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1. Introduction 

 

Deoxynivalenol (DON) is a mycotoxin produced by Fusarium spp. and is under current 

farming conditions frequently found in feed stuffs of dairy cow nutrition. Although cases of 

DON-intoxication in human and livestock have been reported since 19th century, guidelines 

concerning its risks were published firstly in the last two decades in north America (MILLER, 

2008) and last 10 years in Europe (EUROPEAN COMMISSION, 2006) as well as in Japan 

(TAKATORI et al., 2006). The cytotoxicity of DON is explained by its ribotoxic effects since 

DON binds to ribosomes and affects translation and transcription of genes. Ruminants are 

assumed to be less sensitive to DON-intoxication, because DON is mostly degraded by rumen 

microbes to mush less toxic de-epoxy-deoxynivalenol (DOM-1). However, ruminal 

degradation of DON may be suppressed when ruminal flora and fauna is altered by 

inadequate ration composition, possibly leading to subacute ruminal acidosis (SARA), or 

contamination of diets with several mycotoxins.  

 

High yielding dairy cows in early lactation have extraordinary energy demands for milk 

production. Reduced insulin sensitivity of peripheral tissues in this period allows partitioning 

of nutrients towards the mammary gland. However, when energy demands are not met by 

feed intake and in cases of substantially impaired insulin sensitivity, excessive 

lipomobilisation with ketosis and fatty liver may result. These metabolic disturbances may 

also predispose to other health problems such as reduced fertility, abomasal displacement and 

reduced immune competence. High yielding dairy cows are usually fed large amounts of 

concentrate to at least partially meet their energy requirements. This in turn goes along with 

the risk of SARA, especially if the concentrate to forage ratio is not well balanced in the diet.  

While several studies showed ribotoxic effects of DON on immune cells in cattle little 

information is reported on DON effects on insulin sensitivity and metabolism on molecular 

level. Likewise no studies are available dealing with long term effects of DON exposure in 

dairy cattle.  

 

Thus, the objective of this study was to investigate long term effects of DON on insulin 

sensitivity and hepatic metabolism in dairy cows fed diets with a high or low concentrate to 

roughage ratio. 
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1.1. Deoxynivalenol   

1.1.1 Deoxynivalenol sources 

Deoxynivalenol (DON; syn. Vomitoxin) is a mycotoxin produced by Fusarium spp. (e.g. F. 

graminearum, F. culmorum, etc.). Fusarium spp. are historically classified as field fungi. 

These fungi infect mainly gramineous plants such as wheat and corn on the field. This mainly 

occurs during anthesis and early seed development stages under warm and humid climate 

conditions. During the process of growth Fusarium spp. produce a variety of toxins including 

DON (TRAIL, 2009). Under certain conditions of temperature and humidity Fusarium spp. 

colonized in ear may also produce toxins post harvest. These conditions are in temperatures at 

20-30˚C, 13-18% moisture and about 1-2% oxygen (SANTIN, 2005). The main sources for 

infection with Fusarium spp. are crop residues on the field surface wherein fungi survive 

during cold season whilst colonization and sporulation can take place. Once the fungi reach 

the host, they germinate within 2 hours and form a myceral network within 30 hours on the 

surface, which is followed by sporulation within 48 hours. Microscopic and macroscopic 

(chlorotic to light brown) visible lesions will appear five and seven to ten days after infection, 

respectively. This is accompanied by fungal invasion through cell wall layers into inner 

structures, which results in necrosis and collapse of host plants within two weeks (MAINA, 

2008). DON is a secondary metabolite of Fusarium spp. and its production is reported to 

correlate with the virulence of pathogens. Many of Fusarium spp. spread only by water-splash 

depending dispersal of conidiospores where conidia do not reach the ear of host plants 

directly but infect green leaves without causing lesions. In contrast to that, F. graminearum 

(sexual stage, Gibberella zeae), one of the DON-producing Fusarium spp. that are prevalent 

in Europe, additionally forms perithecia with ascospores, that are discharged forcibly into the 

air. Although perithecia formed on the crop debris is ephemeral, the peak of its formation is 

observed shortly before the flowering of the host plant. During flowering the host plants are 

most susceptible to infection. Therefore this growth stage plays an important role in spreading 

of infections (XU u. BERRIE, 2005; OSBORNE u. STEIN, 2007; TRAIL, 2009).  

Among DON-producing species F. graminearum and F. culmorum are reported with high 

prevalences world wide including Europe (OSBORNE u. STEIN, 2007). Problems with 

Fusarium spp. infection are increasing in Europe including Germany due to grain-rich crop 

rotation, reduced or minimum tillage, and climate condition changes in recent years 

(MILLER, 2008).  

   

1.1.2 DON-contamination in stored grain 
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DON is the most commonly detected mycotoxin world wide (PESTKA u. SMOLINSKI, 

2005). DON-contamination in examined grain samples has been detected for example in 68-

95% with a concentration range from 0.004 to 89 ppm (MÜLLER et al., 1997), and in 30-

90% with a range from 0.01 to10 ppm (DROCHNER u. LAUBER, 2001) in South West 

Germany, in 90-100% with a range from 0.1 to 0.45 ppm in Lithuania (MANKEVICIENE et 

al., 2011), and in 35-84% with the concentration range from 0.01 to 0.93 ppm in Japan 

(Ministry of Agriculture, Forestry and Fisheries, 2008) and with a concentration of up to 0.97 

ppm in 81 % of the feedstuff samples for cattle in the Netherland (DRIEHUIS et al., 2008). 

The investigation of MANKEVICIENE et al. (2011) showed that the majority of the positive 

samples were contaminated with more than one type of mycotoxins. Regarding production 

systems, BOEHM et al. (2008) showed that the risk of contamination with DON in organic 

farming systems is comparable to that in conventional farming systems in spite of the strictly 

limited use of fungicides. According to the Commission of the European Community the 

tolerance limit of DON-concentration in feedstuffs for cattle (with 12% moisture) is 5 ppm 

(EUROPEAN COMMISSION, 2006). Most DON concentrations levels in positive samples 

are below this level. 

 

1.1.3 Quantitative metabolism of DON in dairy cattle 

KEESE (2008) recently reviewed the metabolism of DON in cattle (figure 1).  

DON is widely degraded in the rumen to de-epoxy DON (DOM-1) within 24 hours when 

diets with DON concentrations up to 10ppm are fed (KING et al., 1984). Results in fistulated 

cows revealed that 4-28% (DÄNICKE et al., 2005b) and 12-77% (SEELING et al., 2006a) of 

ingested DON were found in the duodenum as DON and DOM-1. According to the authors 

89-99% of the toxin was found in the duodenum in form of DOM-1. Only very small amounts 

of DON are absorbed by the ruminal mucosa as DÄNICKE et al. (2005a) demonstrated in 

vitro by means of the “Ussing chamber technique” using rumen epithelium from sheep. It is 

suggested that only 0.2-4.7% of ingested DON can be absorbed in the non-metabolized form 

out of the intestinal tract (figure 1; KEESE, 2008). The absorbed DON and DOM-1 enter the 

liver through portal vein and are glucoronidated as a first pass effect (SEELING et al. 2006a). 

KEESE (2008) outlined that urine seems to be the main route for excretion of DON in 

ruminants, whereas faecal and biliary excretion seems to be less important (PRELUSKY et 

al., 1987; SEELING et al., 2006a). Due to effective ruminal degradation of DON in the 

forestomachs only negligible amounts of DON and DOM-1 are transferred into milk 

(JOUANY u. DIAZ, 2005; SEELING et al., 2006a; FINK-GREMMELS, 2008b; KEESE et 
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al., 2008a). The carry over rates of individual cows were always lower than 0.1% and mostly 

lower than 0.01% after a single or repeated exposure with high DON doses (KEESE 2008). 

According to KEESE (2008), a contamination of milk with DON and DOM-1, respectively, in 

concentrations around 1 µg/l is only expected if DON concentrations in feedstuff are between 

5-10 mg/kg DM (PRELUSKY et al., 1984), and a contamination above 10 µg/l is only likely 

if the DON concentration in feedstuff exceeds 50 mg/kg DM (COTE et al., 1986).  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Scheme of the metabolism, elimination and carry over of deoxynivalenol (DON). The percentages at 
the different localizations and in the various matrices correspond to the relative recovery of DON or de-epoxy-
DON (italic values) of ingested DON. The transfer of DON across the ruminal mucosa is negligibly low 
(determined by an “Ussing-chamber” experiment described by DÄNICKE et al. (2005a; illustrated by the 
crossed out arrow) according to DÄNICKE et al. (2008); from KEESE (2008) 
 

Cows fed a total mixed ration (TMR) containing DON contaminated triticale (average DON 

intake about 180 µg/kg BW*day) presented on average serum concentrations of about 50 ng/l 

DOM-1 and less than 3 ng/l DON. In bile fluid DOM-1 concentrations were about 40 ng/l 

whereas DON was detected only occasionally (KEESE et al., 2008a). These results indicate 

that at least a part of ingested DON was not metabolized in the digestive tract and absorbed 

into the blood stream in lactating dairy cows. 

 

1.1.4 DON toxicity  

The toxicity of DON and its mechanisms have recently been reviewed (PARENT-MASSIN, 

2004; PESTKA et al., 2004; SEELING u. DÄNICKE, 2005; PESTKA u. SMOLINSKI, 2005; 

OSWALD et al., 2005; PESTKA, 2008; KEESE 2008). The cytotoxicity of DON is mainly 

caused by the epoxide group on trichothecene nucleus. Due to effective ruminal degradation 

DON 
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of DON to DOM-1 cattle are less sensitive than monogastric animals like swine to 

intoxication by DON.  

 

DON-effects on health, performance, and blood metabolites in dairy cows 

Although clinical symptoms including reduced feed intake and milk production, as well as 

less weight gain in dairy cattle have been reported in several studies (JOUANY u. DIAZ, 

2005), recent reports revealed no clear effects of DON contaminated diets on milk production 

and milk composition (DÄNICKE et al., 2000; SEELING u. DÄNICKE, 2005; KEESE et al., 

2008b; KEESE, 2008). Some publications showed that DON can modify ruminal 

fermentation (DÄNICKE et al., 2005b; SEELING et al., 2006b; KEESE et al., 2008c; JEONG 

et al., 2010), probably partly due to its antimicrobial effects (FINK-GREMMELS, 2008a). In 

studies on energy metabolism and liver cell integrity no DON specific effects were identified 

by means of blood chemistry (HOCHSTEINER et al., 2000; SEELING et al., 2006b; 

KOROSTELEVA et al., 2007).  

 

Suscestibility to DON intoxication in dairy cows  

High yielding dairy cattle in early lactation may be more susceptible to DON intoxication in 

comparison to other ruminating livestock (FINK-GREMMELS, 2008a; KEESE, 2008). 

Higher feed intake accompanied with faster rumen turnover rates could reduce degradation 

capacity of ruminal microbes (JOUANY u. DIAZ, 2005). Moreover high proportions of 

concentrates in dairy rations during early lactation or contamination of feedstuffs with various 

mycotoxins may modify the rumen flora and thereby ruminal degradation capacity of DON.  

 

Molecular mechanisms of DON-effects 

Mechanisms of toxic effects of DON have been investigated on molecular levels mainly in 

cytokine expression in murine immune tissues (reviewed by PESTKA u. SMOLINSKI, 

2005). After entering cells via diffusion DON and other trichothecenes bind to ribosomes of 

eukaryotic cells and show “ribotoxic effects”. This does not only lead to inhibition of 

translation, but also to activation of mitogen-activated protein kinases (MAPK). The latter 

process alters the downstream gene expression via up-regulation of transcription factors and 

therefore it is suspected to be the main mechanism of DON-effects on the immune system as 

well as growth of organisms (PESTKA et al.; 2004, RILEY u. PESTKA, 2005). 

