluted at 1:10 with distilled water and incubated with lipase for 20 min at
room temperature. After incubation, samples were mixed with reaction mix containing
enzyme mix, assay buffer, and probe and incubated for 60 min at room temperature. The
amount of TAG was determined by measuring absorbance OD570 in samples and standard
curves (0 – 120 µM). The measurement was performed in a 96-well plate in a single assay. In
addition to standards, no-lipase controls and inter-plate controls were included in every
measurement.
3.15. Hepatic glucose output
Immediately after sampling, the biopsies (about 30 mg) were incubated for 30 min. at 37 °C
in 800µl incubation buffer (Krebs-Henseleit-Buffer, in mM: 117 sodium chloride, 4.7
potassium chloride, 2.5 calcium chloride, 1.2 magnesium chloride, 1.2 monosodium
phosphate, 25 sodium bicarbonate, 11 mannitol, 3.5 propionate, 1.5 lactate, and 1.5 pyruvate
with 1% bovine serum albumin) which was gassed with 95% O2 and 5% CO2 for at least 30
min at 37 °C before use. The incubation was performed in triplicate. After 30 min, the hepatic
tissues were removed, shortly dried on filter paper and frozen in liquid nitrogen. The
incubation buffer was frozen on dry ice and stored at -80 °C until further analysis. For the
determination of glucose concentration, the incubation buffer was rapidly thawed at 99 °C
and diluted at 1:24 (5 µL samples + 115 µL assay buffer). The concentration of glucose was
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measured by fluorometric assay as described above. The samples from each individual cow
were measured at once in the same plate. The inter-assay variance coefficient of 35 plates was
8.4%.
3.16. Statistical analyses
For the evaluation of protein expression data in project 1, the relative quantities of
protein expression at d21 compared to d-21 were determined by calculating the ratio of the
value at d21/value at d-21. A relative quantity > 1 indicates that the expression of protein
expression at d21 was higher than that at d-21; a relative quantity < 1 lower. Thus, the relative
quantity represented the dynamic changes of protein expression between two time points.
Since this method enabled one to normalize variations between membranes as well as
between individual cows at once, no further statistical modeling regarding the random factors
was needed. This method could not be used for the evaluation of the other data because of the
complexity of the evaluation due to several sampling time points. In project 2, the statistical
evaluation was performed separately for Period 1 (d-42 – d21, during the feeding trial) and
Period 2 (d21 – d100, after the feeding trial). For the serum insulin concentration in Period 1,
data from before calving (d-42 – d-3) and from after calving (d1 – d21) were evaluated,
because multiple data points were available both before and after calving, and effects of diets
were expected to be apparent before calving.
The statistical analyses were performed using SAS (Version 9.2, SAS Institute Inc.,
Cary, NC, USA). The relative quantities of protein expression in project 1 were analyzed
using a general linear model (PROC GLM) for the fixed factors of dietary NA
supplementation (NA), concentrate proportion (concentrate), and their interaction. Moreover,
one sample t-test was performed to test whether the relative quantity differed significantly
from 1, in other words, the effect of time (d). The one-sample t-test was performed using all
the data (n = 20) for the general time effect, and separately for experimental factors (n = 5 or
10) to test the experimental group-specific time effect. The effects of the NA, concentrate,
and d and their interactions on the blood metabolites, plasma NA concentration, feed intake,
and milk performance in project 1 and all the measured variables in project 2 were analyzed
using a mixed model with repeated measures (PROC MIXED) (Littell et al., 1998) with cow
as a random factor. Restricted maximum likelihood was used for estimation of means and
Kenward-Roger degrees of freedom approximation was used for the test of fixed effects. The
best fit covariant structures were decided from compound symmetry, component variance,
and unstructured using AIC for each variable. The values at the first sampling day in each
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evaluation data set were integrated as covariables in the mixed model. The normality of
distribution of residues was checked by the Shapiro-Wilk test (PROC UNIVARIATE). In
case the fixed effects were significant in variance analyses, the differences of estimated group
means were tested using the t-test followed by p-value adjustment based on the false
discovery rate (PROC MULTTEST). Levels of significance and of relevant trends were set at
P < 0.05 and 0.1, respectively. Pearson’s correlation analysis (PROC CORR) was performed
for the correlations for tFoxO1, pFoxO1, mRNA expression of FoxO1 (rFoxO1), and for the
ratio of pFoxO1/tFoxO1 with all the other variables using the data from all the sampling days
(analysis over the whole experimental period) and the data from each sampling day (analysis
at a sampling day). The serum NEFA concentration, DMI, and pFoxO1/tFoxO1 were
included in the correlation analysis only, because the data were already published (NEFA and
DMI) (Tienken et al., 2015) (supporting information S.Fig. 1) or no significant effect of fixed
factors was found (pFoxO1/tFoxO1). Levels of significance and of relevant trend were set at
P < 0.05 and 0.1, respectively.
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4. Results and Discussion
This chapter consists of three parts, topic 1, 2, and 3. Topic 1 (paper 1) is related to
project 1, while topic 2 (paper 2) and 3 (unpublished data) are related to project 2. In each
part, results, discussion, and conclusion are presented after a short introduction and
presentation of aims and hypotheses of each study.
4.1. Topic 1: Insulin signaling in the liver in periparturient dairy cows supplemented
with dietary nicotinic acid (paper 1, project 1)
4.1.1. Short introduction
This study focused on the insulin signaling and glucose output in the liver in dairy
cows in transition period as affected by feeding regimen. The liver biopsy samples obtained
from cows of project 1 were analyzed for the dynamic changes of protein expression from d21 to d21. The investigated proteins were GLUT2 as an indicator for hepatic glucose output
and INSR and PI3K as representative molecules associated with insulin signaling. The
concentration of plasma glucose, serum NEFA, and serum insulin was measured and
RQUICKI was calculated to assess the metabolic status and systemic insulin sensitivity. The
data obtained in vivo (DMI, milk production, energy balance) were also analyzed. It was
hypothesized that: 1. There are dynamic changes of hepatic protein expression of GLUT2,
INSR and PI3K corresponding to increased hepatic glucose output and decreased insulin
sensitivity after calving, and 2. The dietary NA supplementation and higher proportion of
concentrate in the diet after calving enhance the hepatic glucose output by reducing the
hepatic insulin sensitivity.
4.1.2. Results
4.1.2.1. Feed, nutritional intake, and performance from d1 to d21
Results of feed and nutritional intake as well as performance from d1 to d21 are
shown in Table 5. Intake of DM and net energy lactation (NEL) were higher in groups fed
with a high concentrate proportion (HCpp-CON and HCpp-NA) and showed an increase in all
groups (P < 0.001). Intakes of silages were higher and increased mainly in groups fed with a
low concentrate proportion (P = 0.017), and a higher and increasing intake of concentrates
were observed mainly in groups fed with a high concentrate proportion (P < 0.001). However,
the intake of concentrate did not reach the intended amount of concentrate of 60% on a DM
basis in groups with high concentrate proportion. Milk yields were higher in groups fed with a
high concentrate proportion (P = 0.004).
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4.1.2.2. Nicotinic acid concentration in blood at 21 d postpartum
The mean plasma nicotinamide concentration at 21 d postpartum was 0.66, 0.66, 1.4,
0.92 µg/mL for LCpp-CON, HCpp-CON, LCpp-NA, and HCpp-NA, respectively, with a
standard error of means (SEM) of 0.13. It was higher in groups fed with NA than in controls
(P = 0.001 for NA effect), as expected. Moreover, it was higher in LCpp-NA than HCpp-NA
in trend (P = 0.076 for NA × concentrate interaction). The plasma concentration of nicotinic
acid was under the detection limit.
4.1.2.3. Glucose, NEFA, insulin, and RQUICKI from d-21 to d21
Results of the analysis of blood metabolites and RQUICKI from d-21 to d21 are
demonstrated in Table 6. The plasma Glucose concentration decreased significantly over time
(P = 0.002) in control groups but not in NA-fed groups (P = 0.003 for NA × d interaction). In
the other metabolites and RQUICKI, only time effects were found. The serum Insulin
concentration decreased over time (P = 0.004). A trend of decrease over time (P = 0.057) was
found in RQUICKI. As expected, serum NEFA concentration increased (P < 0.001).
4.1.2.4. Specific protein signal detection by Western blotting
Signals for protein of interests were detected at expected molecular weights, 95 kDa
for INSR, 85 kDa for PI3K, and 60 kDa for GLUT2. The signal detection failed when
membranes were treated with antibodies which were pre-incubated with the specific blocking
peptide. The anti-INSR antibodies, detected two specific signals at about 200 kDa as the
precursor of INSR and 95 kDa as the mature form of INSR. Representative signals of
Western blot analysis are shown in supporting information (S.Fig. 2a).
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Table 5. Dry matter intake, energy intake, and milk performance from d1 to d21 and nicotinamide plasma concentration at d21
Probability of fixed effects in type 3 test2
Group mean1
Variable
LCpp-CON HCpp-CON LCpp-NA HCpp-NA SEM
d
N
C
N×C N×d C×d
Dry matter intake, kg/day
Maize silage intake, kg DM/day
Gras silage intake, kg DM/day
Concentrate intake, kg DM/day
NEL intake, MJ/day
Milk yield, kg/day

14.7
6.25
4.17
4.24
98.3
29.9

17.6
5.34
3.57
8.71
123.9
34.9

14.7
6.34
4.26
4.13
99.3
27.5

16.4
5.11
3.43
7.90
117.1
34.1

0.51
0.26
0.17
0.28
3.82
1.90

< 0.001 0.28
0.18
0.77
0.18
0.88
< 0.001 0.11
< 0.001 0.45
0.11
0.41

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.004

0.22
0.52
0.50
0.22
0.32
0.69

0.96
0.80
0.81
0.86
0.97
0.67

0.72
0.015
0.017
<0.001
0.45
0.95

Nicotinamide
in plasma,
0.66
0.66
1.40
0.92
0.13
0.001 0.076 0.076
µg/mL
1
Group mean: mean from d1 to d21 after calving in each group (n = 5 cows/group); LCpp-CON: low concentrate (30% on DM basis) diet from d1 to d21; HCpp-CON: high
concentrate (60% on DM basis) from d1 to d21; LCpp-NA: low concentrate + 24 g/d nicotinic acid from d1 to d21; HCpp-NA: high concentrate + 24 g/d nicotinic acid from d1
to d21, 2d = effect of time; N: effect of nicotinic acid supplementation; C: effect of concentrate proportion; N × C, N × d, C × d: interaction effects between d, N, and C, DM: dry
matter, NEL: net energy lactation
Table 6. Concentration of glucose, NEFA, insulin, and RQUICKI at d-21 and d21 related to calving
Probability of fixed effects in type 3 test4
Group mean2
Variable1
LCpp-CON HCpp-CON LCpp-NA HCpp-NA SEM
d
N
C
N×C N×d
C×d
Glucose,
mM

d-21

3.87

3.90

3.85

3.94

d21

3.48

3.53

3.85

3.84

Insulin,
µU/mL

d-21

17.3

17.6

20.4

21.6

d21

10.5

12.2

11.7

14.5

Log NEFA5,
µM

d-21

2.44

2.38

2.42

2.36

d21

2.82

2.77

2.80

2.72

d-21

0.413

0.414

0.407

0.412

RQUICKI

0.073

< 0.001

0.002

0.48

0.99

0.003

0.69

3.18

0.004

0.27

0.50

0.81

0.69

0.74

0.12

< 0.001

0.75

0.46

0.91

0.91

0.98

0.017

0.057

0.39

0.68

0.76

0.59

0.49

d21
0.406
0.387
0.383
0.374
2
RQUICKI: revised insulin sensitivity check index, n = 5 cows/group; LCpp-CON: low concentrate (30% on DM basis) from d1 to d21; HCpp-CON = high concentrate (60% on
DM basis) from d1 to d21; LCpp-NA: low concentrate + 24 g/d nicotinic acid from d1 to d21; HCpp-NA: high concentrate + 24 g/d nicotinic acid from d1 to d21
4
d: days related to calving; N: effect of nicotinic acid supplementation; C: effect of concentrate proportion; N × C, N × d, C × d: interaction effects between d, N, and C
5
values after logarithmic transformation
1
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Table 7. Effects of time1 and diet on the relative expression2 of the hepatic key protein at d21 to d-21

LCpp-CON

HCpp-CON

LCpp-NA

HCpp-NA

SEM

Probability of fixed effects in
type 3 test5
N
C
N×C

1.01

1.01

0.96

0.80T

0.09

0.17

Group mean4

Variable3
INSR

0.40

0.37

Precursor
1.04
1.11
0.87
0.91
0.15
0.19
0.71
0.91
T
PI3K
1.00
1.04
0.87
0.77
0.11
0.082
0.76
0.53
T
GLUT2
0.918
1.17
0.81
0.87
0.087
0.090
0.31
0.033
1
examined using one-sample t-test, indicated with T, when the mean values of relative protein expression were significantly lower than 1 (P < 0.05)
2
expression at d21/expression at d-21; relative expression > 1: increase, relative expression < 1: decrease
3
INSR: insulin receptor, precursor: precursor of INSR; PI3K: phosphatidylinositol-3-kinase; GLUT2: glucose transporter 2
4
n = 5 cows/group; LCpp-CON: low concentrate (30% on DM basis) from d1 to d21; HCpp-CON: high concentrate (60% on DM basis) from d1 to d21; LCpp-NA: low
concentrate + 24 g/d nicotinic acid from d1 to d21; HCpp-NA = high concentrate + 24 g/d nicotinic acid from d1 to d21
5
N: effect of nicotinic acid supplementation; C: effect of concentrate proportion; N × C: interaction effects between N and C
T
The mean values of relative protein expression was significantly lower than 1 (P < 0.05)

Fig. 2. Effects of nicotinic acid supplementation (A: PI3K, B: GLUT2) or concentrate proportion in the diet (C: GLUT2) on the hepatic protein expression of PI3K and
GLUT2 at d21 relative to d-21
The protein expression at d21 relative to d-21 (protein expression at d-21 = 1) is pooled and tested for the factor of nicotinic acid supplementation (A, B) or concentrate
proportion in the diet (C) (N = 10/group) by 1-way ANOVA. Data are shown in least squares mean (LSM) ± standard error. The P-values above the bar-plot present the results of
the t-test for the difference of LSM between the groups at d21. “a”, “b”: small letters above the bar plot indicate that the values at d21 differed significantly to those at d-21 (=1)
within the group (P < 0.05, examined using one-sample t-test). “CON” and “NA”: 0 or 24 g/d nicotinic acid from d1 to d21, LCpp: low concentrate (30% on DM basis) from d1
to d21; HCpp: high concentrate (60% on DM basis) from d1 to d21, PI3K: phosphatidylinositol-3-kinase; GLUT2: glucose transporter 2
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4.1.2.5. Effects of time and of diet on hepatic protein expression
Results for time effects and diet effects on relative hepatic protein expression are shown
in Table 7 and Fig. 2. The mean relative protein expression of all the investigated cows was not
significantly different from 1 in all the measured proteins (for INSR, precursor, PI3K, GLUT2:
0.947 ± 0.044 (P = 0.24), 0.981 ± 0.065 (P = 0.77), 0.922 ± 0.056 (P = 0.16), 0.941 ± 0.052 (P =
0.25), respectively, mean ± SEM, n = 20).
When the data was pooled for the factor of NA, the relative protein expression in the NA
group was lower than 1 for GLUT2 (P = 0.032, n = 10) and PI3K (P = 0.006, n = 10), while those
in CON group did not differ to 1 (P = 0.55 and 0.82, n = 10). Using the data pooled for the factor
of concentrate, the mean relative protein expression of GLUT2 in LCpp group was significantly
lower than 1 (P = 0.021, n = 10), while that in HCpp group did not differ to 1 (P = 0.83, n = 10).
The relative protein expression was lower than 1 in LCpp-NA for PI3K (P = 0.023) and INSR (P
= 0.037), and in HCpp-NA for GLUT2 (P = 0.013).
Comparing the relative protein expression between experimental groups, for INSR and its
precursor no difference was found. In PI3K (P = 0.082) and GLUT2 (P = 0.033), the mean relative
protein expression in NA group was lower than in the CON group. For GLUT2, moreover, there
was a trend for higher relative protein expression in the HCpp group (P = 0.090).
4.1.3. Discussion
The present study investigated the effects of time and diet after calving differing
concentrate proportions and with or without NA supplementation on the dynamic changes of
expression of protein involved in insulin signaling and glucose metabolism in liver in dairy cows
in transition period. The effect of the concentrate proportion in this study should be considered as
an effect of energy intake, because the ingested amount of concentrate in HCpp-CON and HCppNA did not reach 60% in DM basis, although the energy intake was significantly higher in cows
fed with a high concentrate diet. The main findings in this study were: 1. There were no general
time effect on the expression of the investigated hepatic protein as well as on RQUICKI; and 2.
NA supplementation led to lower hepatic protein expression of GLUT2 and higher blood glucose
concentration at d21 compared to the control group without affecting serum NEFA and insulin
concentration and RQUICKI. The reducing effect of NA was observed also in PI3K, and lower
energy intake had a reducing effect on GLUT2 in the assessment for a group-specific time effect.
INSR and PI3K are key molecules in insulin signaling. Insulin binds to insulin receptors and
activates the receptor-own tyrosine kinase, which leads to activation of PI3K through
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phosphorylation of insulin receptor substrates (IRS). This results in an increase of the amount of
phosphatidylinositol-3-phosphate, activating protein kinase C ζ (PKCζ) as well as several other
key proteins for downstream signal transduction (Hayirli, 2006). PKCζ is required in the
translocation of glucose transporter 4 (GLUT4) into the plasma membrane and the subsequent
cellular glucose uptake, which lead to increased glucose uptake in muscle and adipose tissues in
human and rodents (Farese and Sajan, 2010).
4.1.3.1. Time effects on insulin signaling in the liver
It was hypothesized that the protein expression of insulin signaling molecules decreases
after the calving by the onset of the lactation, because insulin has a suppressive effect on hepatic
glucose production (Hayirli, 2006). However, no general time effect was observed in the
investigated insulin signaling molecules. These results were in contrast to the previous findings
that the protein expression of INSR at about d3-5 was higher than that in late pregnancy (Zachut
et al., 2013). Ji et al. (2012) observed in subcutaneous adipose tissue that mRNA expression of
INSR and other insulin signaling molecules and phosphorylation of tyrosine residues of IRS1
decreased at d7 compared to at d-10 in dairy cows. The lack of general time effect on the
expression of insulin signaling molecules in the current study could be partly explained by the
different sampling time points, because the second samples in the studies where the time effects
were significant were collected within one week after calving. Interestingly, no time effect was
found also in RQUICKI, an indicator for systemic insulin sensitivity, while higher NEFA levels
and lower insulin- and glucose-levels in the blood were observed at d21. It could be not excluded
that the some of the investigated variables of this study could have been influenced by time only
shortly after parturition, as observed by Locher et al. in the expression of adenosine
monophosphate-activated protein kinase AMPK in subcutaneous adipose tissue as well as in the
expression of hormone sensitive lipase (HSL) in retroperitoneal adipose tissue in the cows from
the same feeding trial as the current study (Locher et al., 2011, 2012).
4.1.3.2. Time effects on hepatic GLUT2 expression
The concentration of GLUT2 in the hepatic membrane fraction appeared to be related to
hepatic gluconeogenic status and to be regulated by insulin in rats (Andersen et al., 1994). In
lactating dairy cows, the amount of hepatic mRNA of GLUT2 appeared to be associated with
breeds differing in milk performance (Hammon et al., 2010). Regarding the association of
GLUT2 with insulin signaling, lower insulin sensitivity, and disturbed insulin signal transduction
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were associated with increased gluconeogenesis and increased GLUT2 expression in rats (Manna
and Jain, 2012). As hepatic glucose output increased drastically by the onset of lactation in dairy
cows (Bell and Bauman, 1997), a time-related increase of GLUT2 was expected. However, the
hepatic GLUT2 expression was affected by time only in LCpp-NA. Similarly, Hammon et al.
(2009) observed in lactating cows that the amount of hepatic GLUT2 mRNA did not differ
between d1, d10, and d21 after calving. Possible explanations for the lack of time-related changes
in GLUT2 expression are: 1. That lower regulation or absence of regulation of insulin on hepatic
GLUT2 expression in dairy cows was independent from lactation periods, and 2. That the insulindependent internalization of GLUT2 in hepatocytes (reviewed by Karim et al., 2012) had a
greater impact than the regulation on the other levels. Supposing it is the latter case, it might be
possible that lower insulin concentration at d21 (Table 6) and reduced insulin sensitivity in liver
by unknown mechanisms resulted in an increased number of functional GLUT2 on the surface of
hepatocytes without changes in the total protein amount.
4.1.3.3. Effects of diet on insulin signaling in the liver
The PI3K protein expression in the NA group was lower in a highly significant way at
d21 compared to d-21. The significant decrease over time in hepatic INSR and PI3K in the
HCpp-NA group only indicated a modulation of NA effects by concentrate proportion or energy
intake. Since the hypothesis in this study was that the NA supplementation and high concentrate
diet enhanced the hepatic glucose production by decreasing the hepatic insulin sensitivity, these
results were partly in accordance with the expectation. So far, influences of NA on insulin
sensitivity have been investigated in dairy cows only in in vivo (Lanham et al., 1992; Chilliard
and Ottou, 1995; Pires et al., 2007), and direct effect of NA on expression of hepatic PI3K and
INSR in dairy cows is as yet unknown. In mice, NA-induced reduction of the expression of genes
involved in hepatic insulin signaling was recently reported (Choi et al., 2011).
4.1.3.4. Effects of diet on hepatic GLUT2 expression
Dietary NA supplementation led to a lower relative expression of GLUT2 at d21. The
time effect was significant either in LCpp-NA only or in the data pooled for the factor of NA, but
not in HCpp-NA, indicating a possible modulation of NA effects by energy intake. Supposing
that the GLUT2 protein expression is positively associated with hepatic glucose production as
observed in monogastric species (Andersen et al., 1994), these results were in contrast to the
hypothesis that NA supplementation increases the hepatic glucose production. However, the
32