Immunosuppressive effects of DON have been observed in cattle in vitro (TAKAYAMA et 
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al., 2005; WADA et al., 2008) as well as in vivo (KOROSTELEVA et al., 2007), which might 

indicate the existence of similar mechanisms of DON-action in this species. 

 

Despite the liver being the first organ DON passes after absorption and even though DON and 

DOM-1 are glucoronized in the liver, the effects of DON on hepatic function and gene 

expression have not been well elucidated yet.  

Recently, histopathological changes in porcine liver represented by hemosiderosis and loss of 

bound ribosomes from endoplasmic reticulum (ER) accompanied by increased smooth ER 

were present after feeding wheat contaminated with DON up to 9.57 mg/kg for 35 days. 

Macroscopic changes, as well as changes in serum activities of transaminase, were not 

detected (TIEMANN et al., 2006; TIEMANN et al., 2008). DON influenced several basic 

metabolic parameters (cell viability, albumin secretion) in rat liver cells (SAHU et al., 2008), 

human (KOENINGS et al., 2008), and porcine primary hepatocytes (DÖLL et al., 2009a). 

Concerning DON-effects on a molecular level, DÖLL et al (2009b) demonstrated up-

regulation of mRNA expression of tumour necrosis factor alpha (TNFα), interleukin 6 (IL6) 

and inducible nitric oxide synthetase (iNOS) in porcine primary hepatocytes and Kupffer cell-

enriched hepatocyte cultures by DON, three to six hours after the DON exposure. 

Furthermore this upregulation was enhanced in the presence of lipopolysaccharides (LPS). 

NIELSEN et al. (2009) showed that in human hepatoma cells (Hep-G2) by means of 

microarrays more than 5% of studied genes, mostly involved in transcriptional regulation, 

showed a dose dependent up-regulation after DON exposure. Real-time RT-PCR analysis 

revealed elevated mRNA expression of transcription factors in the downstream of MAPK-

pathway accompanied by increased expression of activated ERK1/2, JNK1/2, p38. 

 

The majority of reports in dairy cows present results on DON effects during short term 

feeding trials over a few days or several weeks. Little is known about chronic effects of DON 

exposure over several months in dairy cattle. Although it is assumed that ruminal DON 

degradation and toxicity may depend on the dietary concentrate to roughage ratio in high 

yielding dairy cows, no evidence for this aspect was found in literature.  

 

1. 2 Hypothesis and objective of the study 

 

DON is one of the mycotoxins which are found most in stored grain. Although cattle are least 

sensitive to DON intoxication due to the detoxification mechanisms in rumen, DON can 
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affect ruminal fermentation, performance and immunity in dairy cattle. Moreover the capacity 

for ruminal detoxification may be restricted by additional metabolic burdens for ruminal 

microbes such as increased proportion of concentrate in the diet. Experiments using rodents 

and cell culture showed that DON can activate mitogen-activated protein kinase, which results 

in alteration of down stream gene expression.  

Therefore it can be hypothesized that in lactating dairy cows, 

1. chronic DON intake can alter the metabolic status including liver function and insulin 

sensitivity by modifying the transcription and translation of some genes involved in 

energy metabolism in liver and muscle,  

2. the effects of DON can vary depending on the concentrate proportion in the diet 

 

In this respect the objective of this study was to investigate the effects of DON ingestion over 

a period of about 6.5 month in dairy cows fed diets with high and low concentrate proportion 

on energy metabolism, insulin sensitivity and hepatic cell integrity by means of: 

 

1. Analysis of hepatic enzymes, substrates and hormones in blood,  

2. Analysis of transcripts of glucose transporters and insulin receptors in hepatic and 

muscular tissue (real-time RT-PCR) as well as protein expression (western blot) of 

insulin dependend glucose transporter 4 (SLC2A4) in muscle, and 

3. Analysis of transcripts of hepatic key-enzymes for gluconeogenesis, ketogenesis, and 

fatty acid metabolism (real-time RT-PCR) 
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2. Material and methods 

The experiments were conducted according to the European Community regulations 

concerning the protection of experimental animals and the guidelines of the LAVES (Lower 

Saxony State Office for Consumer Protection and Food Safety, Germany, File Number 

33.42502-4/09-01.03). The study was performed at the Department of Animal Nutrition of the 

Friedrich-Loeffer-Institute (FLI) in Braunschweig, Germany. The general experimental 

design and results on production performance and feed intake during the experiment have 

been described in detail elsewhere (KEESE et al., 2008b). Also results from this experiment 

on ruminal fermentation (KEESE et al., 2008c) and on carry over of DON into milk (KEESE 

et al., 2008a) were presented before. 

 

2.1 Animals and feeding 

Twenty seven German Holstein cows (BW 522 ± 56 kg, 31 days in milk on average, 12 

pluriparous and 15 primiparous) were used.  

 

The time span of the study period was split into two periods. During period 1 (11 weeks) the 

animals were assigned to two groups; A control group (Con) with 14 animals (7 primiparous 

and 7 pluriparous) and a mycotoxine fed group (Myc) with 13 animals (8 primiparous and 5 

pluriparous). Diets contained 50% concentrate and 50% roughage (on DM basis; table 1).  

For both groups concentrate contained 50% triticale. The ration for Myc group contained 29% 

Fusarium toxin-contaminated triticale. DON content in the ration of the Myc group in period 

1 was on average to be 5.3 mg/kg DM and the average daily DON intake by cows in the Myc 

group was 187 µg/kg BW (KEESE et al., 2008 a, table 1).  

 

During period 2 the original Myc and Con groups were further divided in two subgroups and 

fed different concentrate levels (60% vs. 30% concentrate) in the ration. This resulted in four 

experimental groups: Con60, Con30, Myc60 and Myc30 with seven animals per group except 

group Myc30 that included only six animals. Thus, in period 2 a low concentrate level with 

30% concentrate and a high concentrate level with 60% concentrate were tested in presence or 

absence of Fusarium toxin. At the beginning of period 2, the mean BW was 565 ± 33 kg in 

group Con30, 574 ± 42 kg in group Myc30, 593 ± 100 kg in group Con60 and 569 ± 49 kg in 
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group Myc60. The mean days in milk were 99.  The diet components and mycotoxin contents 

are presented in table 1.  

 

Table 1: Ingredients and nutrient components of diets according to KEESE et al., 2008a) 
 Period 1 Period 2 
 Con Myc Con30 Myc30 Con60 Myc60 
Composition of TMR (%)       
Triticale 25 10.5 15 6.3 30 12.6 
Fusarium-contaminated triticale 0 14.5 0 8.7 0 17.4 
Soybean meal 13.35 13.35 8.01 8.01 16.02 16.02 
Maize 10.35 10.35 6.21 6.21 12.42 12.42 
Mineral feed 0.7 0.7 0.42 0.42 0.84 0.84 
Calcium carbonate 0.6 0.6 0.36 0.36 0.72 0.72 
Maize silage 25 25 35 35 20 20 
Grass silage 25 25 

 

35 35 20 20 
        
Nutrient of TMR         
Dry matter [g/kg] 452 465  386 394 456 475 
Dry matter [g/kg] 452 465  386 394 456 475 
Crude Asch [g/kg DM] 61 61  68 69 61 66 
Crude Protein [g/kg DM] 150 153  135 139 165 154 
Crude fat [g/kg DM] 25 26  28 28 26 27 
Crude fibre [g/kg DM] 143 143  203 196 142 128 
Acid detergent fibre [g/kg DM] 157 157  220 212 161 169 
Neutral detergent fibre [g/kg DM] 305 307  391 394 349 349 
Metabolizable energy [MJ/kg DM] 11.6 11.6  11.4 11.6 12.4 12.1 
Net energy lactation [MJ/kg DM] 7.1 7.1  7.0 7.1 7.8 7.5 

Mycotoxins        
Deoxynivalenol [mg/kg DM] 0.6 5.3  0.6 4.4 0.4 4.6 
Zearalenone [µg/kg DM] 53.1 112.7  35.0 73.8 24.4 72.5 

DM: dry matter, TMR: total mixed ration, Con: control group, Myc: mycotoxin group, Con30 
or Con60: control group with 30% or 60% concentrate proportion in the diet, Myc30 or 60: 
mycotoxin group with 30% or 60% concentrate proportion in the diet 
 
The animals were housed in a free-stall with unrestricted access to diet and water, being 

separated according to feeding groups. Diets were offered as partial mixed ration (PMR) ad 

libitum every morning at 10.30 a.m. after milking. Concentrate was offered seperatedly at 

automatic feeding stations. Rations were isoenergetic, and the concentration of mycotoxins in 

the rations for Myc group in period 1 and period 2 were similar. For technical reasons only in 

period 2 feed intake (dry matter intake (DMI) of PMR, and DMI of concentrate) was recorded 
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automatically at self feeding stations (Typ RIC, Insentec, B. V., Marknesse, the Netherlands) 

which detects individual animal by ear transporter.  

 

2.2 Collection of blood and tissue samples 

Blood samples were taken on the experimental week 0 (baseline), 4, 8, 15, 21 and 27 from the 

jugular vein into native tubes and tubes coated with Li-heparin and Na-fluorid. Samples were 

centrifuged for 15 minutes at 5 °C, 1500 x g and serum and plasma aliquots were stored at -80 

°C until further analysis. 

 

Hepatic and muscular biopsies were taken from 5 cows of each group under aseptic 

conditions on experimental week 0, 15 and 27. Biopsy sites were shaved, washed, degreased 

with medical alkohol, and disinfected with iodine (Betaisodona® 10%, Albrecht GmbH, 

Germany).  

 

After caudal epidural anaesthesia with 5 ml procaine (WDT, Germany) and infiltration of the 

incision line with 5 ml procaine muscle biopsies were taken in the region 8 cm below the 

ischiadic tuber from the caudal fascial compartment of the M. semitendinosus, M. biceps 

femoris, or M. semimembranosus. The samplings were performed alternating on the left or 

right thigh. Through a 2 cm long incision about 1500 mg of muscular tissue were taken. Skin 

lesions were closed using commercial suture material (Supramid®, Albrecht GmbH) and 

locally treated with 2.5 ml Procain-Penicillin (Albrecht GmbH).  

 

After infiltration anaesthesia of the abdominal wall with 5 ml procaine (WDT) liver biopsies 

were obtained from the 9th or 10th intercostal space transcutaneously under ultrasonpgraphic 

control with an automatic device for biopsy sampling (Biopsy, Fa Baird, USA) and 

commercial Tru-Cut biopsy needles (Albrecht GmbH). Around 200 mg of liver tissue was 

obtained.  

 

Tissue samples were rinsed with saline to remove blood contamination, immediately frozen in 

liquid nitrogen and stored at -80 °C until analysis. 

 



 11 

2.3 Analysis of samples 

2.3.1 Analytical procedures in serum and plasma 

Glucose was measured in fluorid plasma and other parameters were measured in serum. 

Concentrations of blood metabolites and other hepatic parameters were 

spectrophotometrically measured using an automatic clinical chemistry analyzer (Roche, 

Cobas mira Plus, Switzerland) and commercial kits. Inter assay variance coefficient (CV) in 

10 assays using pooled serum was calculated for every parameter. The determined parameters 

with CV (%) and applied methods are glucose (CV 6.9%, Hexokinase-method, Glucose 

Hexokinase Fluid 5+1, 553-234, 230, mti diagnostics, Germany), β-hydroxy-butyrate (BHB; 

6.9%, kinetic enzymatic method, RANBUT , RB 1008, Randox Laboratories GmbH, 

Germany), non esterified fatty acid (NEFA; 3.7%, ACS-ACOD – Method, NEFA HR(2) R1 

Set, 434-91795 and NEFA HR(2) R2 Set, 436-91995, WAKO Chemicals GmBH, Germany), 

total bilirubin (8.4%, Jendrassik/Grof-method, LT-BR0500, LT-Sys, Germany), urea (8.4%, 

“urease-GLDH” enzymatic UV test, LT-UR 0500, LT-Sys), as well as aspartate transaminase 

(AST; 3.1%, IFCC-method, GOT-liquid UV IFCC, 554-256G, mti diagnostics), 

glutalaldehyde dehydrogenase (GLDH; 7.1%, DGKC-method, GLDH, 11929992 216, Roche 

Diagnostics, Germany), and gamma-glutamyltransferase (GGT; 6.1%, IFCC-method, 

Gamma-GT IFCC Methode, 10242103, Hitado Diagnostic Systems, Germany).  

 

Serum insulin concentrations were measured by means of a radioimmunoassay using a 

commercial test kit (The DSL-1600 INSULIN RIA Kit, Diagnostic Systems Laboratories, 

Inc., USA) with a detection limit of 1.3 µU/ml. 100 µl Insulin antiserum (containing guinea-

pig anti-insulin serum), 100 µl I-125 Insulin reagent (containing [I-125]-labeled insulin) and 

100 µl serum sample were mixed and incubated at 4 °C for 16 hours (overnight). After the 

incubation the insulin-antibody-complex was separated using a double antibody system. 1 ml 

Precipitating Reagent (containing goat anti-guinea pig gamma globulin serum) was added and 

samples were mixed and incubated at room temperature for 15 minutes, centrifuged at 4 °C 

for 20 minutes at 1500 x g. The fluid phase was removed and radioactivity was counted in a 

gamma counter (1272 CliniGamma LKB, Wallac OY, Finland) for one minute. All 

measurements were performed in duplicate. Insulin standards (0.2-12 ng/ml) were used for 

calibration (linear-log curve fit using Ria-Calc programm, Wallac). Insulin controls with two 
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different concentrations of insulin (9 and 60 µIU/ml) were used for quality control. The 

intraassay CV ranged from 6.4-14.7% and 0.03-13.5% for controls with low and high 

concentrations, respectively.  

 

2.3.2 Analytical procedures in tissue samples 

2.3.2.1 RNA isolation 

About 50-80 mg of muscle and about 25-50 mg of liver tissue was weight and homogenized 

in 500 µl Trizol® (Invitrogen, USA) with FastPrep Homogenizer and Isolation System 

(Thermo Scientific, USA) at the speed of 6.0 m/sec for maximum 2 x 30 seconds. After 5 

minutes incubation at room temperature 100 µl chloroform was added. Samples were 

vortexed for 15 seconds, and incubated at room temperature for 10 minutes followed by a 

centrifugation (Biofuge® Fresco, Heraeus, Germany) at 4 °C and 12000 x g for 15 minutes. 

The upper aqueous part containing the RNA was transferred to a new 1.5 ml tube. RNA was 

precipitated by adding 0.25 ml of 100% isopropyl alcohol (4 °C). The tubes were shaken ten 

times by hand and and incubated at room temperature for 10 minutes. Samples were 

centrifuged at 4 °C and 12000 x g for 10 minutes and the supernatant was discarded. RNA 

pellets were washed twice with 0.25 ml 75% ethanol (-20 °C) and centrifugated at 4 °C and 

9200 x g for 8 minutes. After being dried at room temperature for 10 minutes, pellets were 

dissolved in water (Ampuwa, Fresenius Kabi, Germany; 30 µl for muscle and 60 µl for liver). 

The solubilized RNA was incubated at 70 °C for 2 minutes for denaturation before 

spectrophotometric measurements as well as the capillary electrophoresis. 

 

Concentration of isolated RNA was measured spectrophotometrically using 

Biospectrophotometer (Eppendorf, Germany). One µl of denaturated RNA samples were 

diluted in 100 µl 2 mM Na2HPO4 buffer (pH 7.7). RNA concentration was estimated from 

absorbance at wavelength of 260 nm (A260) (concentration [µg/ml] = A260 x RNA specific 

multiplication factor 40). The ratio A260/280 was calculated to check for protein 

contamination. Lab-on-chip capillary gel-electrophoresis was performed according to the 

manufactures instruction (Agilent 2100 Bioanalyzer, Agilent RNA 6000 Nano Assay, Agilent 

Technologies, USA). Only the RNA samples with the RNA integrity number (RIN) more than 

6.0 and A260/280 ratio more than 1.9 were included in the analysis. 
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2.3.2.2 Reverse transcription 

1.5 µg of total RNA was mixed with 1.5 µl DNase (RQ1 RNase-Free DNase, Promega, USA) 

and water to a final volume of 10 µl. Samples were incubated at 37 ºC for 30 minutes, 

followed by an incubation at 75 ºC for 10 minutes to inactivate the enzyme. 1 µg of the 

DNase-treated RNA was added to the reaction-mix containing 2.5 unit MULV-reverse 

transcriptase (Applied Biosystem, USA), 1 unit RNase inhibitor (Applied  Biosystem), 1 mM 

dNTPs (BioRad, USA), 2.5 µM random hexamers (Applied  Biosystem), 5 mM MgCl2 

(Invitrogen), PCR buffer with 50 mM KCl and 10 mM Tris-HCl (pH 8.3; Applied  

Biosystem) and water. This solution was incubated at 25 °C for 10 minutes for annealing, at 

42 ºC for 60 minutes for reverse transcription and at 99 ºC for 5 minutes for denaturation of 

DNase. All incubations were performed in 200 µl reaction tubes (Biozym, Germany) on a 

thermocycler (T professional standard 96, Biometra, Germany) in lid-pre-heating mode. The 

synthesized complementary DNA (cDNA) was diluted with water at 1:1 or 1:3 and stored at -

20 ºC in 6.5 µl aliquots until analysis. 

 

2.3.2.3 Primers 

Names, function, and accession number in GeneBank for the investigated genes of interest are 

listed in the table 1a in appendix. All primers were synthesized by Eurofins MWG Operon 

(Germany). Primer sequences for primers for IRA, IRB (NEUVIANS et al., 2003) and 

ubiquitously-expressed transcript (UXT) (BIONAZ and LOOR, 2007) were selected 

according to literature. Primer sequences for other genes were designed using Primer3 

(http://primer3.sourceforge.net/webif.php). Each primer pair was selected according to the 

following criteria: 1. the targeted sequence includes an exon/intron boundary, 2. the length of 

the polymerase chain reaction (PCR) products is 150-250 bases, 3. the melting temperature of 

the primer is 60 °C and 4. the Guanine-Cytosine content of each primer sequence is 50%. 

After being designed primers were tested using In-Silico PCR (http://genome.ucsc.edu/cgi-

bin/hgPcr?command=start), basic local alignment search tool (BLAST) 

(http//blast.ncbi.nlm.nih.gov/Blast.cgi) and pairwise alignment algorithms formed 

(http://www.ebi.ac.uk/emboss/align/index.html) to confirm that the selected sequences are to 

be found specific only in the sequences of the GOIs. Primers were then tested with real time 
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PCR assay followed by melt curve analysis and 2% agarose gel electrophoresis. Single 

amplification products and no primer dimer formation were confirmed with single melting 

temperatures as well as single discrete bands on the gel. The melting temperatures of PCR 

products were between 83-90 °C (table 2a in appendix). Finally the PCR products were 

purified according to the manufactures instructions (Wizard SV Gel and PCR clean up 

system, Promega) and sent to Eurofins MWG Operon (Germany) to validate their sequences. 

Information for primers and PCR condition are summarized in table 2a in the appendix and 

the results of PCR products sequencing as well as their search results in BLAST are shown in 

table 3a in the appendix. 

 

2.3.2.4 Real-time qPCR assay 

Real-time quantitative polymerase chain reaction (real-time qPCR) was conducted using 

SYBR Green Supermix (Biorad) and iCycler iQ5 Real Time PCR Detection System (Biorad). 

Each reaction was run in triplicate and contained 0.5-1 µl of cDNA from original reverse 

transcript reaction (25-50 µg of DNase treated total RNA) template and 0.5-1 µmol/L primers. 

The final reaction volume was 20 µl. Cycling parameters were 95 °C for 3 minutes to activate 

DNA polymerase, then 40 cycles of 95 °C for 30 seconds for denaturation, 60 °C for 30 

seconds for annealing and a final recording step at 72 °C for 30 seconds to prevent any 

primer-dimer formation. Melting curves were performed within the range from 55-95 °C to 

confirm that only a single product was amplified. The iCycler iQ5 (Biorad) was calibrated 

according to the manufactures guidelines once before the measurements. For detecting the 

fluorescence signal the recommended filter for SYBR was set.  

 

2.3.2.5 Data evaluation of real-time RT-qPCR 

2.3.2.5.1 Raw data processing 

Ct-value, the number of cycles at the crossing point of the amplification curve and the 

threshold of fluorescence at 50 (threshold cycle) was calculated automatically for each 

measurement. Data was then exported to Excel and processed for further analysis. Ct values 

in each triplicate should not deviate from each other by more than 0.5 cycles. Otherweise the 

value in question was omitted from the analysis or measurements were repeated. The latter 

was only occasionally for SLC2A1 mRNA in muscle. 
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2.3.2.5.2 Selecting reference genes 

In a preliminary study, mRNA expression of four candidate genes, selected as reference genes 

(MPRS9, MPRS15, UXT, GUSB), was evaluated using 16 samples taken from every group 

and time. Relative quantities (rQ, see below) were calculated with Excel macro program 

“qBase” (HELLEMANS et al., 2007). The results were imported in geNorm VBA applet for 

Microsoft Excel, which calculates M-values for each gene (VANDESOMPELE et al., 2002). 

The M-value is defined as gene expression stability measure, calculated by averaging 

pairwise variation (V) for that gene with all other tested reference genes. Two reference genes 

for each tissue with the least M-values were chosen separately for muscle and liver. 

 

2.3.2.5.3 Calculating normalized relative quantity (nrQ) 

After checking and omitting abnormal values, Ct-values were averaged and transformed to 

normalized relative quantities (nrQ) using qBase (HELLEMANS et al., 2007). First relative 

quantities (rQ) were calculated using gene and tissue specific amplification efficiency (E). E 

was calculated for each PCR run from the equation E = 10–1/slope, where slope is estimated by 

linear regression for standard curve, made from four step dilution series of pooled cDNA of 

all samples. Since three or four PCR runs were needed to measure the expression of the gene 

of interest (GOI) for 80 samples (“sample maximization experimental set-up”), an E which is 

closest to median of E of all runs for one GOI and tissue was applied. In case that the median 

of E is larger than 2.0, E was set for 2.0 (table 2a in appendix). Transformation of Ct-value 

was performed using the equation rQ = E∆Ct (∆Ct = Ctsample – Ctcontrol), in which “Ctcontrol” was 

the Ct-value of the sample with the least Ct-value in all 80 samples and therefore its rQ was 

equal to 1. Secondly, the rQ of the GOI were normalized by dividing with geometric mean of 

rQ of reference genes for each sample. The last step was to perform an inter-run-calibration 

using the nrQ of a pooled sample, which was measured at every run and also used for 

standard curve as calibrator. The calibrated nrQ values were exported to an Excel sheet for 

further analysis.  

 

2.3.2.5.4 Inter-assay control of real-time RT-qPCR 
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A liver biopsy sample was obtained from a German Holstein cow during routine abdominal 

surgery at the Clinic for Cattle.  The sample was snap frozen in liquid nitrogen, crushed into 

10 pieces, which were stored at -80 ˚C separately until analysis. RNA was extracted at three 

different days. All RNA samples had RIN > 6.0. Two µg of each RNA sample was treated 

with DNase followed by RT. Out of each RT 0.25 µl (12.5 ng RNA) product was analysed by 

real-time qPCR. Reactions were performed in two repeats for each sample with a primer pair 

for Ribosomal protein S9 (MPRS9). Ct-values at a threshold-fluorescence of 50 were 

averaged in duplicate and the CV was calculated (standard division/average x 100 in Ct-

values of ten samples).  