causal relationship between hepatic GLUT2 expression and glucose release and its quantitative
impact in dairy cows is unclear. Expression of GLUT2 mRNA was not influenced by treatment
with growth hormone (Zhao et al., 1996) and by milk performance (Hammon et al., 2009). Plant
oil supplementation led to increase of hepatic GLUT2 mRNA expression (Mach et al., 2013).
Interestingly, NA supplemented cows in this study had a lower hepatic GLUT2 protein
expression and higher blood glucose concentration, but produced the same amount of milk as
control cows. The glucose uptake in mammary tissue and insulin sensitive peripheral tissue were
not affected by NA as shown in milk yield and RQUICKI, respectively. Therefore the higher
blood glucose concentration at d21 might be due to increased hepatic glucose production.
However, in this study, hepatic glucose production was not measured directly. Further
investigation is required to clarify the association between GLUT2 expression and hepatic
glucose release in bovines.
4.1.4. Conclusions
Dietary NA supplementation led to lower expression of hepatic GLUT2 protein at d21
related to d-21; however, the physiological importance is unclear. Comparing the samples at d-21
and d21, no general time effect was found in the expression of key proteins for hepatic insulin
signaling and glucose output. Lack of strongly significant effects of NA supplementation on
plasma NEFA concentrations and glucose metabolism in the liver indicated that feeding NA may
not be highly efficient to improve metabolic health of the periparturient dairy cow.
4.2. Topic 2: Associations between Forkhead box O1 (FoxO1) expression and hepatic
glucose production in dairy cows supplemented with dietary nicotinic aid in transition
period (paper 2, project 2)
4.2.1. Short introduction
This study focused on a transcriptional factor FoxO1 and hepatic glucose production in
dairy cows in transition period as affected by feeding regimen. The liver samples obtained from
cows of project 2 were analyzed for the protein and mRNA expression of FoxO1 and extent of
phosphorylation of FoxO1 and for the mRNA expression of genes associated with hepatic
glucose production. In the blood samples insulin concentration was analyzed. In the data
evaluation, correlation analysis was performed in addition to analysis of variance to find the
cross-linked association between FoxO1-related variables and the other investigated variables. It
was hypothesized that 1. FoxO1 promotes hepatic glucose production and it is suppressed by the
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insulin-induced phosphorylation of FoxO1, and 2. The dietary NA supplementation and higher
proportion of concentrate in the diet enhance the hepatic glucose production by reducing the
insulin-induced FoxO1 phosphorylation and thereby up-regulating the genes associated with
hepatic glucose production. To reveal associations between FoxO1-mediated regulation of
hepatic glucose production and metabolic status, DMI and serum NEFA concentration were also
included in the correlation analysis. These data obtained in vivo (feed intake, milk production,
and energy balance) and blood metabolites except for insulin in this project are shown as
supporting information (S.Fig. 1), because they were already analyzed and published by (Tienken
et al., 2015).
4.2.2. Results
4.2.2.1. Serum insulin concentration
Serum insulin concentrations are shown in Fig. 3. In Period 1 before calving the serum
insulin concentration was higher at d-14 compared to d-42 (P = 0.043), d-7 (P = 0.066), and -3 (P
= 0.044). The insulin levels were higher in NA groups (P < 0.01). There was a significant d × NA
× concentrate interaction effect (P = 0.024), characterized by higher insulin levels in HCap-NA.
In HCap-NA the insulin concentration increased continuously and peaked at d-3, so that it was
higher at d-14, d-7, and d-3 (P = 0.053) compared to at d-42, while the other groups had the peak
concentration of insulin at d-14 as referred to in the time effect. In HCap-CON the insulin levels
at d-3 were lower than at d-14 and d-42 (P = 0.03). Comparing between groups, the insulin levels
in HCap-NA were higher than in HCap-CON at d-7 (P = 0.01) and at d-3 (P = 0.0002) and
tended to be higher than in LCap-NA at d-3 (P = 0.08). In Period 1 after calving, the insulin
levels were generally lower in all groups and were affected neither by time nor by the diet. In
Period 2, serum insulin concentration remained at the lower level until d63. It was higher at d100
compared to d63 (P = 0.029). The insulin levels tended to be lower in NA groups (P = 0.095),
and were the lowest in LCap-NA during the whole Period 2, which was reflected in a trend effect
of NA × concentrate interaction (P = 0.1).
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Fig. 3. Serum insulin concentration (Log10 Insulin µU/ml) in Period 1 (A) and Period 2 (B). Data are shown in
least squares means (LSM) ± standard errors of each experimental group and sampling day. The arrows above
indicate the day of biopsy sampling. The results of type 3 test for the effects of time and diets are shown in the table
under the diagrams. LCap-CON, HCap-CON, LCap-NA, HCap-NA: “CON or NA”: dietary supplement of nicotinic
acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of concentrate proportion in the diet from d-42 to
d0, increase of concentrate proportion in the diet after calving from 30 to 50% within 16 or 24 days. d: days related
to calving, N: nicotinic acid, C: Concentrate proportion in the diet, N×d, C×d, N×C, N×C×d: interaction effect of d,
N, C. “a”,”b”: the data points with different lower case letters were different between sampling days within the
experimental group (P < 0.06). **: the LSM in HCap-CON and in HCap-NA at the same sampling day were
different (P < 0.01)

4.2.2.2. Total protein expression (tFoxO1), extent of phosphorylation at serine 256
(pFoxO1) and mRNA expression (rFoxO1) of FoxO1
The results for the tFoxO1 and pFoxO1 are shown in Fig. 4, and the results for the
rFoxO1 are shown in Tables 8 and 9. The antibodies used in this study were raised against the
human protein for FoxO1 and phosphorylated FoxO1 at serine 256, but were able to detect also
the signals of those of cows at the targeted molecular weight as stated by the manufacturer. Since
the amino acids sequences of bovine FoxO1 is up to 87.9% identical to those of human FoxO1
including a 100% identical amino acids sequence to that around serine 256 (Arg151-Arg267) in
human FoxO1, it could be considered that the antibodies used in this study detected the proteins,
which is equivalent to human tFoxO1 and pFoxO1 specifically. Representative signals of
Western blot analysis are shown in supporting information (S.Fig. 2b).
In Period 1, the tFoxO1 and rFoxO1 were affected neither by sampling days nor by the
experimental groups. The pFoxO1 was higher at d1 and d21 compared to at d-42 in LCap-CON
and HCap-NA (NA × concentrate interaction: P < 0.04, d × concentrate × NA interaction: P <
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0.08), but the differences were not significant in post hoc analysis. In Period 2, the tFoxO1 at
d100 in LCap-CON was lower than that at d21 in LCap-CON (P = 0.030), and it was lower than
that in HCap-CON at d100 (P = 0.030). In pFoxO1 no time and diet related changes were found.
The rFoxO1 was affected by d × NA interaction (P = 0.08) with lower relative quantity of the
rFoxO1 in NA group at d100.

Fig. 4. FoxO1 total protein expression (tFoxO1) (A, C) and the extent of phosphorylation of FoxO1 at serine
256 (pFoxO1) (B, D) in the liver of cows in Period 1 (A, B) and 2 (C, D). Data are shown in least squares means
with standard errors in each group and at each time point. The results of type 3 test for the effects of time and diets
are shown in the table under the diagrams. LC-CON (n = 5), HC-CON (n = 5), LC-NA (n = 5), HC-NA (n = 6):
“CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d) from d-42 to d24, “LC or HC”: 30% or 60% of
concentrate proportion in the diet from d-42 to d0, increase of concentrate proportion in the diet after calving from
30% to 50% within 16 or 24 days. d: days related to calving, N: dietary supplement of nicotinic acid, C: concentrate
proportion in the diet, d×N, d×C, N×C, d×N×C: interaction effects of d, N, C, tFoxO1: total protein expression of
forkhead box protein O1, pFoxO1: extent of phosphorylation of FoxO1 at serine 256
“a” and “b”: the LSM with different lower case letters were different (P < 0.05) between days within the same
experimental group. *: the LSM were different (P < 0.05) between the experimental groups at the same sampling
day.
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Table 8. Effects of diet on the relative quantity of mRNA of investigated genes in Period 1
LSM
Type 3 test
LCap- HCap- LCap- HCapd
d
N
d×N
C
d×C
N×C d×N×C
CON CON NA
NA
rFoxO1
-42
0.95 1.02 0.96 1.01
0.49
0.27
0.69
0.46
0.23
0.61
0.74
1
1.03 0.96 1.15 1.10
21
1.09 0.81 1.06 0.97
SEM
0.11 0.10 0.10 0.10
IRA
-42
0.83 0.90 0.90 0.91
0.42
0.79
0.83
0.84
0.57
0.81
<0.01
1
1.20 1.24 1.48 1.27
21
1.14 1.12 1.16 1.15
SEM
0.16 0.15 0.15 0.14
IRB
-42
0.81 0.95 0.93 0.88
0.22 <0.01 0.58
0.11
0.96
0.54
0.042
1
1.20* 1.24* 0.82 0.91
21
1.13 0.87 1.19 1.04
SEM
0.10 0.10 0.10 0.09
SLC2A2 -42
1.01 1.03 1.07 0.95
0.45
0.84 <0.01 0.84 0.048
0.30
0.29
1
1.04* 1.11* 0.53 0.97
21
0.93* 0.66* 1.11 1.07
SEM
0.12 0.12 0.12 0.11
G6P
-42
0.67 0.99 0.72 0.77
0.13
<0.01
0.012 0.13 <0.01 0.42
0.016
1
1.21 0.76 0.97 0.99
21
0.97*+b 0.88* 1.75+a 1.03b
SEM
0.14 0.15 0.14 0.12
PCK1
-42
0.59 0.79 0.81 0.41
0.67
0.087 0.84
0.67
0.23
0.54
<0.01
1
1.06 1.20 0.81 0.97
21
1.22 1.28 1.69 1.64
SEM
0.19 0.19 0.19 0.18
PCCA
-42
0.88 1.04 1.08 0.96
0.057 0.040 0.57
0.74
0.77
0.18
<0.01
1
0.82 0.83 0.82 0.76
21
1.00* 0.79* 1.21 1.23
SEM
0.10 0.10 0.10 0.09
PC
-42
0.48 0.48 0.47 0.47
0.14
0.42
0.74
0.93
0.82
0.93
<0.01
1
1.88 1.97 2.44 2.31
21
1.38 1.24 1.55 1.45
SEM
0.25 0.25 0.25 0.23
PYGL
-42
0.82 1.07 0.98 1.11
0.21
0.23
0.15
0.73 0.037
0.26
0.97
1
0.93 1.02 0.94 0.83
21
1.05 0.86 1.41 1.04
SEM
0.14 0.13 0.13 0.12
LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6): “CON or NA”: dietary supplement of
nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of concentrate proportion in the diet
from d-42 to d0, increase of concentrate proportion in the diet after calving from 30% to 50% within 16 or 24 days.
d: days related to calving, N: dietary supplement of nicotinic acid, C: concentrate proportion in the diet, d×N, d×C,
N×C, d×N×C: interaction effects of d, N, C. LSM: least squares means, SEM: pooled standard error of mean,
rFoxO1: forkhead box protein O1, IRA: insulin receptor isotype A, IRB: insulin receptor isotype B, SLC2A2:
glucose transporter 2, G6P: glucose-6-phosphatase, PCK1: cytosolic phosphoenolpyruvate carboxykinase, PCCA:
propionyl-CoA carboxylase, PYGL: glycogen phosphorylase
*: the LSM in CON groups (n = 10) was significantly different from LSM in NA groups (n = 11) at the same
sampling day (P < 0.05), +: the LSM in LC groups (n = 10) was significantly different from LSM in HC groups (n =
11) at the same sampling day (P < 0.05), a, b: the LSM with different lower case letters were significantly different (P
< 0.05).
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Table 9. Effects of diet on the relative quantity of mRNA of investigated genes in Period 2
LSM
Type 3 test
d
LCap- HCap- LCap- HCapd
N
d×N
C
d×C
N×C
d×N×C
CON CON NA
NA
rFoxO1
21
0.99 0.98 0.99 1.01
0.30
0.15
0.080
0.86 0.90
0.30
0.39
100
1.16 1.08 0.91 1.02
SEM
0.07 0.07 0.07 0.06
IRA
21
1.04 1.16 1.18 1.19
0.17
0.23 0.94
0.59
0.79
0.020 0.096
100
0.96 0.99 0.72 0.77
SEM
0.12 0.12 0.12 0.11
IRB
21
1.08 0.98 1.12 1.04
0.73
0.52
0.25
0.40 0.42
0.35
0.71
100
1.15 1.11 0.99 1.07
SEM
0.08 0.08 0.08 0.07
SLC2A2
21
0.94 0.88 1.00 0.95 <0.01
0.71
0.19
0.12 0.018 0.41
0.44
100
1.30+ 1.47 1.06+ 1.46
SEM
0.10 0.10 0.10 0.09
G6P
21
1.02 1.06 1.46 1.08
0.13
0.35
0.69
0.88 0.20
0.55
0.48
100
1.22 1.44 1.33 1.55
SEM
0.22 0.22 0.26 0.20
PCK1
21
1.33 1.37 1.59 1.55
0.96
0.24
0.98 0.99
0.56
0.49
0.026
100
1.75* 1.61* 1.18 1.32
SEM
0.16 0.16 0.16 0.14
PCCA
21
1.05 1.03 1.09 1.09
0.59
0.22
0.40 0.48
0.82
0.90
0.018
100
1.44 1.27 1.25 1.14
SEM
0.12 0.13 0.13 0.11
PC
21
1.40 1.36 1.45 1.41 <0.01
0.36
0.37
0.55 0.51
0.77
0.86
100
0.88 0.97 0.62 0.81
SEM
0.17 0.17 0.17 0.15
PYGL
21
1.08 0.96 1.26 1.06
0.75
0.39
0.104
0.12 0.88
0.14
0.19
100
1.47 1.07 0.90 1.07
SEM
0.15 0.15 0.15 0.13
LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6): “CON or NA”: dietary supplement of
nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of concentrate proportion in the diet
from d-42 to d0, increase of concentrate proportion in the diet after calving from 30% to 50% within 16 or 24 days.
d: days related to calving, N: dietary supplement of nicotinic acid, C: concentrate proportion in the diet, d×N, d×C,
N×C, d×N×C: interaction effects of d, N, C. LSM: least squares means, SEM: pooled standard error of mean,
rFoxO1: forkhead box protein O1, IRA: insulin receptor isotype A, IRB: insulin receptor isotype B, SLC2A2:
glucose transporter 2, G6P: glucose-6-phosphatase, PCK1: cytosolic phosphoenolpyruvate carboxykinase, PCCA:
propionyl-CoA carboxylase, PYGL: glycogen phosphorylase, *: the LSM in CON groups (n = 10) was significantly
different from LSM in NA groups (n = 11) at the same sampling day (P < 0.05), + : the LSM in LC groups (n = 10)
was significantly different from LSM in HC groups (n = 11) at the same sampling day (P < 0.05).