 

2.3.2.5.5 Intra-assay control of real-time RT-qPCR 

One µg of RNA from liver obtained from a German Holstein cow (see above), was treated 

with DNase and reverse transcribed. The cDNA was diluted and divided in 10 aliquots and 

stored at -20 ˚C until analysis. Ten PCR runs were performed on five different days using a 

primer pair for MPRS9. For each reaction 0.25 µl of RT-sample (12.5 ng RNA) was used. 

Each PCR was performed in two repeats and CV was calculated from average Ct values. 

 

2.3.2.6 Preparation of muscle crude membrane fraction  

Preparation of muscle crude membrane fraction was performed according to DÜHLMEIER et 

al. (2005). About 500 mg of frozen muscle tissue was weighed and homogenized in 5 ml of 

homogenizing buffer (250 mmol/l Sucrose, 20 mmol/l HEPES, 5 mmol/l NaN3, 10 µg/l 

Pepstatin, 50 µg/l Leupepsin, 10 µg/l Antipain, 50 µg/l Aprotinin, 500 µg/l Tripsin inhibitors 

and 1.7 mg/l PMSF at pH 7.4 adjusted with 1 mol/l NaOH) in a 10 ml glass potter on ice 

using a homogenizer (B.Braun Melsungen, Germany, Type 853202). The homogenate was 

centrifuged at 4 °C, 12000 x g for 10 minutes. The supernatant was retained, the pellet was 

resuspended and homogenized again in about 4 ml homogenizing buffer, followed by 

centrifugation under the same conditions. This supernatant was mixed with the supernatant 

obtained from first centrifugation and again was centrifuged at 9000 x g and 4 °C for 10 

minutes (BECKMAN COULTER TM Avanti® J-25 High-Performance Centrifuge, USA, JA-

25-5-50) to remove mitochondria. The resulting supernatant was centrifuged at 190000 x g 

and 4 °C for 60 minutes (BECKMAN COULTER TM LE-80 Ultracentrifuge, USA, 70.1.Ti). 
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The obtained pellet (crude membranes) was resuspended in 80 µl ice-cold homogenizing 

buffer. Crude membrane preparations were made accordingly from heart and large brain 

tissue obtained from a cow immediately after euthanization in the Clinic for Cattle at the 

University of Veterinary Medicine Hannover. Brain and heart membrane preparations were 

aliquoted and stored at -20 °C to be used as positive and negative control. 

 

2.3.2.7 Measurement of protein concentration 

Protein concentrations of the crude membrane preparations were determined using the protein 

assay according to Bradford. One µl of the suspended sample was diluted in 24 µl 

homogenizing buffer and mixed with 1 ml Bradford-reagent (PROTEIN ASSAY Dye 

Reagent, Biorad). After 15 minutes incubation at room temperature the extinction at λ=595 

nm was measured spectrophotometrically. Bovine serum albumin (BSA) was diluted at 12.5, 

25, 50 and 100 µg/ml and measured together with samples. Concentration was calculated 

from standard linear regression curve using MS Excel program. The inter assay CV in 10 

measurements of aliquots of brain membrane preparation performed on ten different days was 

9.03%. The mean harvest of protein in 80 samples was 493.2 ± 21.62 (mean ± SEM) µg/100 

mg fresh weight.  

 

2.3.2.8 One dimensional SDS-polyacrylamide gel electrophoresis (1D SDS-PAGE)  

For one dimensional SDS-polyacrylamide gel electrophoresis (1D SDS-PAGE) 400 µg of 

crude membrane protein was mixed with Laemmli buffer [7 % SDS (wt/vol), 30 % Glycerin 

(vol/vol), 150 mmol/l Tris-HCl pH 6.8, 0.02% Bromphenolblau, 10% DTT (vol/vol)] in the 

total volume of 40µl and heated up to 95 °C for ten minutes for denaturation and then applied 

to 1D SDS-PAGE using 1.5 mm wide-mini-polyacrylamide gel (Laemmli discontinuous 

gels). Electrophoresis was run at 80V for 30 min in stacking gels (5% acrylamide, 0.13 mol/l 

Tris-HCl pH 6.8, 0.1% SDS, 0.1% APS, 0.1% TEMED) followed by 140 V for 60 min in 

resolving gels (10% acrylamide, 0.375 mol/l Tris-HCl pH 8.8, 0.1% SDS, 0.1% APS, 0.1% 

TEMED) with running buffer (25 mmol/l Tris-HCl, 250 mmol/l Glycin and0.01% SDS) 

Eight samples (two samples from every group at the same week in the feeding trial) were run 

on a single gel together with ladder (PageRulerTM Prestained protein ladder plus, Fermentas, 

Canada) and a sample of bovine heart crude membrane as positive control. 
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2.3.2.9 Western blot 

Protein was transferred to polyvinylidene fluoride (PVDF) microporous membrane 

(Immobilon-P Transfer Membrane, 0.45 µm pore size, Millipore, USA) by means of 

electrophoretic blotting using a tank system (The Mini Trans-Blot® Cell, Biorad). Transfer 

was performed at 250 mA for 90 minutes in transfer buffer (192 mmol/l Glycin, 25 mmol/l 

Tris, 10% methanol) cooled with ice. After the transfer stripping was performed to wash out 

the proteins which cause nonspecific signals. The membrane was incubated in stripping buffer 

(100 µM 2-mercaptethanol, 2% SDS and 62.5 mM Tris-HCl) at 50 °C for 30 minutes, 

followed by 4 washing cycles with TPBS (137 mmol/l NaCl, 2.7 mmol/l KCl, 10 mmol/l 

Na2HPO4, 1.76 mmol/l KH2PO4, 0.1% TWEEN 20 of (vol/vol)) for ten minutes each. 

Membranes were then treated with blocking buffer including 10% skim milk (0.9% fat, 

Sucofin, TSI, Germany) in PBS at room temperature for 60 minutes and afterwards three 

washing cycles with TPBS of 10 minutes each. Membranes were incubated with antibodies 

raised against a peptide mapping near the C-terminus of SLC2A4 of human origin [Glut4 (C-

20), Santa Cruz Biotechnology, inc., USA, #sc-1608] diluted 1:200 (1µg/ml) in 5% skim 

milk-PBS at 4 °C overnight. After three wash cycles in TPBS of 15 minutes, membranes were 

incubated with the secondary antibody, peroxidase-conjugated rabbit antigoat IgG antibody 

(Dako, Denmark, #P0449) diluted to 1:10000 in 5% skim milk-PBS for 90 minutes at room 

temperature, followed by three washing cycles of 15 minutes with TPBS. SLC2A4 protein on 

membranes was detected using enhanced chemiluminscent (ECL) technique. Membranes 

were treated with ECL-reagent (SuperSignal® ELISA Femto Maximum Sensitivity Substrate, 

Thermo scientific Pierce, USA) for one minute and placed in a dark room. Images of the 

membranes were obtained using a Molecular Imager ChemiDoc XRS+ System (Biorad) and 

analyzed with Quantity One software (Biorad). 

 

2.3.2.10 Specificity test of the primary antibody 

Incubation of 0.5 µg primary antibody, with abundant amounts (2.5 µg) of blocking peptide to 

which the antibody was raised (Santa cruz, #sc-1608P), was performed in 500 µl of 5% skim 

milk-PBS at 4 °C overnight and applied on the membrane. Subsequently protein detection 

procedure was run as described for western blotting before. 
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2.3.2.11 Data evaluation of western blot analysis 

Data was analyzed using “volume rect tool” of Quantity One software (Biorad). At the 

beginning signals were selected on the picture and total signal intensity within the selected 

area (A, mm2) was counted (T, counts). To reduce the effects from background, mean 

background intensity (B, counts/mm2) was estimated from the intensity counts around the 

selected area and subtracted from the total signal intensity. This adjusted intensity (T – B * A) 

was then divided by area to estimate the mean adjusted intensity of the signal. Signals from 

four samples (one sample from each group to be compared) from the same experimental week 

on the same blot membrane were selected and relative expression within the four signals were 

calculated (total = 100%). Since five comparisons were performed for each experimental 

week, a total of 60 relative expressions was calculated from 15 comparisons and applied to 

further statistical analysis. 

 

Xj = (T – B * A) / A 
Yj = Xj / ∑Xj * 100 
∑Yj = 100 

 
Xj: mean adjusted intensity of the signal from sample j 
Yj : Relative expression of sample j (%) in four groups to be compared within the same blot 
and the same experimental week (j=1, 2, 3, 4) 
T: Total signal intensity (counts) 
A: Area (mm2) 
B: mean background intensity (counts/mm2) 
 

 

2.3.3 Statistical analysis 

All data was recorded in EXCEL and analyzed using statistics software SAS (SAS Institute 

Inc., Version 9.1, Cary, NC, USA). The effect of experimental week, mycotoxin, concentrate 

levels and their interactions were evaluated using the MIXED procedure with repeated 

measure (LITTELL et al., 1998) and the restricted maximum likelihood method. In this 

model, for each period the fixed factors included were M (mycotoxin effect; 0: without 

mycotoxin contamination, 1: with mycotoxin contamination), W (sampling week effect), L 

(lactation number effect; 1: primiparous, 2: pluriparous) and interaction of M and W (MxW) 

for period 1 as well as M, C (concentrate level effect;1: 30%, 2: 60%), W, L, MxC, MxW, 
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CxW and CxMxW for period 2. Kenward-Roger adjustment was applied to calculate degrees 

of freedom. The experimental week was used as a class variable because of large intervals of 

each sampling. In the initial model, cows within experimental groups and lactation number 

(pluri- and primiparous) were considered to constitute random effects. They were removed 

during model optimization when needed. As for REPEATED statement cows within 

experimental groups were used as subject. Different covariance structures between repeated 

measurements were modelled and compared. The considered covariance structures were 

composed symmetric, autoregressive of the first order, variance component and unstructured. 

Model optimization was performed using AIC (Akaike’s information criterion) considering 

random effects and covariance structures. The same fixed effects were applied to all analyzed 

parameters because removing interaction-effects did not change the results drastically.  

 

Mixed Models were fitted separately in period 1 and period 2 for all the analyzed blood 

parameters, while for the biopsy parameters data from all the sampling weeks (0, 15, 27) were 

included in one model and fitted. The appropriateness of Mixed Model assumptions was 

assessed using residuals analysis. Statistical evaluation of BHB, NEFA, insulin, GGT and 

GLDH was performed also on logarithmized values for the normality of the residual 

distribution. Because almost no differences were found between the results of statistical 

evaluation with log and untreated data, results are presented as in leased squares means (LSM) 

of fitted value from the model using the original data. LSM were calculated separately on the 

factor MxW for period 1 and on the factor MxCxW for period 2. Multiple comparisons of 

LSM were performed by PDiff. The calculated p-values were adjusted according to Holm’s 

method (HOLM, 1979) within the parameter and period using R (version 2.12.1, R 

Development Core Team 2010) “p.adjust” function in package “stats”. All tests were two-

tailed. Significances and trends for differences of LSM were decided under adjusted 

probabilities < 0.05 and < 0.10, respectively. An example of SAS program for mixed model is 

shown. 

Period 1 
PROC MIXED method=REML; 
CLASS M cow W L; 
MODEL parameter = M W L M*W/ DDFM=KR s; 
RANDOM cow(M) L; 
LSMEANS M W M*W /PDIFF; 
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REPEATED W/SUB = cow(M) TYPE=VC; 
RUN; 

 

Period 2 
PROC MIXED METHOD=REML; 
CLASS M C cow W L; 
MODEL parameter = M C W M*C L M*W C*W M*C*W /DDFM=KR s; 
RANDOM cow(M*C) L; 
LSMEANS M C W M*W C*W M*C M*C*W /PDIFF; 
REPEATED W/sub= cow(M*C) Type=VC;  
RUN; 

 

The function “rcorr” in package “Hmisc” (R) was used to test Spearman rank correlations 

between blood metabolites, hepatic and muscular gene expression, dry matter intake, and 

concentrate intake.  
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3. Results 

3.1 Blood analysis 

The results of blood analysis are presented in table 2 and figure 2. 

 

3.1.1 Glucose, BHB, NEFA, insulin, RQUICKI 

For period 1 and period 2 ANOVA revealed significant effects for time (week) for all 

assessed blood parameters, except for NEFA in period 2. In period 1 DON intake had no 

significant effects on insulin, BHB, NEFA, insulin and RQUICKI and no interaction between 

time and DON was found. A significant DON effect was found in period 2 for serum insulin 

(p=0.008) and RQUICKI (p=0.029) and concentrate affected insulin (p=0.003), NEFA 

(p=0.001), and BHB (p=0.019) significantly. Significant interactions were found for DON x 

week (p=0.006) and for DON x concentrate x week (p=0.001) for serum BHB.  

RQUICKI in period 2 was consistently lower in Myc groups compared to Con groups, where 

differences were significant in week 27. NEFA levels were significantly lower in groups fed 

on high concentrate level in week 15 and 27 compared to low concentrate groups. Mean 

serum insulin was generally higher in mycotoxin and high-concentrate groups. The 

differences were significant in week 15 and 21 for the concentrate effects and in week 15 and 

27 for the mycotoxin effects.  

 
3.1.2 Bilirubin, urea, AST, GLDH, GGT 

In period 1 trends of mycotoxin effects (p<0.1) were found for AST and GLDH with higher 

activities in Myc groups especially in week 8 (p<0.05). Effects of sampling weeks were found 

on all parameters but for total bilirubin. The values of AST, GLDH, GGT and urea in week 4 

and 8 were higher than the values in week 0. In period 2 consistent effects of experimental 

factors and their interactions were detected for AST, GLDH, and urea. Higher activities of 

AST were found in the group fed with high-concentrate diet throughout the period 2 (p<0.05), 

while in GLDH the same concentrate effects were detected only in Myc groups (p<0.05). 

Mycotoxin effects were evident mainly in the animals in high-concentrate groups, where the 

Myc60 group had higher values of activity of AST as well as GLDH throughout the period 2 

(p<0.05 in week 27). Regarding serum urea, animals in high-concentrate groups had 

consistently higher values regardless of the mycotoxin contamination of the diet (p<0.01). On 

the other hand mycotoxin affected serum urea levels inversely, depending on the concentrate 

level, where Myc30 and Myc60 had comparable and lower (p<0.05 in week 15 and 27) urea 

concentrations as cows on the same concentrate levels, respectively. No evident effects were 

found for bilirubin and GGT.  
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Table 2 A, B: Results of analysis of blood parameters. A (left): LSM (± SEM) of blood parameters in each experimental group throughout period 1 (11 weeks) 
and period 2 (16 weeks) (See figure 2 for LSM in each group and week). B (right): Results of analysis of variance for the factor mycotoxin (M), week (W), and  
interaction for mycotoxin x week (MxW) in period 1 as well as for the factor M, W, concentrate (C), and their interaction in period 2. 

A                                                                                                                                             B  
  Period 1  Period 2   p- values of fixed effects 

Parameter  Con Myc  Con30 Con60 Myc30 Myc60   Period 1  Period 2 

N  14 13  7 7 6 7   M W MxW  M C W MxC MxW CxW MxCxW 

Insulin  4.39 ±0.68 5.01 ±0.71  3.01 ±0.83 6.85 ±0.83 5.24 ±0.91 7.26 ±0.83   .68 <.001 .91  .008 .003 .007 .21 .37 .32 .51 

(µU/ml)                      

Glucose  3.55 ±0.08 3.40 ±0.08  3.94 ±0.10 3.95 ±0.10 3.70 ±0.11 3.90 ±0.10   .22 .019 .38  .17 .30 <.001 .38 .58 .79 .35 

(mmol/l)                      

NEFA  225 ±30 200 ±32  213 ±19 136 ±19 196 ±20 146 ±19   .38 .004 .89  .52 .001 .28 .16 .35 .10 .42 

(µmol/l)                      

BHB  0.50 ±0.06 0.64 ±0.06  0.40 ±0.04 0.35 ±0.04 0.51 ±0.04 0.35 ±0.04   .25 .001 .91  .11 .019 <.001 .13 .006 .32 .001 

(mmol/l)                      

RQUICKI  0.64 ±0.03 0.64 ±0.03  0.66 ±0.03 0.62 ±0.03 0.59 ±0.03 0.56 ±0.03   .95 .019 .55  .029 .23 <.001 .74 .56 .97 .32 

                      

Bilirubin  5.15 ±0.38 4.72 ±0.40  4.05 ±0.40 3.60 ±0.40 4.19 ±0.44 4.14 ±0.40   .37 .21 .34  .44 .50 .054 .64 .75 .78 .37 

(µmol/l)                      

AST  77.7 ±6.4 94.1 ±6.7  87.2 ±13.6 100.0 ±13.6 91.3 ±14.9 155.4 ±13.6   .088 .004 .20  .047 .012 <.001 .080 .007 .87 .31 

(U/l)                      

GLDH  22.3 ±14.6 69.2 ±15.1  26.0 ±24.0 39.7 ±24.0 24.9 ±26.0 127.1 ±24.0   .050 <.001 .057  .14 .005 <.001 .025 .044 .051 .23 

(U/l)                      

GGT  30.5 ±2.27 31.1 ±2.37  39.1 ±7.16 40.3 ±7.16 35.6 ±7.77 54.9 ±7.16   .87 <.001 .53  .41 .21 .79 .25 .67 .90 .97 

(U/l)                      

Urea  3.61 ±0.14 3.24 ±0.15  3.30 ±0.17 5.82 ±0.17 3.67 ±0.19 4.67 ±0.17   .088 <.001 .57  .041 <.001 <.001 <.001 .12 .87 .40 

(mmol/l)                      

NEFA: non esterified fatty acids, BHB: beta hydroxy butyrate, RQUICKI: Revised Quantitative Insulin Sensitivity Check Index, AST: aspartate amino transferase, GLDH: 
glutamate dehydrogenase, GGT: gamma-glutamyl transferase 
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Figure 2 A-J: LSM of blood parameters in each group on each sampling week (Con30: —□—, Con60: —■—, 
Myc30: --∆--, Myc60: --▲-- ). Pooled SEM is shown under the title for each group (c: Con, m: Myc in period 
1, cl: Con30, ch: Con60, ml: Myc30, mh: Myc60 in period 2). Data points with small letters “m”, “c” were 
statistically different from the values in the other group on the same concentrate or mycotoxin level, 
respectively during the same sampling week. Large letters over or under the data points “M”, “ C” indicates 
that LSM in animals fed with mycotoxin or high-concentrate diet were statistically different from the LSM in 
the others (adjusted p<0.1). Data points with * in weeks 4, 8 and 21, 27 were statistically different from the 
values in the same group during week 0 as well as week 15, respectively. Data points with + in week 8 and 27 
were statistically different from the values in the same group during weeks 4 and 21, respectively (adjusted 
p<0.05). For further abbreviations see table 2. 
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3.2 Tissue analysis 

3.2.1 RNA quality 

The descriptive statistics for isolated RNA samples are demonstrated in the table 3. Mean 

harvest of total RNA was 304.2 ± 7.6 and 3360 ± 83 µg/mg fresh weight for muscle and liver, 

resp. The lowest observed ratio of A260/280 in the analyzed samples was 1.9 and the lowest 

observed RNA integrity number was 6.1. 

 

Table 3: RNA harvest and RNA quality 
 

  RNA harvest  
(µg/mg fresh weight) 

A260/280 RIN 

Mean ± SEM 304.17 ±7.6 2.11 ± 0.01 7.4± 0.04 

Range 153.0-492.5 1.92-2.38 6.1-8.3 

25 255.1 2.07 7.1 

50 300.2 2.10 7.5 

Muscle RNA 
N=80* Quartile 

75 360.9 2.14 7.7 

Mean ± SEM 3360.9±82.6 2.02 ± 0.0 7.9±0.0 

Range 691.6-5271.4 1.90-2.12 6.6-8.4 

25 2786.9 1.99 7.7 

50 3206.7 2.02 8.0 

Liver RNA 
N=80* Quartile 

75 3956.7 2.05 8.2 

RIN: RNA integrity number, A260/280: ratio of the absorbance at wavelength of 260 nm and 
280 nm, SEM: standard error of means 
*: In the analysis for this study only 60 samples from 80 samples were used. 
 
3.2.2 Quality control for real-time quantitative RT-PCR assay 

3.2.2.1 Inter-assay control 

Ct values for MRPS9 in 12.5 ng of ten independently isolated and reverse transcribed hepatic 

total RNA samples ranged from 25.1-29.7. Mean, standard division (SD) and CV were 27.3, 

1.15, and 0.4%, respectively. 

 

3.2.2.2 Intra-assay control 

Ct values for MRPS9 in 12.5 ng of a hepatic total RNA sample in ten independently 

performed assays ranged from 29.3-30.4. Mean, SD and CV were 29.7, 0.27, and 0.01%, 

respectively. 

 

3.2.3 Specificity test of the primary antibody 
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Results of the specificity test of the primary antibody raised against SLC2A4 are 

demonstrated in figure 3. There were always three clear bands observed for the positive 

controls with muscle and heart crude membrane preparations (figure3a). In the blot with the 

primary antibody incubated with blocking peptide, no signal could be observed (figure 3b, c), 

which indicate the primary antibody was consumed by the peptide so that no primary 

antibody was available for the reaction with antigen on the blot membrane. Among the three 

bands the signal appearing between 55 and 35 kD (← in figure 3a) was determined to be 

SLC2A4 because of its reported molecular weight of 40-55 kD (HOCQUETTE et al., 1996, 

Abe et al., 1998, DÜHLMEIER, 2005). No signal was observed in the brain sample (figure 

3b, c). Also, no signals were detected when blot membranes were incubated without primary 

or secondary antibody (data not shown).   

 

                        

a                                           b                                                                      c 

Figure 3 a-c: Western blot for detecting SLC2A4 (glucose transporter 4) protein in the bovine 
skeletal muscle, heart and brain. The crude membrane fraction of tissue protein was prepared 
by differential centrifugation. a: Positive signals of SLC2A4 between 36-55 kD. 1-4: skeletal 
muscle 400 µg, 5: heart 200 µg, 6: marker The blotted membrane was incubated with anti-
human-SLC2A4 antibody (AB) diluted at 1µg/ml (1:200) at 4°C over night. b, c:  Specificity 
test of the antibody. 1, 5, 9: brain 100 µg, 2, 6, 10: heart 400µg, 3, 7, 11: skeletal muscle 640 
µg, 4, 8: skeletal muscle 400 µg, 13: marker. Crude membrane preparation, PAGE blotting 
and blocking of all samples were performed together under the same condition. After 
blocking the membrane was cut and treated separately as follows; the membrane with 1-4 was 
treatment with primary AB against human-SLC2A4, it was diluted to 1:200. The membrane 
with 5-8 was treated with the primary AB incubated with blocking peptide (AB:Peptide = 1 : 
5 (wt : wt)) and diluted at 1:400. The membrane with 9-12 was treated with the primary AB 
incubated with blocking peptide (AB:Peptide=1:5 (wt:wt)) and diluted at 1:200 
 
3.2.4 Muscular mRNA and protein 

The results of parameters for muscular mRNA and protein expression are shown in table 4.  

Compared to other groups mean SLC2A1 mRNA was significantly higher in group Myc30 in 

week 15. Effect of sampling week was significant for all transcripts except IRA and SLC2A4 

protein expression. DON effects were found for SLC2A1 and IRB. For IRB a significant 
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interaction of DON x Concentrate were seen, and for SLC2A4 for DON x Concentrate x 

week. mRNA expression in Con60 group of SLC2A4, IRA and IRB was significantly higher 

than in other groups in week 27. 