4.2.2.3. Relative quantities of mRNA of genes associated with hepatic glucose production
In Period 1 (Table 8, Fig. 5), the mRNA expression was affected by time in all the
investigated genes except for SLC2A2 and PYGL. The relative quantities were higher at d1 and
21 than d-42 (d-42 < d1/d21) in IRA (P = 0.0009/0.026) and IRB (P = 0.054/0.054). A
continuous up-regulation was observed (d-42 < d1 < d21) in G6P (P = 0.07, 0.009 for d1, d21
compared to d-42) and PCK1 (P = 0.021, 0.0003 for d1, d21 compared to d-42). The expression
of PC was up-regulated at d1 only (d-42 < d21 < d1, P < 0.0001 for all the comparisons). In
contrast, the expression of PCCA was down-regulated at d1 only (d1 < d-42/d21, P =
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0.017/0.002). Effects of d × NA interaction were found in IRB, SLC2A2, G6P, and PCCA. At d1
the mRNA expression was lower in NA groups compared to the CON groups in SLC2A2 (P =
0.037) and IRB (P = 0.008). At d21 the relative quantities of mRNA in NA groups were higher in
G6P (P = 0.006), SLC2A2 (P = 0.046) and PCCA (P = 0.011) compared to the CON groups. The
expression pattern of PCK1 was similar to that of SLC2A2 and IRB reflected in a trend effect of
d × NA interaction (P = 0.087). Effects of d × concentrate interaction were found in SLC2A2 (P
= 0.048), G6P (P = 0.009), and PYGL (P = 0.037). The relative quantities of mRNA for them at
d21 were lower in HCap groups, but the differences were significant only in G6P (P = 0.029). In
G6P, interaction of d × NA × concentrate was significant. A marked up-regulation at d21 was
observed in LCap-NA (d-42/d1 < d21, P = 0.0002/0.002), while in LCap-CON the up-regulation
was found at d1 only (d-42 < d1, P = 0.036). The relative quantity of mRNA in LCap-NA was
higher than in HCap-NA and in LCap-CON at d21 (P = 0.002 for both). In Period 2 (Table 9),
the relative quantities of mRNA at d100 were lower than at d21 in IRA (P = 0.020) and PC (P =
0.001), and were higher than at d21 in SLC2A2 (P < 0.001) and PCCA (P = 0.018). Effects of d
× NA interaction were found in PCK1, where the relative quantity of mRNA was lower in NA
groups than in CON groups at d100 (P = 0.044). A d × concentrate interaction was found in
SLC2A2 with higher levels of mRNA expression in HCap groups at d100 (P = 0.015).
4.2.2.4. Correlation analysis
In the analysis over the whole experimental period using the data from d-42 to d100 (n
= 84), the tFoxO1 correlated negatively with mRNA expression of SLC2A2 (-0.26, P = 0.02),
the rFoxO1 correlated positively with mRNA expression of SLC2S2 (0.42, P < 0.001), IRA
(0.30, P = 0.006), IRB (0.38, P < 0.001), PC (0.33, P = 0.003), PCK1 (0.29, P = 0.01), and
PYGL (0.34, P = 0.002). The pFoxO1 correlated negatively with NEFA (-0.25, P = 0.020) and
positively with DMI (0.34, P = 0.002). The ratio of pFoxO1/tFoxO1 correlated positively with
DMI, (0.23, P = 0.036), mRNA expression of G6P (0.23, P = 0.035), and of SLC2A2 (0.30, P =
0.006). In the analysis using the data from each sampling day (n = 21), no significant
correlation was found at d-42 and d1. At d21 the tFoxO1 correlated negatively with mRNA
expression of G6P (-0.44, P = 0.047) and SLC2A2 (-0.43, P = 0.050). The pFoxO1 correlated
negatively with NEFA (-0.50, P = 0.021) and positively with DMI (0.70, P < 0.001). The
rFoxO1 correlated positively with mRNA expression of SLC2A2 (0.6, P = 0.004), IRA (0.52, P
= 0.02), IRB (0.75, P < 0.001), PC (0.59, P = 0.005), PCK1 (0.46, P = 0.04), PYGL (0.47, P =
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0.03). The ratio of pFoxO1/tFoxO1 correlated positively with mRNA expression of G6P (0.52,
P = 0.018). At d100 the tFoxO1 correlated positively with mRNA expression of PCK1 (0.64, P =
0.002), the pFoxO1 correlated positively with insulin (0.63, P = 0.004). The rFoxO1 correlated
positively with mRNA expression of SLC2A2 (0.63, P = 0.004), PC (0.51, P = 0.03), PCK1
(0.73, P < 0.001), G6P (0.61, P = 0.008), and PYGL (0.60, P = 0.01). The ratio of
pFoxO1/tFoxO1 correlated negatively with mRNA expression of PCK1 (-0.53, P = 0.014).
Graphical demonstrations of the correlation over the whole experimental period, at d21 and at
d100 are presented in Fig. 6.
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Fig. 5. Effects of nicotinic acid (NA) on hepatic mRNA expression of genes involved in glucose
production in dairy cows in Period 1. Data are shown in least squares means (LSM) with standard errors
in each group and at each time point; x-axis: days related to calving, y-axis: relative quantity of mRNA
-CON or -NA: dietary supplement of nicotinic acid (0 or 24 g/d) from d-42 to d24
rFoxO1: forkhead box Protein O1, IRA: insulin receptor isotype A, IRB: insulin receptor isotype B,
SLC2A2: glucose transporter 2, G6P: glucose-6-phosphatase, PCK1: cytosolic phosphoenolpyruvate
carboxykinase, PCCA: propionyl-CoA carboxylase, PYGL: glycogen phosphorylase
*the LSM in -CON groups (n = 10) was significantly different from LSM in -NA groups (n = 11) at the
same sampling day (P < 0.05).
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Fig. 6. Correlations between FoxO1-related
variables (ptFoxO1, ppFoxO1, rFoxO1, and
ppFo/ptFo) and other investigated variables in the
hepatic metabolic pathways related to
gluconeogenesis. To demonstrate correlations
graphically, the scheme was adopted to a scheme
published by Aschenbach et al. (2010). Pearson’s
correlation analyses were performed using the data set
from the whole experimental period (N = 84) (A), from
d21 (B) and d100 (C) (N = 21 for both). Variables with positive correlations were
connected by green solid lines (▬) and those with negative correlations by red dotted
lines (•••) at the level of significance of P < 0.05. The metabolites connected by black
arrows show the representative metabolic pathways related to gluconeogenesis. The
variables other than FoxO1, NEFA, insulin, and DMI were measured on the level of
mRNA expression. FoxO1: forkhead box protein O1, rFoxO1: mRNA expression of
FoxO1, ptFoxO1: total protein expression of FoxO1, ppFoxO1: extent of
phosphorylation of FoxO1 at serine 256, ppFo/ptFo: ppFoxO1-to-ptFoxO1 ratio,
rPCCA: propionyl CoA carboxylase A, rPC: pyruvate carboxylase, rPCK1: cytosolic
phosphoenolpyruvate carboxykinase, rG6P: glucose-6-phosphatase, rSLC2A2:
glucose transporter 2, rIRA, rIRB: insulin receptor isoform A and B, rPYGL:
glycogen phosphorylase, liver form, DMI: dry matter intake, NEFA: serum concentration of non-esterified fatty acid, Insulin: insulin serum concentration OAA:
oxaloacetate, PEP: phosphoenolpyruvate, Glucose-6-P: glucose-6-phosphate
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4.2.3. Discussion
The objective of this study was to assess the role of FoxO1 in hepatic glucose production
in dairy cows in transition period. Therefore, we aimed to find indicative associations between
FoxO1 expression, extent of phosphorylation of FoxO1 at serine 256, serum insulin concentration
and expression of mRNA of genes associated with hepatic glucose production as affected by
feeding regimen.
We showed that FoxO1 mRNA and protein expression were constant during the transition
period and were not affected by diet, and that the insulin-induced phosphorylation of FoxO1 was
affected by time and diet only marginally, while significant effects of time and diet were found in
serum insulin and mRNA expression of gluconeogenic enzymes. In the correlation analysis over
the whole experimental period, NEFA and DMI correlated with pFoxO1 negatively and
positively, respectively. When the analysis was performed separately for each sampling day,
different correlation patterns were observed at d21 and d100.
4.2.3.1. FoxO1 expression and phosphorylation at serine 256
FoxO1 is an important regulator in hepatic glucose production as a main mediator of the
suppressive effect of insulin on hepatic glucose production (Kousteni, 2012; Guo, 2013). As a
target of insulin signaling, FoxO1 has three Akt phosphorylation sites, where the phosphorylation
at serine 256 is needed for the subsequent phosphorylation of the other two sites, so that it acts as
a gatekeeper (Barthel et al., 2005; Nakae et al., 2008). Liver-specific knockout of FoxO1 led to
down-regulation of the transcription of G6P and PCK1 over 50% accompanied by reduced blood
glucose level in mice with hyperglycemia (Samuel et al., 2006; Matsumoto et al., 2007;
Jitrapakdee, 2012). Recent studies showed associations between FoxO1 expression and energy
metabolism also in cattle (Dunner et al., 2013; Sun et al., 2013). As to the effects of diet on
FoxO1 expression, Grala et al. (2013) observed ×1.2 up-regulation of FoxO1 mRNA together
with up-regulations of mRNA of other gluconeogenic enzymes in liver in dairy cows fed a
restricted diet for three weeks in early lactation compared with control cows.
Since we observed lower insulin concentrations as well as an up-regulation of mRNA
expression of several of the gluconeogenic enzymes after calving (discussed below), an upregulation of FoxO1 and/or down-regulation of the pFoxO1 were expected. However, the amount
of FoxO1 protein and mRNA as well as pFoxO1 did not differ between the sampling days. This
suggested that FoxO1 expression and pFoxO1 most likely did not account for the up-regulation
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of gluconeogenic enzymes after calving. Similarly, Zachut et al. (2013) observed an almost equal
extent of the insulin-induced phosphorylation before and after calving in hepatic insulin receptor
and Akt, which are upstream genes of FoxO1 in high-yielding Holstein dairy cows.
Regarding the effects of the diet, we assumed that NA promotes the hepatic glucose
production by up-regulating the FoxO1 as well as by inhibiting the phosphorylation of FoxO1 by
insulin, and that there are interactions between concentrate intake before calving and NA
supplementation. In the transcriptional analysis, we observed highly significant up-regulation of
G6P in LCap-NA in at d21. However, results of analysis in FoxO1 indicated that there appeared
to be no direct relationship between the dietary effects found in FoxO1 analysis and those on the
other variables. Interestingly, in rats, a NA infusion induced a significantly lower extent of
phosphorylation of insulin receptor and Akt, but not FoxO1 at serine 256 in liver (Choi et al.,
2011). These results could indicate that the regulation of hepatic glucose production by FoxO1
did not take place, or at least were less dominant on the levels of mRNA and protein expression
as well as of the phosphorylation at serine 256 in dairy cows in transition period. This
interpretation may support the fact that the hepatic glucose production in dairy cows was not
sensitive to the suppressive effect of insulin (Donkin and Armentano, 1995; Larsen and
Kristensen, 2009; Aschenbach et al., 2010). However, it was also possible that the other
posttranslational regulation mechanisms are of more importance in the FoxO1-mediated
regulation on hepatic glucose production (Calnan and Brunet, 2008). For example, NA
supplementation might increase NAD concentration and activate a NAD-dependent deacetylase
(Sirtuin-1). The activated Sirtuin-1 could promote the deacetylation of FoxO1 and thereby
increase the transcriptional activity of the FoxO1 (Calnan and Brunet, 2008). Thus, further
studies are needed for the function of FoxO1 in the regulation of hepatic glucose production in
dairy cows in transition period.
4.2.3.2. Serum insulin and hepatic mRNA expression
Contrary to the FoxO1 expression, substantial time-related and diet-related changes were
observed in the serum insulin and hepatic mRNA expression of genes associated with glucose
production. The lower insulin levels from d1 to d21 (Zachut et al., 2013; Schulz et al., 2014) and
the up-regulation of mRNA of PC, PCK1 and G6P (Greenfield et al., 2000; Agca et al., 2002;
Loor et al., 2006; Graber et al., 2010; Zachut et al., 2013) were in line with the results in other
studies and reflected the homeorhetic adaptation of cows (Hayirli, 2006). The expression pattern
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of PCCA was parallel to the changes of DMI (Tienken et al., 2015) (supporting information
S.Fig. 1), as were also observed by (Graber et al., 2010), and most likely indicated the adaptation
of hepatic tissues to an increased proportion of propionate as gluconeogenic precursor at d21,
since PCCA catalyzes the conversion from propionate to succinyl-CoA (Aschenbach et al.,
2010). The increased expression of insulin receptors in early lactation period was reported
previously on both mRNA and protein levels, and was suggested to be an indicator for negative
energy balance (Gross et al., 2011; Mendonça et al., 2013; Zachut et al., 2013). As to the dietary
effects, insulin serum concentration in Period 1 before calving was higher especially in HCap-NA
as reflected by d × NA × concentrate interaction. The higher insulin levels in cows supplemented
with dietary NA was found also in other studies (Lanham et al., 1992; Morey et al., 2011), and
could be explained by the niacin effects enhancing proportion of propionate and butyrate by
increasing the protozoa population in rumen (Riddell et al., 1980; Niehoff et al., 2009a;
Aschemann et al., 2012). Propionate and butyrate stimulated the insulin secretion in ruminants
(Mineo et al., 1994). Therefore, the results in the present study could be explained by an additive
effect of concentrate and NA to increase the ruminal propionate production. NA led to downregulations of SLC2A2 and IRB at d1 and up-regulations of SLC2A2, G6P and PCCA at d21
(Fig. 6). These effects were not observed at d100, indicating the compensation of the dietary
effect after removing the treatment. The up-regulation of PCCA by NA was probably partly
associated with increased supply of propionate from ruminal fermentation, as discussed above.
Possible mechanisms of NA action on gene expression will be discussed later in the general
discussion.
4.2.3.3. Correlation analysis
Correlations over the whole experimental period could be interpreted as coordinated
changes of two variables for a metabolic adaptation over several weeks, while correlations at
each sampling day could be interpreted as coordinated changes of two variables for the short-time
metabolic adaptation. Over the whole experimental period, almost no significant correlation
between tFoxO1 as well as the pFoxO1 and mRNA expression of investigated genes was found,
implying that FoxO1 appeared to be less important in the homeorhetic regulation of hepatic
glucose production at the levels of protein expression and of phosphorylation, as discussed above.
Lack of associations of pFoxO1 with insulin might be due to the alteration of the efficiency of
insulin signal transduction of hepatic tissues over the transition period. The negative correlations
45

between the pFoxO1 and the NEFA over the whole experimental period as well as at d21 only
occurred mainly at NEFA concentration > 0.45 mM. These results could indicate that the FoxO1
in inactive form decreased in cows with an energy deficit. Together with the positive correlation
for pFoxO1−DMI found both at d21 and over the whole period, the results could support the
results of Grala et al. (2013), that hepatic mRNA expression of FoxO1 is up-regulated by
restricted feeding. In spite of the lack of any significant effects on rFoxO1, it correlated positively
with the mRNA expressions of the other genes, which were significantly affected by time and the
diet. This was observed over the whole experimental period as well as at d21 and d100, and could
reflect the multilevel regulation mechanism of transcriptional activity of FoxO1. The proportional
impact of regulation at the level of mRNA was probably too small to be detected by factorial
analysis. The fact that the correlation pattern differed among the sampling days was observed
previously (van Dorland et al., 2009) and indicated the shift of regulation mechanisms for hepatic
glucose production during the transition period. Lack of any correlations between FoxO1 and
other variables at d-42 and d1 confirmed the less dominance of FoxO1-related regulation of
hepatic glucose production in this period. The negative correlations for tFoxO1 −G6P and
−SCL2A2 and a positive correlation for the ratio of pFoxO1/tFoxO1−G6P found at d21 were
opposite to our expectation. The phosphorylation of FoxO1 by insulin induced also degradation
of FoxO1 protein (Barthel et al., 2005). Both G6P and SLC2A2 account for the last step in
hepatic glucose production (Fig. 6). Thus, the results might be interpreted as a negative feedback
of hepatic glucose production to FoxO1, where the insulin-induced phosphorylation of FoxO1
was stimulated by higher hepatic glucose production after calving and led to decrease the total
FoxO1 protein. The positive and negative correlation for PCK1 −tFoxO1 and –ratio of
pFoxO1/FoxO1, respectively at d100 indicated the up-regulation of PCK1 by FoxO1 protein,
which was inhibited by insulin-induced phosphorylation of FoxO1.Accordingly, the positive
correlation of pFoxO1 and serum insulin concentration was also found at d100 only. These
results could suggest that the mechanism for FoxO1-mediated regulation of hepatic glucose
production might exist also in dairy cows, but only in the mid-lactation, and not in the period of
late pregnancy and early lactation.
4.2.4. Conclusion
The results indicated that the main regulation of hepatic glucose production did not take
place on the levels of mRNA and protein expression of FoxO1 as well as of the phosphorylation
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of FoxO1 at serine 256 in dairy cows from d-42 to d21; however, at d100 FoxO1 appeared to be
associated with at least a part of the regulation mechanism of hepatic glucose production. The less
dominance of FoxO1 as a main mediator of insulin effect in hepatic glucose production could
support the insensitivity of hepatic glucose production to the suppressive effect of insulin in dairy
cows. However, the possibility was not excluded that the posttranslational modification of FoxO1
plays a more important role in the regulation of hepatic glucose production. Therefore, further
study is needed to clarify the roles of FoxO1 in the regulation of hepatic glucose production in
dairy cows in transition period.
4.3. Topic 3 (project 2, unpublished data)
4.3.1. Short introduction
This study focused on the capacity of glucose output in ex vivo conditions and the fatty
acid metabolism in the hepatic tissue in dairy cows in transition period as affected by feeding
regimen. The liver samples from cows of project 2 were further analyzed functionally and
structurally. As a functional analysis, an assay for the quantification of hepatic glucose output
(HGO) in ex vivo condition was established. The concentration of tissue glycogen and glucose
was measured to find associations with HGO. Moreover, the concentration of TAG and the
relative quantities of CPT1A mRNA in the hepatic tissues were measured as representative
indicators of hepatic fatty acid metabolism. In addition to the analysis of variance for the effects
of time and diet, correlation analyses were performed for further characterization of HGO, roles
of fatty acid metabolism in hepatic glucose production, and FoxO1 in the liver. It was
hypothesized that: 1. The HGO measured in ex vivo conditions can be used to predict the HGO
measured in in vivo, and is associated with other metabolic variables as affected by feeding
regimen, 2. Fatty acid oxidation generally promotes hepatic glucose production and there are
associations between the dietary effects on hepatic glucose production and those on the hepatic
fatty acid metabolism, and 3. FoxO1 promotes HGO and fatty acid oxidation and the extent of
phosphorylation of FoxO1 by insulin is positively associated with hepatic concentration of
glycogen and TAG.
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4.3.2. Results
4.3.2.1. General mean values of ex vivo HGO and concentration of glycogen, glucose, and
TAG in the liver
The coefficient of covariance of the triplicates of the HGO assay was 16.9 ± 0.6 % (mean
± SEM, range 0.66% – 84%, n = 358). The mean value of the absolute amount of HGO of all the
assays was 1.74 ± 0.704 mg/g wet weight of the liver/30 min (n = 84, mean ± standard deviation
(SD)). The concentration of TAG, glycogen, and glucose in the liver in all the investigated
samples was 25.42 ± 3.49 µmol, 8.85 ± 5.96 mg, and 0.34 ± 0.19 mg (n = 84, mean ± SD per g
wet weight of the liver). Since the concentration of glucose in hepatic tissue was much lower than
HGO and glycogen and subtraction of glucose did not affect the statistic results of HGO and
glycogen, it was not taken into consideration in the further data analysis.
4.3.2.2. Effects of time and diet on ex vivo HGO, concentration of glycogen, and TAG in the
liver, and hepatic CPT1A mRNA expression
The results of the HGO assay, concentration of TAG, glycogen in the liver as well as the
relative expression of hepatic CPT1A in Period 1 and Period 2 are shown in Tables 10 and 11. In
Period 1, the HGO was affected by d (P < 0.001) and concentrate × d interaction (P = 0.032).
The HGO was lower at d1 and d21 (P < 0.001) compared to at d-42. The HGO in the cows in
HCap group was higher than the HGO in cows in LCap group at d1 (P = 0.014) (Fig. 7). The
glycogen concentration was lower at d1 and d21 (P < 0.001) than at d-42. No dietary effect on
glycogen concentration was found. The TAG concentration at d1 and d100 was generally very
low and was often under the detection limit (about 10 µ mol/g). The TAG concentration was
higher at d1 than at d-42 (P = 0.002) and was higher at d21 than at d1 (P = 0.04). Moreover, there
was a significant NA effect (P = 0.04), which was caused by higher TAG concentration in NA
group at d1 and d21 (Fig. 8). The relative quantity of CPT1A mRNA was affected by d (P =
0.001), d × NA (P = 0.031) as well as d × concentrate (P = 0.015) interaction. CPT1A mRNA was
up-regulated at d1 (P < 0.001) and at d21 (P = 0.003) compared to d-42. This up-regulation was
highly significant at d1 in CON groups only and at d21 in NA group only (P = 0.005 for both),
and there was a trend of higher relative quantity in the NA group compared to in the CON group
at d21 (P = 0.091) (Fig. 9). In the LCap group, the relative quantities were higher at d1 (P =
0.042) and d21 (P = 0.003) compared to d-42, whereas in the HCap group the relative quantity at
d1 (P = 0.011) only was higher than at d-42. At d21 the relative quantity in the LCap group was
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higher than in the HCap group (P = 0.023) (Fig. 9). In Period 2, the HGO was affected by d and
NA × concentrate × d interaction (P = 0.017). The HGO at d100 was higher than at d21 in general
(P < 0.001), however, when it was observed separately in each group, the differences were
significant in HCap-CON (P < 0.001) and in LCap-NA (P = 0.0024) only (Fig. 7). At d100 the
HGO in HCap-CON tended to be higher than that in HCap-NA (P = 0.074). The glycogen
concentration was higher at d100 compared to d21 (P < 0.001). The TAG concentration was
lower at d100 than d21 (P < 0.001). The relative quantity of CPT1A mRNA was lower at d100
compared to d21 (P < 0.001). This down-regulation was highly significant in the NA group (P <
0.001) only, and at d100 the relative quantity was lower in the NA group compared to the CON
group (Fig. 9). The down-regulation from d21 to d100 was also highly significant in the LCap
group (P < 0.001), and there was a trend for lower relative quantity in the LCap group compared
to the HCap group at d100 (P = 0.057) (Fig. 9).
Table 10. Effects of diet on in vitro hepatic glucose output (HGO) and concentration of triacylglyceride (TAG)
and glycogen in liver in Period 1
LSM
Type 3 test
LCapHCap- LCap- HCapd
d
N d×N C d×C N×C d×N×C
CON
CON
NA
NA
-42
2.31
2.11
2.02
2.06
HGO
< 0.001 0.10 0.15 0.28 0.032 0.39 0.90
(mg/g liver/30 min) 1
1.41
1.92+
0.90
1.47+
21
1.49
1.25
1.38
1.44
SEM
0.21
0.17
0.22
0.17
Glycogen
(mg/g liver)