 

3.2.5 Hepatic mRNA 

The results of parameters for hepatic mRNA expression are shown in table 5  

 

Expression of mRNA for glucose transporters and insulin receptors 

The factor week had only significant effects on mRNA expression of SLC2A2. DON affected 

SLC2A1 and SLC2A2 significantly. The animals fed with DON-contaminated diets showed 

generally higher SLC2A1 expression throughout the feeding trial compared to controls. 

SLC2A2 was lower in animals fed with mycotoxin in week 27 (p<0.01).  

 

Gluconeogenic gene expression 

Effects of sampling weeks were detected in all gluconeogenic genes except for PYGL. The 

expression of G6Pase, FBP1, PEPCK2, and PCCA had increasing tendencies, while those in 

PC and PEPCK1 tended to decrease. Changes in time course were evident especially in the 

group Con30, so that expressions of G6Pase, FBP1, PEPCK2 and PCCA on week 27 were 

significantly higher than those on week 0 in this group. On the other hand the decreasing 

tendencies were evident in the Myc groups for PC and in all the groups for PEPCK1. 

Mycotoxin effects were detected in FBP1, PEPCK2 and PC with generally higher expression 

in the group Con30 for all the three GOI. Concentrate effects were found on G6Pase and 

PEPCK1, where consistently lower mRNA level in high-concentrate groups were observed in 

PEPCK1. Any experimental factors were not significant for the expression of PCCA and 

PYGL. 

 

Expression of mRNA for catalytic fatty acid metabolism 

Time effects were detected on all GOI except for ACSL1. Expression of HMGS2, HMGL and 

BDH2 had increasing tendencies in all experimental groups, while the expression patterns for 

CPT1A in time course differed among the groups. Mycotoxin effects were detected on 

CPT1A and ACSL1 with lower values in Myc groups in week 27, which were however not 

statistically relevant. Concentrate effects were found for BDH2 and CPT1A, where the 

expression of BDH2 was constantly lower in the groups fed on high concentrate level.  
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Expression of mRNA for anabolic fatty acid metabolism 

Effects of sampling week were detected for all the investigated GOI. Similar expression 

patterns in the time course were detected for all the GOI with increasing tendencies in control 

groups, while Myc groups had one peak in week 15. Mycotoxin effects were detected in 

ACCA and GPAM. For both genes the effects were evident in week 27 with lower expression 

level in the Myc groups, whereas in week 15 the value in Myc groups was significantly higher 

for GPAM. Concentrate effects were detected only for GPAM. 
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Table 4: LSM and pooled SEM of normalized relative quantities of muscular mRNA of glucose transporter 1 and 4 (SLC2A1, and 4) and insulin 
receptor isoform A and B (IRA, and B) and relative quantities of muscular SLC2A4 protein (WB) in each experimental group and sampling week 
and results of analysis of variance for the factor mycotoxin (M) and concentrate (C) in each sampling week as well as for the factor mycotoxin, 
concentrate, week (W) and their interactions throughout the experimental period.  

  group      

 Con30 Con60 Myc30 Myc60 SEM  

p-values 
time related  

Overall p-values for fixed effects Gene of 
interest 

Week 

N 5 5 5 5   M C  M C W MxC MxW CxW MxCxW 

SLC2A1 0  5.98 10.24 7.70a 9.08 3.26  .28 0.70  .013 .72 <.001 .28 .16 .64 .21 

 15  4.37* 6.87 18.69b 9.32 2.09  <.001 0.73         

 27  2.55 4.19 5.43a 4.05 1.11  0.11 0.49         

                   

SLC2A4 0  4.67a 3.67 5.29 4.38ab 0.92  .48 .30  .36 .24 <.001 .26 .30 .55 .007 

 15  8.95b 6.69 6.69 6.72a 0.92  .24 .23         

 27  3.82a 6.99* 5.74 2.93b 0.92  .26 .84         

                   

IRA 0  4.36 4.26 4.36 3.86ab 0.71  .78 .67  .32 .10 .16 .078 .002 .11 .081 

 15  3.81 4.29 5.10 5.65a 0.69  .06 .46         

 27  3.04+ 6.88* 2.66 2.46b 0.69  .001 .011         

                   

IRB 0  4.55ab 4.88 5.11a 4.15a 0.71  .69 .74  .039 .32 <.001 .008 .001 .11 .090 

 15  4.74a 5.95 6.61a 5.20a 0.69  .64 .99         

 27  3.06b+ 7.39* 2.62b 2.21b 0.69  <.001 .021         

                   

WB 0  19.41 17.02 18.56 32.89 4.75  .12 .22  .59 .65 .64 .21 .28 .22 .39 

 15  29.19 24.75 24.75 20.47 4.61  .35 .35         

 27  26.97 22.14 27.25 22.80 4.61  .92 .32         

                   
abc: LSM were significantly different between weeks within the group. *: LSM were significantly different in comparison with Myc group on the same 
concentrate level and week. +: LSM were significantly different in comparison with high group on the same mycotoxin level and week. 
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Table 5 a-d: LSM and pooled SEM of normalized relative quantities of hepatic mRNA for genes of interest involved in a) glucose 
transport and insulin reception, b) gluconeogenesis, c) catabolic fatty acids metabolism, and d) anabolic fatty acids metabolism in each 
experimental group and week and results of analysis of variance for the factors mycotoxin (M) and concentrate (C) in each sampling 
week as well as for the factors mycotoxin, concentrate, week (W) and ther interactions throughout the experimental period.  
 
Table 5a: hepatic glucose transporter and insulin receptors  

  group      

 Con30 Con60 Myc30 Myc60 SEM  

p-values 
time related  

Overall p-values for fixed effects Gene of 
interest 

Week 

N 5 5 5 5   M C  M C W MxC MxW CxW MxCxW 

SLC2A1 0  3.39 3.29 4.67 4.72 0.58  .025 .96  <.001 .43 .25 .74 .83 .47 .80 

 15  3.56 4.41 4.82 5.70 0.58  .035 .15         

 27  2.95 3.35 5.12 4.67 0.58  .004 .96         

                   

SLC2A2 0  4.25a 5.47 3.95 5.61 1.32  .95 .28  .038 .58 .005 .41 .009 .39 .52 

 15  7.16a 8.03 6.63 7.70 1.32  .75 .47         

 27  11.83b* 8.99 4.56 5.54 1.32  <.001 .49         

                   

IRA 0  4.47 4.78 3.88 3.82 0.62  .22 .84  .55 .22 .15 .75 .21 .40 .73 

 15  4.25 2.69 4.44 3.87 0.62  .28 .092         

 27  3.86 3.43 3.28 2.91 0.62  .38 .52         

                   

IRB 0  2.19 3.08 2.65 2.96 0.35  .63 .10  .58 .68 .52 .77 .56 .20 .34 

 15  3.17 2.73 2.43 2.72 0.35  .29 .82         

 27  3.06 3.05 3.18 2.66 0.35  .69 .46         

                   
SLC2A1 and SLC2A2: glucose transporter isotype 1 and 2, IRA and IRB: insulin receptor isotype A and B 
abc: LSM were significantly different between weeks within the group. *: LSM were significantly different in comparison with Myc group on the same 
concentrate level and week. 
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Table 5 b: continued (gluconeogenesis) 
  group      
 Con30 Con60 Myc30 Myc60 SEM  

p-values 
time related  

Overall p-values for fixed effects Gene of 
interest 

Week 
N 5 5 5 5   M C  M C W MxC MxW CxW MxCxW 

PC 0  24.2 32.4 35.9a 32.1a 6.77  .41 .75  .35 .61 <.001 .91 .021 .55 .35 
 15  19.7 14.5 15.8b 12.1b 3.62  .40 .24         
 27  22.0* 14.7 5.1b 5.9b 3.03  <.001 .30         
                   

G6Pase 0  6.68a 6.48 5.55a 7.13 1.14  .83 .55  .60 .41 <.001 .15 .051 .023 .89 
 15  6.94ab 5.66 8.45ab 10.2 1.14  .012 .85         
 27  11.9b 8.65 9.59b 7.62 1.14  .15 .028         
                   

FBP1 0  5.67a 6.65 4.26 5.83 1.46  .45 .39  .027 .53 <.001 .037 .13 .23 .40 
 15  9.07a 6.49 6.69 8.20 1.46  .82 .72         
 27  15.3*b 9.83 7.79 8.56 1.46  .004 .12         
                   

PEPCK1 0  12.8ab 14.8a 14.3 17.1a 2.35  .42 .32  .69 .073 <.001 .87 .61 .012 .84 
 15  18.8a 10.4ab 16.7 10.4ab 2.35  .66 .003         
 27  6.86b 4.06b 8.53 4.23b 2.35  .70 .14         
                   

PEPCK2 0  3.42a 3.94 4.78 4.77 0.59  .072 .66  .28 .12 .005 .69 .017 .25 .84 
 15  4.98ab 4.04 5.95 5.31 0.59  .067 .19         
 27  6.62b 5.81 5.85 4.44 0.59  .078 .069         
                   

PCCA 0  2.57a 3.42 2.73a 3.43 0.67  .90 .25  .69 .46 <.001 .77 .28 .093 .43 
 15  4.42ab 3.63 4.90a 4.96 0.67  .18 .59         
 27  6.07b 5.42 6.32b 4.23 0.67  .49 .046         
                   

PYGL 0  6.77 6.84 5.70 8.54 1.25  .80 .26  .88 .50 .20 .051 .70 .37 .35 
 15  16.3 5.25 9.83 12.9 4.37  .89 .38         
 27  11.7 5.57 5.35 8.21 2.28  .43 .49         
                   

PC: pyruvate carboxylase, G6Pase: glucose-6-phosphatase, FBP1: fructose-1,6-bisphosphatase 1, PEPCK1,2: phospohenolpyruvate carboxykinase 1 (cytoosolic) 
and 2 (mitochondrial), PCCA: propionyl CoA carboxylase A, PYGL: glycogen phosphorylase, liver 
abc: LSM were significantly different between weeks within the group. *: LSM were significantly different in comparison with Myc group on the same 
concentrate level and week. 
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Table 5 c: continued (catabolic fatty acids metabolism). 
  group     

 Con30 Con60 Myc30 Myc60 SEM 

p-values 
time related  

Overall p-values for fixed effects Gene of 
interest 

Week 

N 5 5 5 5  M C  M C W MxC MxW CxW MxCxW 

CPT1A 0  4.86 5.67 4.82 6.09 0.76  .80 .20  .37 .83 .096 .39 .032 .031 .60 

 15  4.37 4.01 4.43 5.27 0.72  .37 .74         

 27  7.86 4.98 3.89 3.25 1.26  .038 .18         

                   

HMGS2 0  5.09 6.12 5.30a 7.10 1.39  .67 .32  .13 .44 <.001 .70 .56 .099 .52 

 15  8.60 6.45 10.2ab 8.00 1.39  .26 .13         

 27  10.1 10.1 14.1b 11.0 1.39  .082 .26         

                   

HMGL 0  2.60 2.89 2.41 3.07 0.50  .99 .34  .41 .11 <.001 .059 .071 .074 .38 

 15  4.48 2.55 4.52 4.84 0.50  .024 .11         

 27  5.10 3.67 4.29 3.60 0.50  .38 .038         

                   

BDH2 0  3.11 2.78a 4.70 3.18 0.75  .19 .22  .50 .013 <.001 .99 .35 .15 .50 

 15  4.74 3.31a 5.18 3.94 0.75  .48 .083         

 27  7.23 4.14b 6.44 4.30 0.75  .68 .001         

                   

ACSL1 0  2.41 3.57 1.96 2.10 0.51  .066 .21  .049 .70 .83 .29 .18 .45 .15 

 15  3.04 2.20 2.58 3.02 0.51  .73 .70         

 27  3.67 2.74 1.82 2.55 0.51  .052 .84         

                   
CPT1A: carnitine palmitoyltransferase 1A, HMGS2: 3-hydroxy-3-methylglutaryl-CoA synthase 2, :, HMGL: hydroxymethyl-3-methylglutaryl-Co A lyase, 
BDH2: 3-hydroxybutyrate dehydrogenase type2, ACSL1: Acyl-CoA synthetase long chain family member 1 
abc: LSM were significantly different between weeks within the group. *: LSM were significantly different in comparison with Myc group on the same 
concentrate level and week. 
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Table 5 d: continued (anabolic fatty acids metabolism) 
  group      

 Con30 Con60 Myc30 Myc60 SEM  

p-values 
time related  

Overall p-values for fixed effects Gene of 
interest 

Week 

N 5 5 5 5   M C  M C W MxC MxW CxW MxCxW 

ACCA 0  3.89 5.05 5.79 3.78 1.63  .85 .80  .35 .24 .001 .80 <.001 .55 .091 

 15  9.42 4.28 9.53 9.68 1.63  .099 .13         

 27  12.53 11.6 6.45 5.07 1.63  <.001 .48         

                   

GPAM 0  5.92 7.81 5.43 6.74 1.14  .50 .17  .51 .047 .026 .25 .002 .91 .26 

 15  7.40 6.06* 7.94 11.2 1.14  .017 .41         

 27  9.72 10.9 6.05 7.87 1.14  .005 .19         

                   

DGAT1 0  1.48 1.90 2.12 1.67 0.15  .20 .94  .64 .36 .006 .15 .14 .48 .20 

 15  2.09 1.91 2.42 2.19 0.30  .32 .52         

 27  2.20 2.23 2.19 1.68 0.16  .097 .15         

                   

FASN 0  3.72 2.09 4.44 2.43 0.77  .51 .032  .74 .49 .002 .53 .19 .40 .65 

 15  6.65 5.42 6.64 8.19 1.79  .45 .93         

 27  6.83 6.09 3.50 3.77 1.61  .098 .89         

                   
ACCA: acetyl-CoA-carboxylase, GPAM: mitochondrial glycerol phosphate acyltransferase, DGAT1: diacylglycerol acyltransferase 1, FASN: fatty acid synthase 
abc: LSM were significantly different between weeks within the group. *: LSM were significantly different in comparison with Myc group on the same 
concentrate level and week. 
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3.3 Correlation analysis 

Transcripts of SLC2A1 in muscular tissue correlated significantly with muscular SLC2A4 

(r=0.53, p=0.002) and muscular IRA (r=0.51, p=0.035), muscular SLC2A4 with muscular 

IRA (r=0.67, p=0.002) and IRB (r=0.76, p<0.001), muscular IRA with muscular IRB (r=0.87, 

p<0.001) and muscular IRA (r=-0.53, p=0.024) and muscular IRB (r=-0.48, p=0.044) with 

serum BHB.  

 

Hepatic SLC2A1 correlated with hepatic IRB (r=0.45, p=0.048), with serum insulin (r=0.53, 

p=0.023) and DMI (r=0.53, p=0.019). Hepatic SLC2A2 correlated with hepatic IRA (r=0.51, 

p=0.023), with plasma glucose (r=-0.63, p=0.003), serum insulin (r=-0.68, p=0.002), DMI 

(r=-0.54, p=0.014) and concentrate intake (r=-0.50, p=0.025). Hepatic IRA correlated with 

serum NEFA (r=0.48, p=0.037) 

 

Between transcripts of hepatic key enzymes for gluconeogensis and fatty acid metabolism the 

following significant correlations were found: 

PC correlated with FBP1 (r=0.59, p=0.010), CPT1A (r=0.66, p=0.003), ACSL1 (r=0.51, 

p=0.027), serum insulin (r=-0.76, p<0.001) and RQUICKI (r=0.54, p=0.018) while G6Pase 

showed correlations with FBP1 (r=0.56, p=0.013), PEPCK1 (r=0.54, p=0.014), PEPCK2 

(r=0.65, p= 0.002), PCCA (r=0.65, p=0.002), CPT1A (r=0.49, p=0.037), HMGL (r=0.62, 

p=0.004), BDH2 (r=0.62, p=0.003), ACCA (r=0.53, p=0.017), and DGAT1 (r=0.62, 

p=0.004).  

FBP1 revealed significant correlations with PEPCK2 (r=0.57, p=0.011), PCCA (r=0.47, 

p=0.044), CPT1 (r=0.59, p=0.012), BDH2 (r=0.47, p=0.044) and DGAT1 (r=0.53, p=0.010) 

and PEPCK1 with PCCA (r=0.68, p=0.001), HMGL (r=0.86, p<0.001), BDH2 (r=0.59, 

p=0.007) and DGAT1 (r=0.48, p=0.034).  

PEPCK2 correlated significantly with PCCA (r=0.62, p=0.004), CPT1A (r=0.64, p=0.004), 

HMGL (r=0.49, p=0.030), BDH2 (r=0.49, p=0.030) and DGAT1 (r=0.68, p=0.001) and 

PCCA with CPT1A (r=0.56, p=0.017), HMSGS2 (r=0.55, p=0.013), HMGL (r=0.78, 

p<0.001), BDH2 (r=0.59, p=0.006) and DGAT1 (r=0.69, p<0.001).  

Significant correlations were found between PYGL and ACSL1 (r=0.81, p<0.001), CPT1A 

and ACCA (r=0.48, p=0.044), DGAT1 (r=0.60, p=0.008). HMGS2 correlated significantly 

with HMGL (r=0.45, p=0.047) and DGAT1 (r=0.60, p=0.005), HMGL with BDH2 (r=0.62, 

p=0.004), ACSL1 (r=0.49, p=0.028) and DGAT1 (r=0.56, p=0.011), ACCA with GPAM 

(r=0.77, p<0.001) and FASN (r=0.84, p<0.001), and GPAM with FASN (r=0.70, p<0.001) 
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Plasma glucose showed significant correlations with FBP1 (r=0.48, p=0.040), PEPCK2 

(r=0.45, p=0.048) and BDH2 (r=0.52, p=0.018), serum insulin with PC (r=-0.76, p<0.001), 

G6Pase (r=-0.47, p=0.048), FBP1 (r=-0.58, p=0.014), PEPCK2 (r=-0.49, p=0.041) and 

ACSL1 (r=-0.63, p=0.005), RQUICKI with PC (r=0.54, p=0.018), and FBP1 (r=0.60, p= 

0.006), serum Urea with BDH2 (r=-0.58, p=0.007), DMI with PC (r=-0.72, p=0.001), CPT1A 

(r=-0.49, p=0.038), ACSL1 (r=-0.49, p=0.027), and ACCA (r=-0.48, p=0.031) and finally 

concentrate intake with PC (r=-0.51, p=0.025), G6Pase (r=-0.72, p<0.001), PEPCK2 (r=-0.54, 

p=0.015), PCCA (r=-0.57, p=0.009), CPT1A (r=-0.47, p=0.048), HMGL (r=-0.56, p=0.011), 

BDH2 (r=-0.58, p=0.008), ACCA (r=-0.47, p=0.035), DGAT1 (r=-0.45, p=0.045), and FASN 

(r=-0.47, p=0.037) 
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4. Discussion 

4.1 Study design 

Dose of DON 

The tolerance limit of dietary DON concentrations for dairy cows was set by the EUROPEAN 

COMMISSION (2006) at 5.7 mg/kg DM. In period 1 the DON contamination in the diet was 

close to the tolerance limit at about 5.5 mg/kg DM, whereas in period 2 the dietary DON 

content was about 4.5 mg/kg DM. In comparison dietary DON contents in control cows were 

about 0.6 mg/kg DM in both periods (KEESE et al., 2008a). Thus, DON was fed to Myc cows 

in practically relevant amounts while in controls the amount was about ten times lower. 

Dietary ZON concentrations were at an average of 113 µg/kg DM and 53 µg/kg DM in period 

1 and about 73 µg/kg DM and 35 µg/kg DM in period 2 in cows of Myc and control groups, 

respectively. These dietary ZON contents are far below the tolerance limit of 0.57 mg/kg DM 

ZON (EUROPEAN COMISSION, 2006). Therefore, DON is assumed as the tested 

dominating mycotoxin in this feeding trial and little ZON effects are expected.  

 

Dietary DON content and concentrate proportion as experimental factors 

The main objective of this trial was to test the effects of long term DON exposure on 

metabolism in dairy cows. Most of the ingested dietary DON is degraded during the process 

of ruminal microbial fermentation to the by far less toxic DOM-1 (KING et al., 1984). The 

ruminal fermentation pattern and thereby possibly the ruminal DON degradation capacity 

depends on the concentrate proportion of the diet (KEESE et al., 2008a; KLEEN et al., 2009). 

High concentrate proportions may even lead to subacute ruminal acidosis (SARA; KLEEN et 

al., 2009). In praxis a large variety of diets differing in the concentrate proportion are fed to 

dairy cows and approximately 15% of high yielding dairy cows may develop SARA in the 

field (KLEEN et al., 2009). Thus, the intention of this study was also to test DON effects 

offering diets different in concentrate proportions (30%:70% vs. 60%:40% 

concentrate : forage proportion). Although in the beginning it was intended to feed cows 

during the whole study period on different dietary DON and concentrate levels this was not 

possible for technical reasons. Therefore, the study was split into two periods. During the first 

eleven weeks in period 1 cows in the Myc and Con group were fed diets with almost identical 

composition except for the dietary DON content. The concentrate to forage ratio was 
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50%:50% on DM basis in both groups. The originally planned feeding regime with different 

concentrate and DON levels was applied only in the following 16 weeks of period 2. 

Accordingly, the study design allowed testing the long term DON effects over the whole 27 

weeks study period but the hypothesized interaction of DON and concentrate only in period 2. 

For that reason the statistical evaluation of results of the analysis of repeatedly obtained blood 

samples was performed separately for period 1 and period 2. In contrast, the evaluation of 

results of analysis of tissue samples was statistically evaluated over the whole period of 27 

weeks. Tissue samples were obtained before the start of the tested feeding regime (week 0), in 

week 15 (4 weeks after start of period 2) and week 27 (end of period 2). Since adaptation of 

ruminal fermentation and metabolism to new diets is assumed to take about three to four 

weeks (KLEEN et al., 2003). It appeared to be justified to consider beside the hypothesized 

dietary DON effect also a dietary concentrate effect in the statistical evaluation of results of 

tissue analysis in biopsies taken in week 15.  

 

4.2 Blood analysis 

4.2.1 Metabolic changes 

Glucose, NEFA, BHB, insulin and RQUICKI 

At the beginning of period 1 the experimental cows were on average about 30 days in 

lactation. Accordingly, a significant increase in serum levels of insulin and plasma levels of 

glucose was observed with progressing lactation, while mean serum levels of NEFA 

decreased, as reported before (LOOR et al., 2006; VAN DORLAND et al., 2009). In period 1 

DON exposure revealed no significant effects on insulin and substrates as in previous studies 

with comparable study terms and DON intakes (TREHOLM et al., 1985; COTE et al., 1986; 

CHARMLEY et al., 1993; HOCHSTEINER et al., 2000; SEELING et al., 2006b; 

KOROSTELEVA et al., 2007).  