-42
1
21
SEM

12.4
4.81
6.70
1.63

16.1
3.62
4.19
1.42

12.5
3.20
5.75
1.79

14.7
5.15
6.93
1.41

< 0.001

0.95 0.78 0.35 0.24 0.32

0.45

TAG
(µmol/g liver)

-42
1
21
SEM

0.65
15.5
28.0
13.19

4.53
20.3
49.6
11.42

0.92
32.0
62.6
14.45

1.44
55.3
58.0
11.42

< 0.001

0.04 0.27 0.26 0.80 0.80

0.47

-42
0.79
0.98
0.89
0.83
0.92 0.031 0.60 0.015 0.27 0.27
0.001
1
1.30
1.40
1.00
1.23
21
1.10
0.98
1.61
1.02
SEM
0.14
0.14
0.13
0.12
LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6): “CON or NA”: dietary supplement of
nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of concentrate proportion in the diet
from d-42 to d0, increase of concentrate proportion in the diet after calving from 30% to 50% within 16 or 24 days.
d: days related to calving, N: dietary supplement of nicotinic acid, C: concentrate proportion in the diet, d×N, d×C,
N×C, d×N×C: interaction effects of d, N, C. LSM: least squares means, SEM: pooled standard error of mean,
CPT1A: carnitine palmitoyltransferase 1A, + : the LSM in LCap groups (n = 10) was significantly different from
LSM in HCap groups (n = 11) at the same sampling day (P < 0.05)
CPT1A mRNA
(relative quantity)
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Fig. 7. Effects of concentrate proportion in the diet (A) and effects of nicotinic acid supplementation and
concentrate proportion in the diet (B, C) on the hepatic glucose output (HGO) in ex vivo condition in dairy
cows in Period 1 (A, B) and 2 (C). LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6):
“CON or NA”: dietary supplement of nicotinic acid (NA, 0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or
60% of concentrate proportions in the diet from d-42 to d0, increase of concentrate proportions in the diet after
calving from 30% to 50% within 16 or 24 days. Data are presented in least squares means + standard error. d: days
related to calving, a, b: the different lower case letters indicate significant differences between the sampling days
within the experimental group (P < 0.05). *: significant difference between the experimental groups at a sampling
day at P<0.05. Effect of time × concentrate: P = 0.032 in period 1 (A), Effect of time × concentrate × nicotinic acid:
P = 0.017 in Period 2 (C)

Fig. 8. Effects of nicotinic acid supplementation on the triacylglyceride (TAG) concentration in the liver in
dairy cows in Period 1
“CON (n = 10) or NA (n = 11)”: dietary supplement of nicotinic acid (0 or 24 g/d) from d-42 to d24, d: days related
to calving, data are presented in least squares means + standard error. Effect of nicotinic acid: P = 0.04
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Table 11. Effects of diet on in vitro hepatic glucose output (HGO) and concentration of triacylglyceride (TAG)
and glycogen in liver in dairy cows in Period 2
LSM
Type 3 test
LCap- HCap- LCap- HCapd
d
N
d×N
C d×C N×C d×N×C
CON
CON
NA
NA
21
1.49
1.35a
1.34a
1.37
0.84
0.72 0.83 0.17 0.017
HGO
< 0.001 0.60
(mg/g liver/30 min) 100
1.81
2.17b
2.15b
1.76
SEM 0.15
0.12
0.15
0.12
Glycogen
(mg/g liver)

21
100
SEM

5.75
11.0
1.15

5.73
11.5
1.00

5.48
10.9
1.27

6.27
10.5
1.02

< 0.001

0.79

0.66

0.80 0.82 0.98

0.59

TAG
(µmol/g liver)

21
100
SEM

28.0
0.22
12.9

49.6
1.17
11.2

62.5
7.60
14.1

58.0
3.87
11.2

< 0.001

0.13

0.36

0.69 0.57 0.38

0.55

21
1.11
1.13
1.35
1.09
< 0.001 0.017 < 0.001 0.53 0.009 0.77 0.053
100
1.08
1.18
0.55
0.85
SEM 0.09
0.09
0.10
0.08
LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6): “CON or NA”: dietary supplement of
nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of concentrate proportions in the diet
from d-42 to d0, increase of concentrate proportions in the diet after calving from 30% to 50% within 16 or 24 days.
d: days related to calving, N: dietary supplement of nicotinic acid, C: concentrate proportion in the diet, d×N, d×C,
N×C, d×N×C: interaction effects of d, N, C, CPT1A: carnitine palmitoyltransferase 1A, LSM: least squares means,
SEM: pooled standard error of mean, a, b: the LSM with different lower case letters were significantly different
between the sampling days within the experimental group (P < 0.05).
CPT1A mRNA
(relative quantity)

Fig. 9. Effects of nicotinic acid (A, C) or concentrate proportions in the diet (B, D) on the mRNA expression of
CPT1A in the liver in Period 1 (A, B) and 2 (C, D). “CON (n = 10) or NA (n = 11)”: dietary supplement of
nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap (n = 10) or HCap (n = 11)”: 30% or 60% of concentrate
proportions in the diet from d-42 to d0, increase of concentrate proportions in the diet after calving from 30% to 50%
within 16 or 24 days. d: days related to calving, CPT1A: carnitine palmitoyltransferase 1A, data are presented in
least squares means + standard error. a, b: different lower case letters indicate significant differences between the
sampling days within a group (P < 0.05). P values above the bar plot indicate the results of t-tests for the differences
between the groups within a day
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4.3.2.3. Correlation analysis
a. Correlations between HGO and hepatic concentrations of glycogen, and other variables
measured in blood (NEFA and insulin), liver (TAG), and in vivo (milk yield, FCM, DMI, and
EB)
The results of the analysis over the whole experimental period using the data from d-42
to d100 (n = 84) are presented in Table 12a. In the analyses at each sampling day, at d-42, HGO
negatively correlated with IRA mRNA expression (-0.58, P = 0.005). At d1, HGO correlated
positively with SLC2A2 mRNA expression (0.55, P = 0.02), hepatic glycogen concentration (0.7,
P < 0.001), and negatively with PC mRNA expression (-0.48, P = 0.028), hepatic TAG
concentration (-0.46, P = 0.042). At d21, HGO positively correlated with hepatic glycogen
concentration (0.57, P = 0.009) and negatively correlated with hepatic TAG concentration (-0.48,
P = 0.037), mRNA expression of IRA (-0.47, P = 0.035), and blood NEFA concentration (-0.48,
P = 0.030). Hepatic glycogen concentration correlated positively with insulin (0.47, P = 0.031),
DMI (0.48, P = 0.026) and negatively with PC mRNA expression (-0.44, P = 0.047), hepatic
TAG concentration (-0.47, P = 0.033), and blood NEFA concentration (-0.67, P < 0.001). At
d100 HGO correlated negatively with G6P mRNA expression (-0.46, P = 0.036) and positively
with energy balance (0.530, P = 0.028). The hepatic glycogen concentration correlated
negatively with CPT1A mRNA expression (-0.53, P = 0.014) and positively with SLC2A2
mRNA expression (0.54, P = 0.012).
b. Correlations between CPT1A mRNA and hepatic TAG concentrations, and other variables
measured in blood (NEFA and insulin), liver (HGO, glycogen) and in vivo (milk yield, FCM,
DMI, and EB)
The results of the analysis over the whole experimental period using the data from d-42
to d100 (n = 84) are presented in Table 12b and the results of the analysis for the positive
correlation found between CPT1A mRNA expression and other variables at each sampling day
are shown in Table 12c. At d100 CPT1A mRNA expression correlated negatively with hepatic
glycogen concentration (shown in a). The hepatic TAG concentration correlated positively with
insulin at d-42 (0.45, P = 0.040), and negatively with HGO at d1 (shown in b). It correlated
negatively with the hepatic glycogen concentration at d21 (shown in a) and energy balance (0.53, P = 0.02) and positively with NEFA (0.54, P = 0.012).
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c. Correlations between FoxO1-related variables measured in topic 2 (tFoxO1, pFoxO1, rFoxO1,
pFo/tFo) and HGO, hepatic concentrations of glycogen, TAG, and CPT1A mRNA
In the analysis over the whole experimental period using the data from d-42 to d100 (n
= 84), rFoxO1 correlated positively with CPT1A mRNA expression (0.31, P = 0.049).
At d-42, tFoxO1 positively correlated with hepatic glycogen concentration (0.45, P = 0.047), and
pFoxO1 negatively correlated with HGO (-0.45, P = 0.039). At d1, the tFoxO1 negatively
correlated with HGO (-0.48, P = 0.029). The pFoxO1 negatively correlated with mRNA
expression of CPT1A (-0.44, P = 0.047). The ratio of pFoxO1/tFoxO1 positively correlated
with HGO (0.51, P = 0.017) and hepatic Glycogen concentration (0.6, P = 0.0034). At d21
pFoxO1 positively correlated with the hepatic concentration of glycogen (0.48, P = 0.026) and
negatively with TAG (-0.44, P = 0.045). At d100 no significant correlation was found.
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Table 12a-c. Results of correlation analysis for HGO (a) and for hepatic CPT1A mRNA expression over the
whole experimental period, and for hepatic CPT1A mRNA expression at each sampling day
a. Variables correlated with HGO and glycogen over the whole experimental period (n = 84)
Whole period
Positive
Negative
HGO
SLC2A2 (0.35, P = 0.001) CPT1A (-0.23, P = 0.035)
glycogen (0.52, P < 0.001) IRA (-0.48, P < 0.001)
Liver
PC (-0.52, P < 0.001)
TAG (-0.46, P < 0.001)
Blood
NEFA (-0.4, P = 0.006)
DMI (0.25, P = 0.02)
in vivo
EB (0.51, P < 0.001)
Glycogen
SLC2A2 (0.32, P = 0.003) CPT1A (-0.37, P < 0.001)
PCCA (0.26, P = 0.017)
IRA (-0.35, P = 0.001)
Liver
HGO (0.52, P < 0.001)
PC (-0.61, P < 0.001)
TAG (-0.41, P < 0.001)
Blood
Insulin (0.31, P = 0.004) NEFA (-0.44, P < 0.001)
MY (0.32, P = 0.013)
in vivo
DMI (0.42, P < 0.001)
EB (0.72, P < 0.001)
b. Variables correlated with CPT1A and TAG in the analysis over the whole experimental period
Whole period (n = 84)
Positive
Negative
CPT1A
G6P (0.28, P = 0.009)
glycogen (-0.37, P < 0.001)
IRA (0.49, P < 0.001)
HGO (-0.23, P = 0.035)
IRB (0.54, P < 0.001)
Liver
PC (0.48, P < 0.001)
PCK1 (0.42, P < 0.001)
PYGL (0.23, P = 0.032)
TAG (0.37, P < 0.001)
Blood
NEFA (0.56, P < 0.001)
DMI (-0.26, P = 0.019)
in vivo
EB (-0.39, P < 0.001)
TAG
CPT1A (0.37, P < 0.001)
SLC2A2 (-0.23, P = 0.031)
Liver
IRA (0.34, P = 0.001)
glycogen (-0.41, P < 0.001)
PC (0.47, P < 0.001)
HGO (-0.48, P < 0.001)
NEFA (0.37, P < 0.001)
Blood
FCM (0.30, P = 0.02)
DMI (-0.22, P = 0.04)
in vivo
EB (-0.50, P < 0.001)
c. Variables correlated positively with hepatic CPT1A mRNA expression at each sampling day (n = 21)
CPT1A
d-42
d1
d21
d100

Liver

Blood

G6P (0.61 P = 0.004)
SLC2A2 (0.54, P = 0.012)
IRB (0.77, P < 0.001)
PCCA (0.63, P = 0.002)
PCK1 (0.64, P = 0.002)
PYGL (0.54, P = 0.011)
Insulin (0.49, P = 0.025)

G6P (0.52, P = 0.016)
IRB (0.62, P = 0.003)
PCK1 (0.43, P = 0.050)

NEFA (0.58, P = 0.006)
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G6P (0.51, P = 0.018)
IRA (0.45, P = 0.040)
SLC2A2 (0.50, P = 0.022) PCK1 (0.54, P = 0.012)
IRB (0.55, P = 0.010)
PCK1 (0.48, P = 0.029)

The variables other than NEFA, insulin, DMI, MY, FCM, TAG, glycogen, HGO, and EB were measured on the level
of mRNA expression. PCCA: propionyl CoA carboxylase A, PC: pyruvate carboxylase, PCK1: cytosolic
phosphoenolpyruvate carboxykinase, G6P: glucose-6-phosphatase, SLC2A2: glucose transporter 2, IRA, IRB:
insulin receptor isoform A and B, PYGL: glycogen phosphorylase, liver form, DMI: dry matter intake, NEFA: serum
concentration of non-esterified fatty acid, Insulin: insulin serum concentration, MY: milk yield, FCM: fat corrected
milk yield, HGO: hepatic glucose output, TAG: triacylglyceride concentration in the liver, glycogen: glycogen
concentration in the liver, EB: energy balance

4.3.3. Discussion
The results in Topic 2 indicated that NA supplementation led to a higher mRNA
expression of genes associated with hepatic glucose production at d21. However, it was not clear
whether the detected up-regulation of mRNA reflected the increased capacity of glucose
production of hepatic tissues. Moreover, this up-regulation was not closely associated with the
expression of transcription factor FoxO1. Therefore, in this study, a simple assay for the
quantification of HGO in ex vivo conditions was established to examine to what extent the results
in the structural assays reflect the functionality of hepatic tissues. Moreover, the concentration of
TAG and the mRNA expression of CPT1A in the liver were measured to examine the association
between glucose production and fatty acid metabolism in the liver in dairy cows in transition
period as affected by feeding regimen. The time-related changes of the ex vivo HGO were not
similar to those of the in vivo measured HGO in the previous studies, so that the ex vivo HGO
measured in this study appeared to be not suitable as an indicator for the functional ability of
hepatic tissues for glucose production measured in vivo. However, the measured ex vivo HGO
was affected by time and diet and was associated with several other measured variables. As for
fatty acid metabolism, NA supplementation led to higher TAG concentration in the liver. The
effects of time and diet found on the hepatic CPT1A mRNA expression corresponded to those
found on the genes associated with hepatic glucose production. Moreover, CPT1A mRNA
expression positively correlated with variables measured as indicators of hepatic glucose
production.
4.3.3.1. The assay for the quantification of ex vivo HGO
The ex vivo HGO was measured to quantify the functional ability of glucose production of
hepatic tissues in ex vivo conditions. Since the glucose concentrations of hepatic tissue was
negligible, in this assay, the measured glucose originated from both gluconeogenesis and
glycogenolysis. However, it was impossible to estimate the proportion of the glucose originated
from glyocogenolysis in the total HGO. The absolute amount of glucose output measured in this
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study, 1.74 mg/g wet weight liver per 30 min, was less than the glucose output measured in vivo,
but higher than the amount of the glucose converted from propionate measured by incubating the
liver biopsy under the comparable condition using C14-propionate (0.1 - 0.3 mg/g/30min)
(Williams et al., 2006; Mehyar, 2011) in dairy cows (data was converted under the assumption of
an intact liver of 10 kg containing 9.4 g DNA). Therefore it appeared that the HGO measured in
ex vivo conditions was generally not the same as that in vivo. Highly significant positive
correlations between ex vivo HGO and hepatic glycogen concentrations were found at d1 and d21
only, where the glycogen content was < 5 mg/g wet weight liver. No correlation was found using
the data at d-42 and d100, when the glycogen value was > 5 mg/g liver. The differences in
correlation patterns depending on the glycogen content in the liver could imply that the measured
ex vivo HGO was affected not only by hepatic glycogen concentration, but also by other factors.
To further characterize the measured HGO, the obtained data was analyzed for the effects
of time and diet as well as for the association with other related variables. As for the time effect,
the significant lower HGO at d21 and d1 in the current study was opposite to the expectation
based on the previous study. Reynolds et al. (2003) showed that the in vivo HGO in cows was
about 2.9 and 7.0 mg/g liver/30min at d-9 and d21, respectively. Accordingly, Mehyar (2011)
reported, by incubating the liver biopsy under the similar condition to the current study, that ex
vivo HGO in cows were about 0.1 and 0.2 mg/g liver/30min at d-4 and d9, respectively (data
converted under the assumption of the wet weight of an intact liver of 10 kg containing 9.4 g
DNA) (Tables 1 and 2). On the contrary, the ex vivo HGO in the current study was about 2.0
mg/g liver/30 min at d-42 and reduced to about 1.4 mg/g liver/30 min at d1 and d21. Possible
explanations for the differences of the results were the differences in assay methods and those in
sampling time points. The glucose measured in the current study appeared to be from both
gluconeogenesis and glycogenolysis, while only the amount of glucose synthesized from
propionate or lactate was measured using isotope-labeled gluconeogenic substrates in the
previous studies (Williams et al., 2006; Mehyar, 2011). It could be also possible that the liver at
d-42, the first sampling day, was still active in gluconeogenesis, since the cows in this study were
dried off at d-56. Furthermore, after parturition, the volume of the blood flowing into the liver
will be twice as much (Reynolds et al., 2003). Therefore it is also likely that the increase of
substrate supply accounted for the increase of in vivo HGO rather than the increase of the
capacity of glucose production of hepatic tissues, as discussed also by Faulkner and Pollock
(1991) in an in vitro study and Larsen and Kristensen (2009) in an in vivo study.
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Regarding the effects of the diet on HGO, the decrease in HGO from d-42 to d1 in the
HCap group was to a smaller extent compared with that in the LCap group (Fig. 7). Since the
cows in the HCap group received diet with high concentrate proportions until the previous day,
the amount of propionate absorbed and used as hepatic gluconeogenesis and/or the activities and
amounts of gluconeogenic enzymes were probably still higher than the other group at d1,
although they received a diet with the same concentrate proportions. In Period 2, only the HGO
in HCap-CON and LCap-NA was significantly higher at d100 compared to at d21. However, the
reason for this interaction effect was unknown.
The pattern of correlations found in the correlation analysis over the whole experimental
period indicated that the dynamic changes of ex vivo HGO measured in this study over the whole
transition period is strongly positively associated with those in the energy balance of cows.
Observing the correlations at each sampling day, all the detected correlations indicated that the
measured HGO probably reflected the status of energy metabolism in the hepatic tissue.
Correlations were found more frequently at d1 and d21, where the results demonstrated that the
cows with higher HGO showed higher hepatic glycogen reserve, lower blood NEFA as well as
hepatic TAG concentration and lower PC mRNA expression. These results together with the
positive correlation with energy balance at d100 could suggest that HGO reflected small
differences of energy balance between the individuals not only in the phase of negative energy
balance, but also in the phase where the energy balance recovered to 0. Interestingly, IRA
correlated negatively with HGO repeatedly at d-42 and d21. However, whether mRNA
expression of insulin receptor negatively reflects energy balance of cows not only in the
homoeorhetic (Gross et al., 2009; Zachut et al., 2013), but also in the homoeostatic regulation is
unknown. The positive correlation between SLC2A2 mRNA and HGO at d1 corresponded to the
concentrate × d interaction effect found in both of them. The regulation of SLC2A2 expression in
dairy cows is not well known. The results could suggest the possibility that the stimulating effect
of glucose on SLC2A2 mRNA expression reported in monogastric animals also existed in dairy
cows at d1 (Im et al., 2005). The fact that only negative correlations, but no positive correlations
between HGO and mRNA expression of gluconeogenic enzymes were found could imply that
HGO probably did not directly reflect the ability of glucose production in hepatic tissue.
In summary, the measured ex vivo HGO appeared to include the glucose from
glycogenolysis and gluconeogenesis and to reflect not only the dynamic changes of energy
balance over the transition period but also the small differences of energy balance between
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individuals at each sampling day. The time-related changes of the measured ex vivo HGO were
not similar to those of in vivo HGO. Further study is needed to improve the method used as the
model for the quantification of hepatic glucose production.
4.3.3.2. Effects of time and diet on fatty acid metabolism in the liver
As expected, the expression of CPT1A mRNA and TAG concentration in the liver were
higher at d1 and d21 compared to at d-42 and d100. The up-regulation of CPT1A as well as TAG
accumulation in the liver in the early lactation period were due to increased NEFA flow into the
liver caused by the negative energy balance, and was observed previously (Loor et al., 2005;
Schlegel et al., 2012; Weber et al., 2013). This was further confirmed by the cross-linked positive
correlations between TAG, NEFA, IRA, and CPT1A as well as the negative correlation between
DMI, energy balance, CPT1A, and TAG in the analysis over the whole experimental period. The
cows in the NA group showed delayed up-regulation of CPT1A after calving at d21. The effects
of time and diet found in CPT1A mRNA expression were similar to those found on mRNA
expression of genes associated with hepatic glucose production, especially in SLC2A2 and G6P
and IRB, supporting the hypothesis that fatty acid oxidation promotes the hepatic
gluconeogenesis.
The TAG concentration in the liver was higher in the NA group. In previous studies, dietary
NA supplementation had no effects (Minor et al., 1998; Morey et al., 2011; Yuan et al., 2012) or a
trend of increasing effect (Skaar et al., 1989; Grum et al., 2002) on the hepatic TAG concentration
in pluriparous dairy cows at a dose of 12 g/day. As for the latter case, however, the authors
discussed that the effect was most likely due to the numerically higher NEFA concentration in the
blood in NA-supplemented cows in both studies (Skaar et al., 1989; Grum et al., 2002). In this
study, the blood NEFA concentration and therefore, the amount of fatty acid, which went into the
liver, did not differ between the groups. Therefore, the higher TAG accumulation in the NA group
could be caused by lower capacity for fatty acid oxidation, or by a higher rate of re-esterification
in the NA group. The lower capacity of fatty acid oxidation was probably partly due to the lower
activity as well as expression of CPT1A at d1, because the concentration insulin, which activates
the enzymes required for the re-esterification and inhibits the activity of CPT1A (Hayirli, 2006),
was significantly higher in the NA group during the Period 1 by an unknown mechanism. Another
explanation was the anti-lipolytic effect of NA, because in bovine liver a substantial amount of
nicotinic acid receptor expression was found (Titgemeyer et al., 2011a).
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4.3.3.3. Associations between fatty acid metabolism and glucose production in the liver

It was hypothesized that fatty acid oxidation promotes the hepatic gluconeogenesis,
because acetyl-CoA, an end product of fatty acid oxidation, activates PC, one of the key enzymes
in hepatic gluconeogenesis (Aschenbach et al., 2010), and it supplies the energy required for
gluconeogenesis (Vernon, 2005). This hypothesis was confirmed by the repeatedly observed
positive correlation between the mRNA expression of CPT1A and that of gluconeogenic
enzymes, especially G6P (d-42, d1, d21) and PCK1 (d-42, d1, d21, d100). Interestingly, the
unexplainable interaction effect observed on G6P mRNA expression with especially higher upregulation in the LCap-NA group at d21 was quite similar to the dietary effect observed in
CPT1A mRNA expression (Fig. 10). At d-42, CPT1A correlated with most of the investigated
gluconeogenic enzymes and also insulin, which suppress the activity of CPT1A (Hayirli, 2006).
These results could indicate that the role of CPT1A supporting the gluconeogenesis was more
dominant than the suppressive effect of insulin on CPT1A. The CPT1A mRNA expression and ex
vivo HGO measured in this study correlated negatively only in the analysis over the whole
experimental period, indicating that HGO rather reflects the status of energy metabolism in the
liver. TAG concentration in the liver correlated negatively with ex vivo HGO, but did not
correlate with mRNA expression of gluconeogenic enzymes. This indicated that the higher TAG
concentration did not inhibit the up-regulation of genes associated with glucose production. The
result that hepatic gluconeogenesis was not negatively affected by that TAG accumulation was
observed also previously in the level of protein expression (Sejersen et al., 2012).

Fig. 10. Comparison of effects of diet and time on the mRNA expression of CPT1A (left) and G6P (right) in
the liver in dairy cows in Period 1. LCap-CON (n = 5), HCap-CON (n = 5), LCap-NA (n = 5), HCap-NA (n = 6):
“CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”: 30% or 60% of
concentrate proportions in the diet from d-42 to d0, increase of concentrate proportion in the diet after calving from
30% to 50% within 16 or 24 days. Data are presented in least squares means + standard error. CPT1A: carnitine
parmitoyl transferase 1A, G6P: glucose-6-phosphatase, d: days related to calving, a, b: the different lower case letters
indicate significant differences between the sampling days within the experimental group (P < 0.05). **: significant
difference between the experimental groups on a day (P < 0.01). Effect of time × concentrate × nicotinic acid: P =
0.016 in G6P
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4.3.4. Conclusion
The time-related changes of the measured ex vivo HGO were not similar to those of HGO
observed in vivo reported in the previous studies, and, therefore, was not suitable as an indicator
for the functional ability of hepatic tissues for glucose production. However, it appeared to be
associated with the status of energy metabolism in the liver. The NA-supplemented cows had a
higher hepatic TAG concentration, probably due to the higher insulin concentration before
calving and the anti-lipolytic effect of NA. Fatty acid oxidation was positively associated with
hepatic gluconeogenesis, and this association was dominant especially at d-42.
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5. General discussion
5.1. Associations between the data obtained in hepatic tissues and those in in vivo
The overall goal of this study was to investigate the effects of NA supplementation on
hepatic glucose metabolism in dairy cows in transition period fed with a diet with high or low
concentrate proportions. The NA supplement led to lower protein expression of GLUT2 at d21
relative to d-21 in project 1. In project 2, the mRNA expression was lower at d1 in SLC2A2
(GLUT2) and IRB and higher in G6P, PCCA, and SLC2A2 at d21 in NA-supplemented cows.
However, the impact of the effects of NA supplementation detected in the liver in whole body
energy metabolism was unknown, because in both of the studies no obvious data were obtained
which indicated that the in vivo hepatic glucose production was affected by NA supplementation
under a high or a low concentrate proportion. Furthermore, although the concentration of
nicotinamide, a metabolite of NA, was significantly higher in the cows in the NA group, the NA
concentration in the blood was under the detection limit, and no effect on the blood metabolites
and milk performance were found (Tienken et al., 2015) (supporting information S.Fig. 1).
However, in monogastric species, NA is shown to have not only anti-lipolytic effects, but also a
wide variety of other effects (Kang et al., 2011). Oral application of NA at a dose of about 30 mg
/kg per day altered expression of mRNA and protein of genes involved in fatty acid oxidation in
pigs and ruminating sheep without changing the NEFA concentration in sheep and pigs (Khan et
al., 2013a; b). Therefore, the lack of NA effects in blood metabolites or milk production
performance could not be a reason for the lack of NA effect on the other organs.
5.2. Insulin signaling as a possible target of NA effects
Based on the literature (Choi et al., 2011), in this study, it was hypothesized that NA
affects hepatic glucose metabolism by interacting with insulin signaling.
In project 1, INSR and PI3K were measured as key molecules at the beginning of insulin
signaling. In project 2, in addition to mRNA expression of IRA and IRB, FoxO1 was investigated
as one of the main targets of insulin signaling and a major mediator of insulin-induced
suppressive effect on gluconeogenesis on the transcriptional, translational, and post-translational
levels. Down-regulating effects of NA were observed on the protein expression of PI3K and
GLUT2 at d21 relative to at d-21 measured in project 1 as well as on the mRNA expression of
IRB and SLC2A2 at d1. At d21, moreover, both IRB and SLC2A2 mRNA expression were upregulated by NA in project 2. On the measured variables of FoxO1, no corresponding time or NA
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effects were found. Nevertheless, several significant correlations were detected between FoxO1related variables and mRNA expression of downstream genes G6P (d21) and PCK1 (d100),
which were significantly affected by NA. It should be taken into account that conditions of the
experiments in both projects were different. However, the results from both projects could imply
that: 1. NA might affect the insulin signaling on the levels of transcription, translation and posttranslation, which could further influence the hepatic glucose production in dairy cows in
transition period; and, however, 2. the regulation mechanism of hepatic glucose production
through insulin signaling is highly complex and is probably less dominant in transition period.
Further studies are needed to clarify the associations between the effects of NA on insulin
signaling and those on hepatic glucose production in dairy cows.
5.3. Influences of concentrate proportions on NA action
Two different levels of concentrate proportions were set to induce mild and severe
negative energy balance and thereby lipomobilization. Under these study designs, it was expected
that the anti-lipolytic effect of NA could be observed more evidently in the cows under a diet to
induce the enhanced lipomobilization. However, in both studies, no obvious effect of concentrate
proportions on the status of energy metabolism was found on the levels of blood metabolites.
Accordingly, no NA × concentrate interaction effect was observed in most of the measured
variables. The mechanisms for the NA × concentrate × d interaction effects found on serum
insulin concentration, total FoxO1 protein expression and mRNA expression of G6P and CPT1A
in project 2 were unknown. One possible explanation is additive effects of NA and concentrate
enhancing the propionate concentration in the rumen, as already discussed in Topic 2. The
increased ruminal absorption of propionate influenced the levels of insulin, which induced further
changes in downstream metabolic pathways through several mechanisms, resulting in significant
interaction effects of NA × concentrate × d.
5.4. GLUT2 and ex vivo HGO as a possible indicator for hepatic glucose metabolism, but
not for hepatic glucose output
In this study the protein and mRNA expression of GLUT2 (SLC2A2) and ex vivo HGO
were measured, because they were expected to reflect the capacity for hepatic glucose output of
hepatic tissues in in vivo conditions. However, none of the measured variables were significantly
higher after calving compared with before calving and thereby appeared to be not useful as
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indicators for the in vivo hepatic glucose output. It is very likely that the increase of blood flow
after calving have a larger impact on hepatic glucose output than the alterations of capacities of
individual hepatocytes, as concluded by Faulkner and Pollock (1991) who measured the glucose
production in hepatocytes from lactating and non-lactating sheep, as already mentioned in Topic
3. However, interestingly, GLUT2 expression was affected by NA supplementation in both
project 1 and project 2, where NA treatment for 3 or 6 weeks led to down-regulations of GLUT2.
Moreover, in project 2, GLUT2 (SLC2A2) mRNA expression correlated significantly with HGO
at d1, which was also slightly affected by NA (P = 0.1) due to lower levels of HGO in the NA
group especially at d1. Here again, the results should be interpreted carefully because of the
differences of experimental conditions. However, the results could suggest the possibility that
mRNA and protein expression of GLUT2 and ex vivo HGO reflected a part of the status of
energy metabolism of hepatocytes in ex vivo condition.
5.5. Possible mechanism for the effects of NA on the expression of mRNA and protein
In both project 1 and 2, significant effects of NA supplementation were found on the
levels of protein or mRNA, although no effects were detected in most of the measured blood
metabolites as well as variables measured in vivo (DMI, energy balance, and milk production).
Moreover, in the analysis of blood samples, only nicotinamide, but not NA, could be detected
(Tienken et al., 2015). After the absorption in the gastrointestinal tract, NA will be converted into
NAD in the liver and released in the form of nicotinamide, while a minor part of nicotinic acid
will leave the liver without being converted (reviewed by Niehoff et al., 2009 a). Since liver is
the first-pass organ of absorbed NA, the lack of the lipid-lowering effects of NA might be
explained by only NA, but not nicotinamide acted as an agonist of NA receptor on adipose tissues
(GPR109A) (Wise et al., 2003; Kenéz et al., 2014). The mechanisms for the observed NA effects
on hepatic protein and mRNA expression of investigated genes were unknown. Kang et al.
(2011) proposed based on studies in monogastric species, that NA could modify the gene
expression by changing the profiles of blood metabolites, by the interaction with NA receptor,
and by activating FoxO1. Considering the second pathway, it could be possible that the higher
blood concentration of glucose in project 1 as well as that of insulin in project 2 were a part of the
mechanisms of NA action on gene expression. Regarding the last pathway, in bovine liver, a
substantial amount of the NA receptor expression was found (Titgemeyer et al., 2011a).
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Therefore, it might be also possible that a part of the NA-induced modification of mRNA
expression in the current study occurred through the activating NA receptors.
5.6. Associations between FoxO1-related variables and HGO, hepatic glycogen, and TAG
concentration as well as CPT1A mRNA expression
The analysis for the correlation between FoxO1-related variables and the variables
measured in Topic 3 was performed to further characterize the role of FoxO1 protein in the liver
in dairy cows (Fig. 11). The positive correlation between CPT1A mRNA expression and rFoxO1
found in the analysis over the whole experimental period indicated that the FoxO1 was upregulated when the cows were in the catabolic status on the levels of homeorhetic regulation, and
was in accordance with the other correlation found in Topic 2. In the analysis at each sampling
day, in contrast to the results presented in Topic 2, significant correlations of FoxO1-related
variables were found also at d-42 and d1. The correlations found at d1 and d21 in Topic 3 could
be interpreted so that the metabolic stand causing relatively higher glycogen, ex vivo HGO as
well as relatively lower TAG in the liver, led to increased phosphorylation and reduced total
protein expression of FoxO1 (Strang et al., 1998). This was in accordance with the interpretation
for other correlations at d21 presented in Topic 2; cows in a metabolic status, which caused the
relatively higher amount of glucose production, had increased phosphorylation of FoxO1. On the
other hand, the negative HGO – pFoxO1/tFoxO1 correlation at d-42 could indicate that there was
a mechanism for FoxO1-mediated suppression of gluconeogenesis by insulin. A similar
interpretation was also applied to the results of correlation analysis at d100 in Topic 2. The
differences between the opposite characteristics of the results at d1 and 21 and that of the results
at d-42 and d100 could be due to the differences of metabolic status of cows. It is likely that
FoxO1-mediated suppression of gluconeogenesis by insulin becomes a less dominant
concomitant with the decrease in systemic insulin sensitivity in the period of early lactation
(Ingvartsen, 2006).
5.7. Final conclusion
Dietary NA supplements altered the expression of the genes associated with glucose
metabolism in the liver on the transcriptional, translational, and post-translational levels in dairy
cows in transition period. However, the physiological impact of NA effects in whole body
metabolism appeared to be small. Different concentrate proportions in the diet had little effect on
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the effects of NA supplementation. The results indicated that the regulation mechanism of the
FoxO1-mediated suppressive of insulin on the hepatic glucose production might exist also in
dairy cows, however, that it appeared to be generally less dominant, and had no impact during the
three weeks after calving, at least on the levels of mRNA, protein expression, and
phosphorylation. On the other hand, the effects of NA supplementation on hepatic mRNA
expression of CPT1A corresponded to those of the mRNA expression of gluconeogenic enzymes.
This, together with the results of correlation analysis, indicated the promoting effects of fatty acid
oxidation on gluconeogenesis and also the possibility of a pathway of NA action on hepatic
glucose metabolism through affecting the fatty acid oxidation. NA supplementation led to higher
TAG concentration in the liver at d1 and d21, probably due to the delayed up-regulation of
CPT1A and the increased re-esterification rate caused by higher insulin concentration during the
high pregnancy period with unknown mechanisms. However, higher TAG did not have negative
effects on the up-regulations of gluconeogenic enzymes. The ex vivo HGO measured in the
current study was not useful as an indicator for the capacity of in vivo hepatic glucose production,
although it appeared to reflect the metabolic status of hepatic tissues to some extent.
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Fig. 11. Comparisons of the correlations found in early lactation (A, B) and high pregnancy and mid-lactation (C, D) period. To demonstrate correlations
graphically, the scheme was adapted to a scheme published by Aschenbach et al. (2010). Pearson’s correlation analyses were performed using the data set from d1, (A),
d21 (B), d-42 (C) and d100 (D) (N = 21 for each). Variables with positive correlations were connected by green solid lines (▬) and those with negative correlations by
red dotted lines (•••) at the level of significance of P < 0.05. The metabolites connected by black arrows show the representative metabolic pathways related to
gluconeogenesis. The variables other than TAG, glycogen, HGO, FoxO1, NEFA, insulin, and DMI were measured on the level of mRNA expression. TAG: hepatic
triacylglyceride concentration, Glycogen: hepatic glycogen concentration, HGO: hepatic glucose output measured in ex vivo conditions, FoxO1: forkhead box protein
O1, rFoxO1: mRNA expression of FoxO1, ptFoxO1: total protein expression of FoxO1, ppFoxO1: extent of phosphorylation of FoxO1 at serine 256, ppFo/ptFo:
ppFoxO1-to-ptFoxO1 ratio, rPCCA: propionyl CoA carboxylase A, rPC: pyruvate carboxylase, rPCK1: cytosolic phosphoenolpyruvate carboxykinase, rG6P: glucose6-phosphatase, rSLC2A2: glucose transporter 2, rIRA, rIRB: insulin receptor isoform A and B, rPYGL: glycogen phosphorylase, liver form, DMI: dry matter intake,
NEFA: serum concentration of non-esterified fatty acid, Insulin: insulin serum concentration OAA: oxaloacetate, PEP: phosphoenolpyruvate, Glucose-6-P: glucose-6phosphate

66

6. List of references
Agca, C., R.B. Greenfield, J.R. Hartwell, and S.S. Donkin. 2002. Cloning and characterization of bovine
cytosolic and mitochondrial PEPCK during transition to lactation. Physiol. Genomics. 11:53–63.
doi:10.1152/physiolgenomics.00108.2001.
Aiello, R.J., and L.E. Armentano. 1988. Fatty acid effects on gluconeogenesis in goat, calf and guinea pig
hepatocytes. Comp. Biochem. Physiol. B. 91:339–344.
Akbar, H., M. Bionaz, D.B. Carlson, S.L. Rodriguez-Zas, R.E. Everts, H.A. Lewin, J.K. Drackley, and J.J.
Loor. 2013. Feed restriction, but not l-carnitine infusion, alters the liver transcriptome by
inhibiting sterol synthesis and mitochondrial oxidative phosphorylation and increasing
gluconeogenesis in mid-lactation dairy cows. J. Dairy Sci. 96:2201–2213. doi:10.3168/jds.20126036.
Andersen, D.K., C.L. Ruiz, and C.F. Burant. 1994. Insulin regulation of hepatic glucose transporter
protein is impaired in chronic pancreatitis. Ann. Surg. 219:679–686; discussion 686–687.
Aschemann, M., P. Lebzien, L. Hüther, K.-H. Südekum, and S. Dänicke. 2012. Effect of niacin
supplementation on rumen fermentation characteristics and nutrient flow at the duodenum in
lactating dairy cows fed a diet with a negative rumen nitrogen balance. Arch. Anim. Nutr. 66:303–
318. doi:10.1080/1745039X.2012.697353.
Aschenbach, J.R., N.B. Kristensen, S.S. Donkin, H.M. Hammon, and G.B. Penner. 2010. Gluconeogenesis
in dairy cows: the secret of making sweet milk from sour dough. IUBMB Life. 62:869–877.
doi:10.1002/iub.400.
Barthel, A., D. Schmoll, and T.G. Unterman. 2005. FoxO proteins in insulin action and metabolism.
Trends Endocrinol. Metab. 16:183–189. doi:10.1016/j.tem.2005.03.010.
Bell, A.W., and D.E. Bauman. 1997. Adaptations of glucose metabolism during pregnancy and lactation.
J. Mammary Gland Biol. Neoplasia. 2:265–278.
Bergman, E.N., R.P. Brockman, and C.F. Kaufman. 1974. Glucose metabolism in ruminants: comparison
of whole-body turnover with production by gut, liver, and kidneys. Fed. Proc. 33:1849–1854.
Bionaz, M., and J.J. Loor. 2007. Identification of reference genes for quantitative real-time PCR in the
bovine mammary gland during the lactation cycle. Physiol. Genomics. 29:312–319.
doi:10.1152/physiolgenomics.00223.2006.
Brockman, R.P. 1990. Effect of insulin on the utilization of propionate in gluconeogenesis in sheep. Br. J.
Nutr. 64:95. doi:10.1079/BJN19900012.
Cadórniga-Valiño, C., R.R. Grummer, L.E. Armentano, S.S. Donkin, and S.J. Bertics. 1997. Effects of
fatty acids and hormones on fatty acid metabolism and gluconeogenesis in bovine hepatocytes. J.
Dairy Sci. 80:646–656. doi:10.3168/jds.S0022-0302(97)75983-6.
Calnan, D.R., and A. Brunet. 2008. The FoxO code. Oncogene. 27:2276–2288. doi:10.1038/onc.2008.21.
Castro, N., C. Kawashima, H.A. van Dorland, I. Morel, A. Miyamoto, and R.M. Bruckmaier. 2012.
Metabolic and energy status during the dry period is crucial for the resumption of ovarian activity
postpartum in dairy cows. J. Dairy Sci. 95:5804–5812. doi:10.3168/jds.2012-5666.
67

Chen, X., N. Iqbal, and G. Boden. 1999. The effects of free fatty acids on gluconeogenesis and
glycogenolysis in normal subjects. J. Clin. Invest. 103:365–372. doi:10.1172/JCI5479.
Chilliard, Y., and J.F. Ottou. 1995. Duodenal infusion of oil in midlactation cows. 7. Interaction with
niacin on responses to glucose, insulin, and beta-agonist challenges. J. Dairy Sci. 78:2452–2463.
doi:10.3168/jds.S0022-0302(95)76873-4.
Choi, S., H. Yoon, K.-S. Oh, Y.T. Oh, Y.I. Kim, I. Kang, and J.H. Youn. 2011. Widespread effects of
nicotinic acid on gene expression in insulin-sensitive tissues: implications for unwanted effects of
nicotinic acid treatment. Metabolism. 60:134–144. doi:10.1016/j.metabol.2010.02.013.
Chow, J.C., and B.W. Jesse. 1992. Interactions between gluconeogenesis and fatty acid oxidation in
isolated sheep hepatocytes. J. Dairy Sci. 75:2142–2148. doi:10.3168/jds.S0022-0302(92)77974-0.
Di Costanzo, A., J.N. Spain, and D.E. Spiers. 1997. Supplementation of nicotinic acid for lactating
Holstein cows under heat stress conditions. J. Dairy Sci. 80:1200–1206. doi:10.3168/jds.S00220302(97)76048-X.
Danfær, A. 1994. Nutrient metabolism and utilization in the liver. Livest. Prod. Sci. 39:115–127.
doi:10.1016/0301-6226(94)90163-5.
Danfaer, A., V. Tetens, and N. Agergaard. 1995. Review and an experimental study on the physiological
and quantitative aspects of gluconeogenesis in lactating ruminants. Comp. Biochem. Physiol. B
Biochem. Mol. Biol. 111:201–210.
DLG. 1997. DLG Futterwerttabellen Wiederkäuer (Feed value tables for ruminants). 7th ed. DLG-Verlag,
Frankfurt am Main.
Donkin, S.S., and L.E. Armentano. 1995. Insulin and glucagon regulation of gluconeogenesis in
preruminating and ruminating bovine. J. Anim. Sci. 73:546–551.
van Dorland, H.A., S. Richter, I. Morel, M.G. Doherr, N. Castro, and R.M. Bruckmaier. 2009. Variation in
hepatic regulation of metabolism during the dry period and in early lactation in dairy cows. J.
Dairy Sci. 92:1924–1940. doi:10.3168/jds.2008-1454.
Drackley, J.K. 1999. ADSA Foundation Scholar Award. Biology of dairy cows during the transition
period: the final frontier? J. Dairy Sci. 82:2259–2273.
Duehlmeier, R., K. Sammet, A. Widdel, W. von Engelhardt, U. Wernery, J. Kinne, and H.-P. Sallmann.
2007. Distribution patterns of the glucose transporters GLUT4 and GLUT1 in skeletal muscles of
rats (Rattus norvegicus), pigs (Sus scrofa), cows (Bos taurus), adult goats, goat kids (Capra
hircus), and camels (Camelus dromedarius). Comp. Biochem. Physiol. A. Mol. Integr. Physiol.
146:274–282. doi:10.1016/j.cbpa.2006.10.029.
Dunner, S., N. Sevane, D. Garcia, H. Levéziel, J.L. Williams, B. Mangin, A. Valentini, and GeMQual
Consortium. 2013. Genes involved in muscle lipid composition in 15 European Bos taurus breeds.
Anim. Genet. 44:493–501. doi:10.1111/age.12044.
Farese, R.V., and M.P. Sajan. 2010. Metabolic functions of atypical protein kinase C: “good” and “bad” as
defined by nutritional status. Am. J. Physiol. Endocrinol. Metab. 298:E385–394.
doi:10.1152/ajpendo.00608.2009.

68

Faulkner, A., and H.T. Pollock. 1986. Propionate metabolism and its regulation by fatty acids in ovine
hepatocytes. Comp. Biochem. Physiol. B. 84:559–563.
Faulkner, A., and H.T. Pollock. 1990. Effects of glucagon and alpha- and beta-agonists on glycogenolysis
and gluconeogenesis in isolated ovine hepatocytes. Biochim. Biophys. Acta. 1052:229–234.
Faulkner, A., and H.T. Pollock. 1991. Effect of lactation on gluconeogenesis and ketogenesis in ovine
hepatocytes. Comp. Biochem. Physiol. B. 98:283–286.
GfE. 2008. New equations for predicting metabolisable energy of grass and maize products for ruminants.
Proc. Soc. Nutr. Physiol. Vol. 17. Frankfurt am Main, Germany.
Graber, M., S. Kohler, T. Kaufmann, M.G. Doherr, R.M. Bruckmaier, and H.A. van Dorland. 2010. A
field study on characteristics and diversity of gene expression in the liver of dairy cows during the
transition period. J. Dairy Sci. 93:5200–5215. doi:10.3168/jds.2010-3265.
Grala, T.M., J.K. Kay, C.V.C. Phyn, M. Bionaz, C.G. Walker, A.G. Rius, R.G. Snell, and J.R. Roche.
2013. Reducing milking frequency during nutrient restriction has no effect on the hepatic
transcriptome of lactating dairy cattle. Physiol. Genomics. 45:1157–1167.
doi:10.1152/physiolgenomics.00134.2013.
Greenfield, R.B., M.J. Cecava, and S.S. Donkin. 2000. Changes in mRNA expression for gluconeogenic
enzymes in liver of dairy cattle during the transition to lactation. J. Dairy Sci. 83:1228–1236.
doi:10.3168/jds.S0022-0302(00)74989-7.
Gross, D.N., M. Wan, and M.J. Birnbaum. 2009. The role of FOXO in the regulation of metabolism. Curr.
Diab. Rep. 9:208–214.
Gross, J., H.A. van Dorland, F.J. Schwarz, and R.M. Bruckmaier. 2011. Endocrine changes and liver
mRNA abundance of somatotropic axis and insulin system constituents during negative energy
balance at different stages of lactation in dairy cows. J. Dairy Sci. 94:3484–3494.
doi:10.3168/jds.2011-4251.
Grum, D.E., J.K. Drackley, and J.H. Clark. 2002. Fatty acid metabolism in liver of dairy cows fed
supplemental fat and nicotinic acid during an entire lactation. J. Dairy Sci. 85:3026–3034.
doi:10.3168/jds.S0022-0302(02)74388-9.
Grünberg, W., R. Staufenbiel, P.D. Constable, H.M. Dann, D.E. Morin, and J.K. Drackley. 2009. Liver
phosphorus content in Holstein-Friesian cows during the transition period. J. Dairy Sci. 92:2106–
2117. doi:10.3168/jds.2008-1897.
Guo, S. 2013. Molecular basis of insulin resistance: the role of IRS and Foxo1 in the control of diabetes
mellitus and its complications. Drug Discov. Today Dis. Mech. 10:e27–e33.
doi:10.1016/j.ddmec.2013.06.003.
Hammon, H.M., C.C. Metges, P. Junghans, F. Becker, O. Bellmann, F. Schneider, G. Nürnberg, P.
Dubreuil, and H. Lapierre. 2008. Metabolic Changes and Net Portal Flux in Dairy Cows Fed a
Ration Containing Rumen-Protected Fat as Compared to a Control Diet. J. Dairy Sci. 91:208–217.
doi:10.3168/jds.2007-0517.
Hammon, H.M., C.C. Metges, A. Schulz, P. Junghans, J. Steinhoff, F. Schneider, R. Pfuhl, R.M.
Bruckmaier, R. Weikard, and C. Kühn. 2010. Differences in milk production, glucose
metabolism, and carcass composition of 2 Charolais × Holstein F2 families derived from
69

reciprocal paternal and maternal grandsire crosses1. J. Dairy Sci. 93:3007–3018.
doi:10.3168/jds.2009-2931.
Hammon, H.M., G. Stürmer, F. Schneider, A. Tuchscherer, H. Blum, T. Engelhard, A. Genzel, R.
Staufenbiel, and W. Kanitz. 2009. Performance and metabolic and endocrine changes with
emphasis on glucose metabolism in high-yielding dairy cows with high and low fat content in
liver after calving. J. Dairy Sci. 92:1554–1566. doi:10.3168/jds.2008-1634.
Harmeyer, J., and U. Kollenkirchen. 1989. Thiamin and niacin in ruminant nutrition. Nutr. Res. Rev.
2:201–225. doi:10.1079/NRR19890015.
Hayirli, A. 2006. The role of exogenous insulin in the complex of hepatic lipidosis and ketosis associated
with insulin resistance phenomenon in postpartum dairy cattle. Vet. Res. Commun. 30:749–774.
doi:10.1007/s11259-006-3320-6.
Hellemans, J., G. Mortier, A. De Paepe, F. Speleman, and J. Vandesompele. 2007. qBase relative
quantification framework and software for management and automated analysis of real-time
quantitative PCR data. Genome Biol. 8:R19. doi:10.1186/gb-2007-8-2-r19.
Herdt, T.H. 2000. Ruminant adaptation to negative energy balance. Influences on the etiology of ketosis
and fatty liver. Vet. Clin. North Am. Food Anim. Pract. 16:215–230, v.
Holtenius, P., and K. Holtenius. 2007. A model to estimate insulin sensitivity in dairy cows. Acta Vet.
Scand. 49:29. doi:10.1186/1751-0147-49-29.
Hötger, K., H.M. Hammon, C. Weber, S. Görs, A. Tröscher, R.M. Bruckmaier, and C.C. Metges. 2013.
Supplementation of conjugated linoleic acid in dairy cows reduces endogenous glucose
production during early lactation. J. Dairy Sci. 96:2258–2270. doi:10.3168/jds.2012-6127.
Im, S.-S., S.-Y. Kang, S.-Y. Kim, H.-I. Kim, J.-W. Kim, K.-S. Kim, and Y.-H. Ahn. 2005. Glucosestimulated upregulation of GLUT2 gene is mediated by sterol response element-binding protein1c in the hepatocytes. Diabetes. 54:1684–1691.
Ingvartsen, K.L. 2006. Feeding- and management-related diseases in the transition cow: Physiological
adaptations around calving and strategies to reduce feeding-related diseases. Anim. Feed Sci.
Technol. 126:175–213. doi:10.1016/j.anifeedsci.2005.08.003.
Ji, P., J.S. Osorio, J.K. Drackley, and J.J. Loor. 2012. Overfeeding a moderate energy diet prepartum does
not impair bovine subcutaneous adipose tissue insulin signal transduction and induces marked
changes in peripartal gene network expression. J. Dairy Sci. 95:4333–4351. doi:10.3168/jds.20115079.
Jitrapakdee, S. 2012. Transcription factors and coactivators controlling nutrient and hormonal regulation
of hepatic gluconeogenesis. Int. J. Biochem. Cell Biol. 44:33–45.
doi:10.1016/j.biocel.2011.10.001.
Kang, I., S.-W. Kim, and J.H. Youn. 2011. Effects of nicotinic acid on gene expression: potential
mechanisms and implications for wanted and unwanted effects of the lipid-lowering drug. J. Clin.
Endocrinol. Metab. 96:3048–3055. doi:10.1210/jc.2011-1104.
Karcher, E.L., M.M. Pickett, G.A. Varga, and S.S. Donkin. 2007. Effect of dietary carbohydrate and
monensin on expression of gluconeogenic enzymes in liver of transition dairy cows. J. Anim. Sci.
85:690–699. doi:10.2527/jas.2006-369.
70

Karim, S., D.H. Adams, and P.F. Lalor. 2012. Hepatic expression and cellular distribution of the glucose
transporter family. World J. Gastroenterol. WJG. 18:6771–6781. doi:10.3748/wjg.v18.i46.6771.
Kenéz, A., L. Locher, J. Rehage, S. Dänicke, and K. Huber. 2014. Agonists of the G protein-coupled
receptor 109A-mediated pathway promote antilipolysis by reducing serine residue 563
phosphorylation of hormone-sensitive lipase in bovine adipose tissue explants. J. Dairy Sci.
97:3626–34. doi:10.3168/jds.2013-7662.
Khan, M., A. Couturier, J.F. Kubens, E. Most, F.-C. Mooren, K. Krüger, R. Ringseis, and K. Eder. 2013a.
Niacin supplementation induces type II to type I muscle fiber transition in skeletal muscle of
sheep. Acta Vet. Scand. 55:85. doi:10.1186/1751-0147-55-85.
Khan, M., R. Ringseis, F.-C. Mooren, K. Krüger, E. Most, and K. Eder. 2013b. Niacin supplementation
increases the number of oxidative type I fibers in skeletal muscle of growing pigs. BMC Vet. Res.
9:177. doi:10.1186/1746-6148-9-177.
Komatsu, T., F. Itoh, S. Kushibiki, and K. Hodate. 2005. Changes in gene expression of glucose
transporters in lactating and nonlactating cows. J. Anim. Sci. 83:557–564.
Kousteni, S. 2012. FoxO1, the transcriptional chief of staff of energy metabolism. Bone. 50:437–443.
doi:10.1016/j.bone.2011.06.034.
Kräft, S. 2004. Characterization of the peripheral insulin response and sensitivity in dry cows, lactating
dairy cows and cows suffering from fatty liver and ketosis by hyperinsulinemic euglycemic
clamps. University of Veterinary Medicine Hannover, Germany.
Kreipe, L., M.C.M.B. Vernay, A. Oppliger, O. Wellnitz, R.M. Bruckmaier, and H.A. van Dorland. 2011.
Induced hypoglycemia for 48 hours indicates differential glucose and insulin effects on liver
metabolism in dairy cows. J. Dairy Sci. 94:5435–5448. doi:10.3168/jds.2011-4208.
Laemmli, U.K. 1970. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature. 227:680–685.
Lanham, J.K., C.E. Coppock, K.N. Brooks, D.L. Wilks, and J.L. Horner. 1992. Effects of whole
cottonseed or niacin or both on casein synthesis by lactating Holstein cows. J. Dairy Sci. 75:184–
192. doi:10.3168/jds.S0022-0302(92)77752-2.
Larsen, M., and N.B. Kristensen. 2009. Effect of abomasal glucose infusion on splanchnic and wholebody glucose metabolism in periparturient dairy cows. J. Dairy Sci. 92:1071–1083.
doi:10.3168/jds.2008-1453.
Larsen, M., and N.B. Kristensen. 2012. Effects of glucogenic and ketogenic feeding strategies on
splanchnic glucose and amino acid metabolism in postpartum transition Holstein cows. J. Dairy
Sci. 95:5946–5960. doi:10.3168/jds.2012-5458.
Larsen, M., and N.B. Kristensen. 2013. Precursors for liver gluconeogenesis in periparturient dairy cows.
Anim. Int. J. Anim. Biosci. 7:1640–1650. doi:10.1017/S1751731113001171.
Leitlinien für die Bestimmung der Verdaulichkeit von Rohnährstoffen an Wiederkäuern. 1991. J. Anim.
Physiol. Anim. Nutr. 65:229–234. doi:10.1111/j.1439-0396.1991.tb00261.x.

71

Lemosquet, S., E. Delamaire, H. Lapierre, J.W. Blum, and J.L. Peyraud. 2009. Effects of glucose,
propionic acid, and nonessential amino acids on glucose metabolism and milk yield in Holstein
dairy cows. J. Dairy Sci. 92:3244–3257. doi:10.3168/jds.2008-1610.
Lemosquet, S., J.N. Thibault, A. Thomas, E. Debras, and C. Hurtaud. 2004. Validation of the
measurement of glucose appearance rate with [6,6-2H2]glucose in lactating dairy cows. Reprod.
Nutr. Dev. 44:17–27.
Littell, R.C., P.R. Henry, and C.B. Ammerman. 1998. Statistical analysis of repeated measures data using
SAS procedures. J. Anim. Sci. 76:1216–1231.
Liu, G.W., Z.G. Zhang, J.G. Wang, Z. Wang, C. Xu, and X.L. Zhu. 2010. Insulin receptor gene expression
in normal and diseased bovine liver. J. Comp. Pathol. 143:258–261.
doi:10.1016/j.jcpa.2010.04.004.
Locher, L.F., N. Meyer, E.-M. Weber, J. Rehage, U. Meyer, S. Dänicke, and K. Huber. 2011. Hormonesensitive lipase protein expression and extent of phosphorylation in subcutaneous and
retroperitoneal adipose tissues in the periparturient dairy cow. J. Dairy Sci. 94:4514–4523.
doi:10.3168/jds.2011-4145.
Locher, L.F., J. Rehage, N. Khraim, U. Meyer, S. Dänicke, K. Hansen, and K. Huber. 2012. Lipolysis in
early lactation is associated with an increase in phosphorylation of adenosine monophosphateactivated protein kinase (AMPK)α1 in adipose tissue of dairy cows. J. Dairy Sci. 95:2497–2504.
doi:10.3168/jds.2011-4830.
Lohölter, M., U. Meyer, C. Rauls, J. Rehage, and S. Dänicke. 2013. Effects of niacin supplementation and
dietary concentrate proportion on body temperature, ruminal pH and milk performance of
primiparous dairy cows. Arch. Anim. Nutr. 67:202–218. doi:10.1080/1745039X.2013.793048.

Loor, J.J., H.M. Dann, R.E. Everts, R. Oliveira, C.A. Green, N.A.J. Guretzky, S.L. RodriguezZas, H.A. Lewin, and J.K. Drackley. 2005. Temporal gene expression profiling of liver
from periparturient dairy cows reveals complex adaptive mechanisms in hepatic function.
Physiol. Genomics. 23:217–226. doi:10.1152/physiolgenomics.00132.2005.
Loor, J.J., H.M. Dann, N.A.J. Guretzky, R.E. Everts, R. Oliveira, C.A. Green, N.B. Litherland, S.L.
Rodriguez-Zas, H.A. Lewin, and J.K. Drackley. 2006. Plane of nutrition prepartum alters hepatic
gene expression and function in dairy cows as assessed by longitudinal transcript and metabolic
profiling. Physiol. Genomics. 27:29–41. doi:10.1152/physiolgenomics.00036.2006.
Loor, J.J., R.E. Everts, M. Bionaz, H.M. Dann, D.E. Morin, R. Oliveira, S.L. Rodriguez-Zas, J.K.
Drackley, and H.A. Lewin. 2007. Nutrition-induced ketosis alters metabolic and signaling gene
networks in liver of periparturient dairy cows. Physiol. Genomics. 32:105–116.
doi:10.1152/physiolgenomics.00188.2007.
Mach, N., R.L.G. Zom, H.C.A. Widjaja, P.G. van Wikselaar, R.E. Weurding, R.M.A. Goselink, J. van
Baal, M.A. Smits, and A.M. van Vuuren. 2013. Dietary effects of linseed on fatty acid
composition of milk and on liver, adipose and mammary gland metabolism of periparturient dairy
cows. J. Anim. Physiol. Anim. Nutr. 97 Suppl 1:89–104. doi:10.1111/jpn.12042.
Manna, P., and S.K. Jain. 2012. Decreased hepatic phosphatidylinositol-3,4,5-triphosphate (PIP3) levels
and impaired glucose homeostasis in type 1 and type 2 diabetic rats. Cell. Physiol. Biochem. Int. J.
Exp. Cell. Physiol. Biochem. Pharmacol. 30:1363–1370. doi:10.1159/000343325.
72

Mashek, D.G., and R.R. Grummer. 2004. Effects of conjugated linoleic acid isomers on lipid metabolism
and gluconeogenesis in monolayer cultures of bovine hepatocytes. J. Dairy Sci. 87:67–72.
doi:10.3168/jds.S0022-0302(04)73143-4.
Matsumoto, M., A. Pocai, L. Rossetti, R.A. DePinho, and D. Accili. 2007. Impaired regulation of hepatic
glucose production in mice lacking the forkhead transcription factor Foxo1 in liver. Cell Metab.
6:208–216. doi:10.1016/j.cmet.2007.08.006.
Mehyar, N. 2011. Effects of glucagon, glycerol, and glucagon plus glycerol on gluconeogenesis,
lipogenesis, and lipolysis in periparturient Holstein cows. Iowa State University, Ames, Iowa.
Mendonça, L.G.D., N.B. Litherland, M.C. Lucy, D.H. Keisler, M.A. Ballou, L.B. Hansen, and R.C.
Chebel. 2013. Comparison of innate immune responses and somatotropic axis components of
Holstein and Montbéliarde-sired crossbred dairy cows during the transition period. J. Dairy Sci.
96:3588–3598. doi:10.3168/jds.2012-5804.
Mineo, H., Y. Hashizume, Y. Hanaki, K. Murata, H. Maeda, T. Onaga, S. Kato, and N. Yanaihara. 1994.
Chemical specificity of short-chain fatty acids in stimulating insulin and glucagon secretion in
sheep. Am. J. Physiol. 267:E234–241.
Minor, D.J., S.L. Trower, B.D. Strang, R.D. Shaver, and R.R. Grummer. 1998. Effects of nonfiber
carbohydrate and niacin on periparturient metabolic status and lactation of dairy cows. J. Dairy
Sci. 81:189–200. doi:10.3168/jds.S0022-0302(98)75566-3.
Morey, S.D., L.K. Mamedova, D.E. Anderson, C.K. Armendariz, E.C. Titgemeyer, and B.J. Bradford.
2011. Effects of encapsulated niacin on metabolism and production of periparturient dairy cows.
J. Dairy Sci. 94:5090–5104. doi:10.3168/jds.2011-4304.
Nafikov, R.A., and D.C. Beitz. 2007. Carbohydrate and lipid metabolism in farm animals. J. Nutr.
137:702–705.
Nakae, J., M. Oki, and Y. Cao. 2008. The FoxO transcription factors and metabolic regulation. FEBS Lett.
582:54–67. doi:10.1016/j.febslet.2007.11.025.
Neuvians, T.P., M.W. Pfaffl, B. Berisha, and D. Schams. 2003. The mRNA expression of insulin receptor
isoforms (IR-A and IR-B) and IGFR-2 in the bovine corpus luteum during the estrous cycle,
pregnancy, and induced luteolysis. Endocrine. 22:93–100. doi:10.1385/ENDO:22:2:93.
Niehoff, I.-D., L. Hüther, and P. Lebzien. 2009a. Niacin for dairy cattle: a review. Br. J. Nutr. 101:5–19.
doi:10.1017/S0007114508043377.
Niehoff, I.-D., L. Huther, P. Lebzien, W. Bigalke, S. Danicke, and G. Flachowsky. 2009b. Investigations
on the effect of a niacin supplementation to three diets differing in forage-to-concentrate ratio on
several blood and milk variables of dairy cows. Arch. Anim. Nutr. 63:203–218.
doi:10.1080/17450390902863764.
Oh, K.-J., H.-S. Han, M.-J. Kim, and S.-H. Koo. 2013. CREB and FoxO1: two transcription factors for the
regulation of hepatic gluconeogenesis. BMB Rep. 46:567–574.
doi:10.5483/BMBRep.2013.46.12.248.
Pires, J.A.A., J.B. Pescara, and R.R. Grummer. 2007. Reduction of plasma NEFA concentration by
nicotinic acid enhances the response to insulin in feed-restricted Holstein cows. J. Dairy Sci.
90:4635–4642. doi:10.3168/jds.2007-0146.
73

Rauls, C., U. Meyer, L. Hüther, D. von Soosten, A. Kinoshita, J. Rehage, and G.B.& S. Dänicke. 2015.
Effects of niacin supplementation (40 weeks) and two dietary levels of concentrate on
performance, blood and fatty acid profiles of dairy cattle. S Afr J Anim Sci. 45:395–410.
Reynolds, C.K. 2006. Production and metabolic effects of site of starch digestion in dairy cattle. Anim.
Feed Sci. Technol. 130:78–94. doi:10.1016/j.anifeedsci.2006.01.019.
Reynolds, C.K., P.C. Aikman, B. Lupoli, D.J. Humphries, and D.E. Beever. 2003. Splanchnic metabolism
of dairy cows during the transition from late gestation through early lactation. J. Dairy Sci.
86:1201–1217. doi:10.3168/jds.S0022-0302(03)73704-7.
Reynolds, C.K., G.B. Huntington, H.F. Tyrrell, and P.J. Reynolds. 1988. Net portal-drained visceral and
hepatic metabolism of glucose, L-lactate, and nitrogenous compounds in lactating holstein cows.
J. Dairy Sci. 71:1803–1812. doi:10.3168/jds.S0022-0302(88)79749-0.
Riddell, D.O., E.E. Bartley, and A.D. Dayton. 1980. Effect of nicotinic acid on rumen fermentation in
vitro and in vivo. J. Dairy Sci. 63:1429–1436. doi:10.3168/jds.S0022-0302(80)83100-6.
Rosen, S., and H.J. Skaletsky. 1999. Primer3 on the WWW for general users and for biologist
programmers. In Krawetz S, Misener S (eds) Bioinformatics Methods and Protocols: Methods in
Molecular Biology. Humana Press, Totowa, NJ. 365–386.
Samuel, V.T., C.S. Choi, T.G. Phillips, A.J. Romanelli, J.G. Geisler, S. Bhanot, R. McKay, B. Monia, J.R.
Shutter, R.A. Lindberg, G.I. Shulman, and M.M. Veniant. 2006. Targeting foxo1 in mice using
antisense oligonucleotide improves hepatic and peripheral insulin action. Diabetes. 55:2042–
2050. doi:10.2337/db05-0705.
Samuel, V.T., and G.I. Shulman. 2012. Mechanisms for insulin resistance: common threads and missing
links. Cell. 148:852–871. doi:10.1016/j.cell.2012.02.017.
Schlegel, G., J. Keller, F. Hirche, S. Gei[sz]ler, F.J. Schwarz, R. Ringseis, G.I. Stangl, and K. Eder. 2012.
Expression of genes involved in hepatic carnitine synthesis and uptake in dairy cows in the
transition period and at different stages of lactation. BMC Vet. Res.
Schulz, K., J. Frahm, U. Meyer, S. Kersten, D. Reiche, J. Rehage, and S. Dänicke. 2014. Effects of
prepartal body condition score and peripartal energy supply of dairy cows on postpartal lipolysis,
energy balance and ketogenesis: an animal model to investigate subclinical ketosis. J. Dairy Res.
81:257–266. doi:10.1017/S0022029914000107.
Schwab, E.C., D.Z. Caraviello, and R.D. Shaver. 2005. Review: A Meta-Analysis of Lactation Responses
to Supplemental Dietary Niacin in Dairy Cows. Prof. Anim. Sci. 21:239–247.
Sejersen, H., M.T. Sørensen, T. Larsen, E. Bendixen, and K.L. Ingvartsen. 2012. Liver protein expression
in dairy cows with high liver triglycerides in early lactation. J. Dairy Sci. 95:2409–2421.
doi:10.3168/jds.2011-4604.
Skaar, T.C., R.R. Grummer, M.R. Dentine, and R.H. Stauffacher. 1989. Seasonal effects of prepartum and
postpartum fat and niacin feeding on lactation performance and lipid metabolism. J. Dairy Sci.
72:2028–2038. doi:10.3168/jds.S0022-0302(89)79326-7.
Smith, K.L., M.R. Waldron, L.C. Ruzzi, J.K. Drackley, M.T. Socha, and T.R. Overton. 2008. Metabolism
of dairy cows as affected by prepartum dietary carbohydrate source and supplementation with
74

chromium throughout the periparturient Period. J. Dairy Sci. 91:2011–2020.
doi:10.3168/jds.2007-0696.
Soosten, D. von, U. Meyer, E.M. Weber, J. Rehage, G. Flachowsky, and S. Dänicke. 2011. Effect of trans10, cis-12 conjugated linoleic acid on performance, adipose depot weights, and liver weight in
early-lactation dairy cows. J. Dairy Sci. 94:2859–2870. doi:10.3168/jds.2010-3851.
Starke, A., K. Wussow, L. Matthies, M. Kusenda, R. Busche, A. Haudum, A. Beineke, C. Pfarrer, and J.
Rehage. 2012. Minimally-invasive catheterization of the portal, hepatic and cranial mesenteric
veins and the abdominal aorta for quantitative determination of hepatic metabolism in dairy cows.
Vet. J. Lond. Engl. 1997. 192:403–411. doi:10.1016/j.tvjl.2011.07.002.
Strang, B.D., S.J. Bertics, R.R. Grummer, and L.E. Armentano. 1998. Effect of long-chain fatty acids on
triglyceride accumulation, gluconeogenesis, and ureagenesis in bovine hepatocytes. J. Dairy Sci.
81:728–739. doi:10.3168/jds.S0022-0302(98)75629-2.
Sun, Y., J. Xue, W. Guo, M. Li, Y. Huang, X. Lan, C. Lei, C. Zhang, and H. Chen. 2013. Haplotypes of
bovine FoxO1 gene sequence variants and association with growth traits in Qinchuan cattle. J.
Genet. 92:e8–14.
Tienken, R., S. Kersten, J. Frahm, U. Meyer, L. Locher, J. Rehage, K. Huber, Á. Kenéz, H. Sauerwein, M.
Mielenz, and S. Dänicke. 2015. Effects of an energy-dense diet and nicotinic acid
supplementation on production and metabolic variables of primiparous or multiparous cows in
periparturient period. Arch. Anim. Nutr. 69:319–339. doi:10.1080/1745039X.2015.1073002.
Titgemeyer, E.C., L.K. Mamedova, K.S. Spivey, J.K. Farney, and B.J. Bradford. 2011a. An unusual
distribution of the niacin receptor in cattle. J. Dairy Sci. 94:4962–4967. doi:10.3168/jds.20114193.
Titgemeyer, E.C., K.S. Spivey, L.K. Mamedova, and B.J. Bradford. 2011b. Effects of pharmacological
amounts of nicotinic acid on lipolysis and feed intake in cattle. Int. J. Dairy Sci. 6:134–141.
doi:10.3923/ijds.2011.134.141.
Ulbrich, M., W. Drochner, and M. Hoffmann. 2006. Fütterung und Tiergesundheit. Ulmer.
Vandesompele, J., K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, and F. Speleman. 2002.
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biol. 3:RESEARCH0034.
Velez, J.C., and S.S. Donkin. 2005. Feed restriction induces pyruvate carboxylase but not
phosphoenolpyruvate carboxykinase in dairy cows. J. Dairy Sci. 88:2938–2948.
doi:10.3168/jds.S0022-0302(05)72974-X.
Vernon, R.G. 2005. Lipid metabolism during lactation: a review of adipose tissue-liver interactions and
the development of fatty liver. J. Dairy Res. 72:460. doi:10.1017/S0022029905001299.
Wallace, J.C. 2010. My favorite pyruvate carboxylase. IUBMB Life. 62:535–538. doi:10.1002/iub.332.
Wang, Y., Y. Zhou, and D.T. Graves. 2014. FOXO Transcription Factors: Their Clinical Significance and
Regulation. BioMed Res. Int. 2014:1–13. doi:10.1155/2014/925350.
Weber, C., C. Hametner, A. Tuchscherer, B. Losand, E. Kanitz, W. Otten, S.P. Singh, R.M. Bruckmaier,
F. Becker, W. Kanitz, and H.M. Hammon. 2013. Variation in fat mobilization during early
75

lactation differently affects feed intake, body condition, and lipid and glucose metabolism in highyielding dairy cows. J. Dairy Sci. 96:165–180. doi:10.3168/jds.2012-5574.
Williams, E.L., S.M. Rodriguez, D.C. Beitz, and S.S. Donkin. 2006. Effects of short-term glucagon
administration on gluconeogenic enzymes in the liver of midlactation dairy cows. J. Dairy Sci.
89:693–703. doi:10.3168/jds.S0022-0302(06)72132-4.
Wise, A., S.M. Foord, N.J. Fraser, A.A. Barnes, N. Elshourbagy, M. Eilert, D.M. Ignar, P.R. Murdock, K.
Steplewski, A. Green, A.J. Brown, S.J. Dowell, P.G. Szekeres, D.G. Hassall, F.H. Marshall, S.
Wilson, and N.B. Pike. 2003. Molecular identification of high and low affinity receptors for
nicotinic acid. J. Biol. Chem. 278:9869–9874. doi:10.1074/jbc.M210695200.
Young, J.W. 1977. Gluconeogenesis in cattle: significance and methodology. J. Dairy Sci. 60:1–15.
doi:10.3168/jds.S0022-0302(77)83821-6.
Yuan, K., R.D. Shaver, S.J. Bertics, M. Espineira, and R.R. Grummer. 2012. Effect of rumen-protected
niacin on lipid metabolism, oxidative stress, and performance of transition dairy cows. J. Dairy
Sci. 95:2673–2679. doi:10.3168/jds.2011-5096.
Zachut, M., H. Honig, S. Striem, Y. Zick, S. Boura-Halfon, and U. Moallem. 2013. Periparturient dairy
cows do not exhibit hepatic insulin resistance, yet adipose-specific insulin resistance occurs in
cows prone to high weight loss. J. Dairy Sci. 96:5656–5669. doi:10.3168/jds.2012-6142.
Zhang, Z., S. Schwartz, L. Wagner, and W. Miller. 2000. A greedy algorithm for aligning DNA
sequences. J. Comput. Biol. J. Comput. Mol. Cell Biol. 7:203–214.
doi:10.1089/10665270050081478.
Zhao, F.-Q., J.J. Kennelly, W.M. Moseley, and H.A. Tucker. 1996. Regulation of the Gene Expression of
Glucose Transporter in Liver and Kidney of Lactating Cows by Bovine Growth Hormone and
Bovine Growth Hormone-Releasing Factor. J. Dairy Sci. 79:1537–1542. doi:10.3168/jds.S00220302(96)76514-1.
Zimbelman, R.B., R.J. Collier, and T.R. Bilby. 2013. Effects of utilizing rumen protected niacin on core
body temperature as well as milk production and composition in lactating dairy cows during heat
stress. Anim. Feed Sci. Technol. 180:26–33. doi:10.1016/j.anifeedsci.2013.01.005.

76

7. Supplemental information
S.Table 1a. Nutrient and energy content of silages and concentrates in project 1 according
to Rauls et al. (2015).
Concentrate1
Maize silage Grass silage
LCpp-CON HCpp-CON LCpp-NA HCpp-NA

Components (%)
Wheat grain
Maize
Soybean meal
Mineral premix2
Nicotinic acid supplement
(g/kg dry matter)

50
20
26
4

50
20.8
26.8
2.4

50
20
26
4

50
20.8
26.8
2.4

-

-

3.52

1.76

Chemical composition
Dry matter (g/kg)
368
289
Crude ash
37
138
63
51
62
49
(g/kg dry matter)
Crude protein
80
159
217
219
219
224
(g/kg dry matter)
Ether extract (g/kg dry matter)
32
40
30
30
30
30
Neutral detergent fiber
424
514
128
185
130
156
(g/kg dry matter)
Acid detergent fiber
223
311
47
47
47
47
(g/kg dry matter)
Net energy lactation
6.53
8.24
8.34
8.24
8.34
6.43
(MJ/kg dry matter)
1
LCpp-CON, HCpp-CON, LCpp-NA, HCpp-NA : “CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d)
from the day after calving to d21, “LCpp or HCpp”: 30% or 60% of concentrate proportion in the diet from the day
after calving to d21
2
Per kg mineral feed: 140 g Ca; 120 g Na; 70 g P; 40 g Mg; 6 g Zn; 5.4 g Mn; 1 g Cu; 100mg I; 40 mg Se; 5 mg Co;
1 000 000 IU vitamin A; 100 000 IU vitamin D3; 1500mg vitamin E
3
Calculation based on nutrient digestibilities measured in wethers (GfE 1991).
4
Calculation based on analyzed nutrient contents and tabulated values of apparent digestibilities (DLG 1997).

S.Table 1b. Composition of the diets fed to cows post partum as well as content of nicotinic
acid supplementation in concentrate in project 1 according to Rauls et al. (2015)
LCpp-CON

HCpp-CON

LCpp-NA

HCpp-NA

Components
%
Maize Silage
42
24
42
24
Gras silage
28
16
28
16
Concentrate
30
60
30
60
Nicotinic acid supplement g/kg DM concentrate
3.52
1.76
LCpp-CON, HCpp-CON, LCpp-NA, HCpp-NA : “CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d)
from the day after calving to d21, “LCpp or HCpp”: 30% or 60% of concentrate proportion in the diet from the day
after calving to d21; DM: dry matter
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S.Table 2. Nutrient and energy content of silages and concentrates in project 2 according to
Tienken et al. (2015)
Concentrate
Maize silage Grass silage
1
2
3
4
CON

Components (%)
Wheat grain
Maize
Soybean meal
Soybean oil
Vitamin/mineral premix
Calcium carbonate
NA supplement
Chemical composition
Dry matter
Crude ash (g/kg dry matter)
Crude protein (g/kg dry matter)
Ether extract (g/kg dry matter)
Neutral detergent fiber (g/kg dry matter)
Acid detergent fiber (g/kg dry matter)
Net energy lactation (MJ kg)7

NA

Pre-p Post-p

50.6 49.0 49.4 49.0
21.6 20.8 20.8 20.8
26.8 26.8 26.8 26.8
1.0 1.0 1.0 1.0
2.05 1.26
1.2
2.4
353
36
120
29
461
222
6.6

1

387
94
136
32
506
310
6.0

891
31
235
38
159
46
8.6

884
29
246
37
159
50
8.6

880
42
230
39
163
45
8.5

873
47
228
39
152
44
8.4

Control concentrate was provided at 1 kg per day per animal to the cows from d-42 to d24
Concentrate premix containing NA (24 g/d of non-rumen protected nicotinic acid) (NA) was provided at 1 kg per
day per animal to the cows from d-42 to d24
3
Concentrate fed before calving (Pre-p) either a concentrate-to-roughage ratio of 30:70 (low concentrate diet) or in a
concentrate-to-roughage ratio of 60:40 (high concentrate diet).
4
Concentrate fed after calving (Post-p). All group received a concentrate-to-roughage ratio of 30:70 after calving
which was adjusted to a concentrate-to-roughage ratio of 50:50 within 16 or 24 days for cows fed with low or high
concentrate diet, respectively.
5
For dry cows. Ingredients per kg mineral feed: 60 g Ca; 100. 5 g Na; 80 g P; 50 g Mg; 7 g Zn; 4.8 g Mn; 1.3 g Cu;
100 mg I; 40 mg Se; 30 mg Co; 800,000 IU vitamin A; 100,000 IU vitamin D3; 1500 mg vitamin E.
6
For lactating dairy cows. Ingredients per kg mineral feed: 140 g Ca; 120 g Na; 70 g P; 40 g Mg; 6 g Zn; 5.4 g Mn; 1
g Cu; 100 mg I; 40 mg Se; 25 mg Co; 1,000,000 IU vitamin A; 100,000 IU vitamin D3; 1,500 mg vitamin E.
7
The contents of net energy for milk production of the grass and corn silage samples were predicted by using the
equations of the GfE (2008). For determining net energy for milk production of concentrates, table values were used
(DLG 1997).
2
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S.Fig. 1. Time-related changes of variables measured in the same cows in project 2.
(A) Dry matter intake, Energy balance and body condition score (BCS) drom d-42 to d100, (B) serum concentration of non-esterified fatty acid
(NEFA), β-hydroxybutyrate (BHBA) and glucose from d-42 to d100, (C) milk yield, milk fat yield and milk protein yield after parturition. Data was
analyzed and published by Tienken et al. (2015). Cows received a low concentrate diet (Δ) or a high concentrate diet (●) before calving. Cows
received either 1 kg of control concentrate (----) or 1 kg of a concentrate premix containing 24 g nicotinic acid (·····) each day from about 42 day
relative to expected calving date (d-42) to d24.
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S3.Fig. 2a. Representative signals of GLUT2, INSR and PI3K (a-c) and results of specificity-test of antibodies
of GLUT2 and INSR (d,e)
a: GLUT2 (60 kD, 40 µg protein), b1: INSR (200 and 95 kD, 10 µg protein), b2: PI3K (85 kD, 60 µg protein), c:
negative control without primary antibody (160 µg protein), d: specificity test for anti-GLUT2 antibody (40 µg
protein), e: specificity test for anti-INSR antibody (40 µg protein). Reduced and denatured hepatic protein was
transferred to nitrocellulose membrane. Membranes were blocked with 5% skim milk-PBST and incubated with
primary antibodies diluted at 1:100 (a, d1) or 1:800 (b1, b2, e1) in 5 % skimmed milk-PBST or in 5% skimmed milkPBST without antibody (c) at 4 °C overnight, and with secondary antibodies diluted at 1:5000 (a, d) or 1:50000 (b, c,
e) at room temperature for 2 h. For specificity-test, antibodies were incubated with 5 times amounts of blocking
peptide at room temperature for 2 h and applied to a representative membrane (d2, e2).
GLUT2: glucose transporter 2; INSR: insulin receptor; PI3K: phosphatidylinositol-3-kinase

control

HCpp‐CON
d‐21 d21

HCpp‐NA
d‐21 d21

LCpp‐CON
d‐21 d21

GLUT2
(60 kD)

LCpp‐NA
d‐21 d21 control marker

75 kD
55 kD
100 kD

PI3K
(85 kD)

75 kD

Indian ink
(about 200 kD)

control

HCpp‐NA
d‐21 d21

HCpp‐CON LCpp‐NA
d‐21 d21 d‐21 d21

LCpp‐CON
d‐21 d21 control marker
250 kD

INSR precursor
(200 kD)

130 kD

INSR
(95 kD)

100 kD

Indian ink
(about 200 kD)

S.Fig. 2b. Representative signals of GLUT2, INSR and PI3K of cows from each experimental group and
sampling time.
Forty µg of reduced and denatured proteins isolated from liver was transferred to nitrocellulose membrane.
Membrane was blocked with 5% skimmed milk-PBST (GLUT2 and INSR) or 5% BSA-PBST (PI3K) for 1h at room
temperature and incubated with primary antibodies diluted at 1:100 (GLUT2) or 1:400 (INSR) in 2.5% skimmed
milk-PBST or 1:200 in 2.5% BSA-PBST (PI3K) over night at 4 °C, followed by incubation with secondary
antibodies diluted at 1:2500 (GLUT2 and PI3K) or 1:12500 (INSR) in 2.5% skimmed milk-PBST at room
temperature for 1h. India ink stain (about 200 kD) are presented as internal controls. LCpp-CON, HCpp-CON,
LCpp-NA, HCpp-NA : “CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d) from the day after calving
to d21, “LCpp or HCpp”: 30% or 60% of concentrate proportion in the diet from the day after calving to d21,
control: control samples for inter membrane controls, d: days in milk (sampling time), GLUT2: glucose transporter
2; INSR: insulin receptor; PI3K: phosphatidylinositol-3-kinase
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S.Fig. 3a. Signals of total
protein of FoxO1 (a),
phosphorylated FoxO1 at
serine 256 (b) and
negative control (c) in
Western blot analysis.
Thirty µg of reduced and
denatured proteins isolated
from liver was transferred
to nitrocellulose
membrane. Membrane was
blocked with 10%
skimmed milk-TBST for
1h at room temperature
and incubated with
primary antibodies diluted at 1:1000 (a) or 1:200 (b) in 5% skimmed milk-TBST or in 5% skimmed milk without
primary antibody (c) over night at 4 °C, followed by incubation with secondary antibodies diluted at 1:20000 5%
skimmed milk-TBST at room temperature for 1h. Arrows indicate the molecular weight of 70 kD which positive
signals supposed to have (a, b). The signals appeared at 100 kD in a and c were considered to be unspecific due to
different molecular weight.

S.Fig. 3b. Representative
signals of total protein of
FoxO1 and phosphorylated
FoxO1 at serine 256 (70 kD)
of cows from each
experimental group and
sampling time.
Thirty µg of reduced and
denatured proteins isolated
from liver was transferred to
nitrocellulose membrane.
Membrane was blocked with
10% skimmed milk-TBST for
1h at room temperature and
incubated with primary
antibodies diluted at 1:1000
(FoxO1) or 1:200 (pFoxO1) in
5% skimmed milk-TBST over
night at 4 °C, followed by
incubation with secondary
antibodies diluted at 1:20000
5% skimmed milk-TBST at room temperature for 1h. Signals of b-actin (45 kD) are presented as internal controls.
tFoxO1: total protein of FoxO1, pFoxO1: phosphorylated FoxO1 at serine 256, LCap-CON, HCap-CON, LCap-NA,
HCap-NA : “CON or NA”: dietary supplement of nicotinic acid (0 or 24 g/d) from d-42 to d24, “LCap or HCap”:
30% or 60% of concentrate proportion in the diet from d-42 to d0, increase of concentrate proportion in the
postpartal diet from 30 to 50% within 14 or 21 days, control: A control sample for inter membrane controls, d: days
in milk (sampling time)
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S.Table 3. Results of the sequencing of PCR products and BLAST analysis1
Symbol Sequence results of PCR products
BLAST hit gene (NCBI) description

Identities

FoxO1

CATTCTGCACGCGGATGAACTTGCTGTGCAGGGACAGATTATGACGAATTGAA
TTCTTCCAGCCCGCTGAGCTGTTGCTGTCGCCCTTATCCTTGAAGTAGGGCACG
CTCTTGACCATCCACTCGTAAATCTGCG

PREDICTED: Bos taurus forkhead box O1
(FOXO1), transcript variant X2, mRNA

135/135

G6P

AGCAGGTGTATACTATGTGATGGTCACATCCACCCTCTCTATCTTTCGTGGAA
AGAAAAAGCCAACCTACAGATTTCGGTGCTTGAATGTCATGTTGTGGTTGGGA
TTCTGGGTCGTGCAACTGAA

Bos taurus glucose-6-phosphatase, catalytic
subunit (G6PC), mRNA

126/126

SLC2A2

GAGAGGCATATCAGGACTCTACTGTGGGCTGATTTCAGGCTTGATTCCAATGT
ACATTGGTGAAATTGCTCCAACCACACTCAGGGGCGCTATCGGTGCTCTTCAT
CAGCTGGCCATTGTCACGGGCATTCTTATTAGTCAGATCGTTGGCCTTGACTTT
ATCCTGGGCA

Bos taurus solute carrier family 2 (facilitated
glucose transporter), member 2 (SLC2A2),
mRNA

169/169

IRA

AAGATTACCTGCACAACGTGGTTTTCATCCCCAGGCCTTCAAGGAGCTGGAGG
AGTTGAT

PREDICTED: Bos taurus insulin receptor
(INSR), transcript variant X8, mRNA

IRB

GTTCTTCAAGGAGCTGGAGGAGTCCTCGTTCAGGAAAACGTTTGAAGATACCT
GCACAACGTGGTTCTCATCCCCAGAAAATCATCTTCAGGCCCTGTTGCCGAGG
ACGCTAAATT

Bos taurus insulin receptor (INSR), transcript
variant X6, mRNA

106/108

PC

CAGCTGCGCACCCGGCTCACTAGCGACTCCGTCAAGCTTGCAAAGCAGGTGG
GCTACGAGAACGCGGGCACCGTGGAGTTCCTGGTGGACAGGCACGGCAAGCA
CTACTTCATCGAGGTCAACTCGCGCCTGCAGGTGGAGCACACGGTGACCGAG
GAGATCACAGATGTGGACCTGGTCCACGCCCAGATCCACGTGGCCGAGGGCC
GGAGCCTGCCTGACCTGGGCCTCCGGCAGGAGAACATCCGCATCAACCAGCT

Bos taurus pyruvate carboxylase, mRNA

254/255

PCCA

TGGGTCGACTAAATGTGACCAGCACGTGGAACCTGGCTTCACCCTTGTTGTCT
GTCAACGTTGATGGCACTCAGAGGACGATACAGTGTCTTTCTCGAGAAGCAGG
GGGCAACATGAGCATTCAGTTTCTCGGCACAGTAA

Bos taurus propionyl CoA carboxylase, alpha
polypeptide (PCCA), mRNA

139/141

PCK1

AGGACGGCAGCTGCTGAGCCACATGGAGGAGGAGGGTGTGATCAAGAGGCTG
AAGAAGTATGACAACTGCTGGTTGGCTCTCACTGACCCCAGGGATGTGGCCAG
AATTGAAAGCAAGACGGTCATCATCACTCGAGAGCAAAGAGATACGGTGCCC
ATCAATT

Bos taurus phosphoenolpyruvate
carboxykinase 1 (soluble) (PCK1), mRNA

PYGL

AGTTCTGGAGAGGAGTACAAAGTGAAGATCAACCCGTCCTCCATGTTCGACGT
GCAGGTGAAGCGGATCCACGAGTACAAGCGACAGCTCCTGAACTGCCTGCAC
GTGGTCACCATGTACAACCGCATTAAGAAAGACCCAAAGAAG

Bos taurus phosphorylase, glycogen, liver
(PYGL), mRNA
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44/45

156/156
146/149

S.Table 3. (continued)
Symbol Sequence results of PCR products

BLAST hit gene (NCBI) description

Identities

RPL19

AATTCTGCGCCGGCTGCTTAGACGATACCGTGAATCTAAGAAGATTGACCGCC
ACATGTATCACAGCCTGTACCTGAAGGTGAAGGGTAACGTGTTCAAAAACAA
GCGGATCCTCATGGAACATATCCACAAGCTGAAGGCAGACAAAGTGGTCGGC

Bos taurus ribosomal protein L19 (RPL19),
mRNA

RPL32

TCATTAGGCATCAATCAGACCGATATGTCAAAATCAAGCGGAACTGGCGGAA
GCCCAGAGGCATTGACAACAGGGTGCGCAGAAGATTCAAGGGCCAGATCTTG
ATGCCCAACATTGGTTATGGGAGCAACAAGAAAACCAAGCACATGCTGCCCA
GCGGCTTCCGGAAGTTCCTGGTCCACAACGTCAAACTCTTC

Bos taurus ribosomal protein L32 (RPL32),
mRNA

RBMS2

CAGCAGTGGGAGCACTGCACATGACCAGCTGAGTAAGACCAACCTCTACATC
CGGGGATTGCAGCCAAGCACTACTGACCAGGACCTAGTGAAGTTGTGTCAGTC
ATACGGCAAGATTGTCTCCACTAAGGCCATCCTGGACAAGACCACAAACAAG
TGCAAAGGCTATGGCTTTGTGGACTTCGACAGTCCTTCAGCAGCACAGAAAGC
AGTGAATTT

Bos taurus RNA binding motif, single stranded
interacting protein 2 (RBMS2), mRNA

213/213

MRPL39

ACTGACCCTGGCACTATCTTTGTGTTGAATAAAAACGTTTCCACTCCTTATAGC
TGTGCCATGCATTTAAGTGAGTGGTACTGCAGGAAGTCTATTCTGGCTCTTGT
GGACGGACAGCCTTGGGACATGTATAAACCTTTGACCAAGTCCTGTGAAATTA
AATTTCTAACTTTCAAAGATGATGATCCAGGAGAAGTCAATAAGGCTTATTGG
CGTTCTTGTGCCCATATT

Bos taurus mitochondrial ribosomal protein
L39 (MRPL39), mRNA

225/225

UXT

GGCAGAGCTCTCAGTTCATTGATCGTAAGAGCAGTCTCCTCACAGAGCTCAGC
GACAACATGG

Bos taurus ubiquitously-expressed transcript
(UXT), mRNA

59/61

MRPS15

CCTGGAGGCTCAATTGTTGCCTTGACTGTCAAGATCCGCAGTTACGAAGAACA
CATGCAGAAACATCAAAAGGACAAAGCCCACAAGCGCTATCTGCTGATGAGC
AAGTTG

Bos taurus mitochondrial ribosomal
protein S15 (MRPS15), mRNA

106/107

RPS9

GGCTGCCGGGAGCTGCTGACGCTGGATGAGAAAGACCCGCGGCGTCTGTTCG
AAGGTAATGCCCTGTTGCGGCGGCTCGTCCGTATCGGGGTGCTGGATGAGGGC
AAGATGAAGCTGGATTACATCCTGGGAAGGGCTTC

Bos taurus ribosomal protein S9 (RPS9),
mRNA

131/132

1

147/147

190/190

Analysis was performed using Basic Local Alignment Search Tool “BLASTN 2.2.31+”, an online program offered by National Center for Biotechnology Information
(Bethesda, USA) (Zhang et al., 2000) and the database “Bos taurus Annotation Release 104 RNAs”
FoxO1: forkhead box Protein O1, IRA: insulin receptor isotype A, IRB: insulin receptor isotype B, SLC2A2: glucose transporter 2, G6P: glucose-6-phosphatase, PCK1: cytosolic
phosphoenolpyruvate carboxykinase, PCCA: propionyl-CoA carboxylase, PYGL: glycogen phosphorylase
RPL19: ribosomal protein L19: ribosomal protein L32, RPS9: ribosomal protein S9, UXT: ubiquitously expressed transcript, MRPS15: mitochondrial ribosomal protein S15,
RBMS2: RNA binding motif, single strand interacting protein 2, MRPL39: mitochondrial ribosomal protein L39
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S.Fig. 4. Agarose gel electrophoresis of PCR products.
7.5 µl of PCR products were applied to 2% agarose gel with Tris-acetate-EDTA-buffer, run at 75 V for 50 min.
The gel was stained with SYBR Green for 95 min.
1: DNA ladder, 2: MRPL39, 3:RPS15, 4: RBMS2, 5: UXT, 6: RPS9, 7: RPL32, 8: RPL19, 9: DNA ladder; 10:
PC, 11: PCCA, 12: PCK1, 13: G6P, 14: SLC2A2, 15: CPT1, 16: PYGL, 17: IRB, 18: IRA, 19: FoxO1, 20:
empty
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