 

RQUICKI (Revised Quantitative Insulin Sensitivity Check Index) which is based on insulin, 

NEFA and glucose levels in blood is widely used in human medicine as an indicator for 

insulin sensitivity of peripheral tissues and also suggested for application in dairy cows 

(HOLTENIUS u. HOLTENIUS, 2007). Recent studies using hyperinsulinemic euglycemic 

glucose clamps as gold standard revealed that RQUICKI is also in dairy cows in early 
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(KUSENDA, 2010) and progressed lactation (HAARSTRICH, 2010) a fairly reliable 

indicator of insulin sensitivity. In this study levels of RQUICKI decreased overall over the 

studied eight weeks in period 1 indicating a reduction in insulin sensitivity and then increased 

again in period 2. Reduced insulin sensitivity is a known feature in early lactating dairy cows 

(HOLTENIUS u. HOLTENIUS, 1996). While DON exposure had no significant effect on 

insulin sensitivity during period 1, DON contaminated diets led to significant higher serum 

insulin concentrations and lower RQUICKI levels in period 2. Although, only very little of 

ingested DON is absorbed into circulation due to ruminal degradation of DON to DOM-1 

(KEESE et al., 2008c). This result might indicate that ingestion of small amounts of DON 

from contaminated diets may have cumulative toxic effects (reviewed by PESTKA u. 

SMOLINSKI, 2005) and may alter insulin sensitivity in dairy cows when exposed over a long 

term.  

 

Possible mechanism for DON-effects on RQUICKI in period 2 and DON-toxicokinetics 

The lower RQUICKI values in the Myc groups in the current study are apparently at least 

partly owing to the higher mean insulin concentrations and need to be evaluated carefully. 

The higher insulin concentrations in Myc compared with Con in period 2 might also be 

related to higher DMI in these groups as reported by Keese et al. (2008a; period mean (± 

SEM) in Con30, Myc30, Con60, Myc60: 15.3 ± 0.4, 16.8 ± 0.4, 18.4 ± 0.4, 19.2 ± 0.4 DMI 

kg/d). In ruminants insulin secretion is stimulated by concentrations of plasma glucose and by 

volatile fatty acids absorbed from ruminal fermentation, above all valerate, butyrate and to 

less extent propionate (MINEO et al., 1994). However, KEESE et al. (2008b) found no 

significant group differences between cows fed the control or DON-contaminated diets in 

ruminal short chain fatty acid concentrations (SCFA; KEESE et al., 2008c) and as reported 

here, blood glucose did not differ statistically between Myc and Con groups.  

 

Inhibitory effects of DON on insulin action may be explained by up-regulation of tumour 

necrosis factor alpha (TNFα) (KUSHIBUKI et al., 2001a, b; OHTSUKA et al., 2001; 

BRADFORD et al., 2009) due to cumulative effects of long term DON ingestion (PESTKA et 

al., 2004). It is suggested that DON affects gene transcription by activating mitogen activated 

protein kinase (MAPK) which may result in enhanced expression of proinflammatory 
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cytokines such as TNFα, interleukin 1 (IL1) as well as IL6 in macrophages (PESTKA et al., 

2004). However, according to the review by PESTKA u. SMOLINSKI (2005) the non-

observable-adverse-effect level (NOAEL) for up-regulating cytokine production in mice is 

about 0.5 mg/kg BW/day (d). In our study mean DON- intake in cows of Myc groups was 

calculated less than 0.2 mg mg/kg BW/d (KEESE et al., 2008a) and therefore below the 

threshold reported for mice. Since ingested DON is degraded almost completely in the rumen 

to DOM-1, serum concentrations of DON were also below or close to the detection limit 

during the whole course of this study in our cows (KEESE et al., 2008a). In this study 

however, blood samples for DON analysis were taken about five hours after the last feed 

ingestion in this study. Since DON absorbed from the intestinal tract into systemic circulation 

is excreted via urine and bile (KEESE, 2008; KEESE et al., 2008a) higher serum DON 

concentrations appear possible shortly after feed ingestion but were possibly missed due to 

the scheduled sampling protocol.  

Nevertheless, it is reported that up-regulation of proinflammatory cytokine transcription in 

immune tissues is also possible by a cumulative toxic DON-effect after repeated exposure to 

small doses of DON. Studies using murine showed that repeated DON application over 7 days 

could cause gene up-regulation at about 1/5 of the dose needed for acute gene induction 

(PESTKA u. SMOLINSKI, 2005). Also in high yielding dairy cows KOROSTELEVA et al. 

(2007) demonstrated significant effects on immunity (depressed neutrophil phagocytosis and 

elevated IgG-response to immunization in animals fed diets with DON) after feeding a 

naturally DON-contaminated diet at a level of about 3.6 mg/kg DM for 56 days, indicating 

similar effects of DON on immune function in ruminants as in murine. Since DON 

concentrations in diets of this study were even higher, it is also considerable that pro-

inflammatory cytokines were up-regulated in cows in Myc groups after the long term DON 

exposure. Unfortunately, cytokines have not been measured in this study yet. 

 

Dietary concentrate proportion  

In period 2 cows fed a high concentrate diet regardless of the DON content, revealed a higher 

mean insulin and lower NEFA and BHB levels compared to cows on low concentrate diets. In 

ruminants insulin secretion is stimulated by glucose and ruminal SCFA, such as valerate, 

butyrate, and propionate (MINEO et al., 1994). Mean plasma glucose concentrations did not 
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differ significantly between cows on high or low concentrate diets. Thus, the higher insulin 

levels in cows on a high concentrate diet in this study may be caused by significantly higher 

ruminal concentrations of valerate (period mean ± pooled SE in Con 30: 1.29 ± 0.25, Myc30: 

1.51 ± 0.25, Con60: 2.28 ± 0.25, Myc60: 2.86 ± 0.27 Mol %) as well as propionate (period 

mean ± pooled SE in the same order: 18.3 ± 0.5, 19.6 ± 0.5, 22.5 ± 0.5, 25.9 ± 0.6 Mol %) as 

reported by KEESE et al. (2008c) for cows used in this study. The suppressive effect of 

insulin on lipomobilisation may explain the lower NEFA concentrations in serum of cows on 

the high concentrate diets (DRACKLEY et al., 2006) and thereby the lower BHB 

concentrations, since NEFA is a precursor for hepatic BHB production (HERDT, 2000). 

However, neither the dietary concentrate proportions nor the interaction between concentrate 

proportion and DON content in the diet affected insulin sensitivity as assessed by RQUICKI.  

 

4.2.2 Urea, AST, GLDH, GGT, and total bilirubin 

Serum  urea  

While in period 1 mean serum urea concentrations were almost the same in both groups, in 

period 2 high-concentrate groups had remarkably higher mean serum urea concentrations 

regardless of a dietary mycotoxin contamination. Noticeably higher mean serum urea was 

found in cows of Con60 compared to Myc60. The results on serum urea content are in line 

with results reported by KEESE et al. (2008b) on milk urea contents in cows of this study 

(Con30, Myc30, Con60, Myc60: 195.9±9.3, 192.1±9.0, 265.3±9.0, 219.8±9.8 mg/kg, resp.) 

since milk and serum urea correlate closely (ROSELER et al., 1993; BAKER et al., 1995; 

BRODERICK u. CLAYTON, 1997). Milk urea was discussed extensively before (KEESE et 

al. (2008b). The authors concluded that most likely a higher DMI and thereby increased crude 

protein intake caused the elevated urea concentrations in the high concentrate groups. The 

differences between Con60 and Myc60 are most likely explained by the slightly higher crude 

protein concentration and a less negative ruminal nitrogen balance in Con60 (KEESE et al. 

(2008b).   

 

Serum activities of hepatic enzymes   

The activities of hepatic enzymes and concentrations of total bilirubin in blood were 

measured in cows of this study as indicators for hepatic cell integrity and hepatic excretion 
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capacity, as in other studies before (HOCHSTEINER et al., 2000, DÄNICKE et al., 2002, 

SEELING et al., 2006b). In previous studies DON intake in comparable amounts to this study 

over several weeks had no effect on serum levels of hepatic enzymes and bilirubin. However, 

in this study in period 1 serum AST and GLDH activities tended to be higher in Myc group 

than in Con group which was significant for AST in period 2. Throughout period 2 highest 

activities in serum for AST, GLDH and GGT were found in the group Myc60, which is also 

reflected by significant statistical interaction between concentrate and DON level for AST and 

GLDH. Although serum bilirubin concentrations were not affected by DON intake, these 

results might possibly indicate cytotoxic effects on hepatocytes after long term DON exposure 

in dairy cows, which is in contrast to results obtained by HOCHSTEINER et al. (2000), 

DÄNICKE et al. (2002), and SEELING et al. (2006)b. Histopathological changes in 

hepatocytes in response to DON exposure were reported recently in pigs, which are more 

susceptible to DON intoxication than ruminants, fed DON-contaminated wheat with 9.6 mg 

DON/kg DM over a period of 35 days. The results revealed hemosiderosis, loss of bound 

ribosomes from endoplasmic reticulum (ER) accompanied by increased smooth ER, whereas 

macroscopic alterations and changes in serum activities of hepatic enzymes were not detected 

(TIEMANN et al., 2006; TIEMANN et al., 2008). In the current study no histopathology of 

liver tissue was performed and further studies will be needed to verify the suspected DON 

induced hepatocellular damage in cows from this study.  

 

In summary, analysis of blood samples revealed indications for reduced insulin sensitivity as 

assessed by RQUICKI and a possible disturbance of hepatic cell integrity in cows after long 

term DON ingestion. 

 

4.3 Analysis of biopsy samples 

Selection of GOIs and organs 

In high yielding dairy cows energy metabolism is a critical issue (DRACKLEY et al., 2006). 

In particular glucose metabolism is of specific interest, since glucose requirements in dairy 

cows are predominantely met by hepatic gluconeogenesis. The glucose consumption of 

muscular tissue accounts for about 20 – 40% of whole body glucose turnover and therefore it 

competes with glucose demands of the mammary gland for milk production (BROCKMAN, 
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2005). Thus, to test the effects of DON in combination with different dietary concentrate 

levels the investigated GOIs were selected from the genes involved in glucose transport and 

insulin signaling in liver and muscle, as well as hepatic gluconeogenesis, and catabolic as well 

as anabolic fatty acid metabolism.  

 

Validation of the analysis of biopsy samples 

Results from inter- and intra-assay control in real-time quantitative RT-PCR revealed that 

variability of Ct-values among the independent reverse transcript and those among the 

independent real-time qPCR assays are within the tolerance range. The CV’s were less than 

1% for both control assays. The specificity test of the primary antibody against SLC2A4 

protein used in the western blot revealed no positive signal when in the assay the specific 

antigen-peptide-treated antibody was used. These results indicate that most of the antibody 

was consumed by the peptide by specific antigen-antibody-binding during incubation and did 

not react with SLC2A4 antigen on the blot membrane. Thus the applied two methods for the 

analysis of mRNA and protein expression appear sufficiently validated in terms of 

reproducibility and specificity, respectively.  

 

4.4. Expression of glucose transporter and insulin receptors in hepatic and muscular tissue 

For interpretation of results it needs to be considered that tissue samples were collected in 

week 0, 15 and 27 of the study period. Thus, while samples from week 0 reflected baseline 

values, samples from week 15 were obtained from cows fed 15 weeks on a DON 

contaminated or control diet, whereas the concentrate proportion varied only since four 

weeks. Accordingly, in week 27 cows received either DON contaminated or control rations 

throughout the study period and had been fed on different concentrate levels since 16 weeks. 

Thus, it can be expected, that the effects of DON and concentrate in combination became 

more evident in week 27 than in week 15.  

 

SLC2A1 mRNA expression in liver and muscle 

The mRNA expression of SLC2A1 (glucose transporter 1), which is seen as an insulin 

independent basal glucose transporter (MUECKLER, 1994), was not affected by the dietary 

concentrate proportion in muscular and hepatic tissue. This is in accordance to other studies, 
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where little variation in the expression pattern of SLC2A1 under different dietary conditions 

including weaning in young cattle has been observed (ABE et al., 2001; DÜHLMEIER et al. 

2005; DÜHLMEIER et al., 2007). Mean hepatic SLC2A1 mRNA expression was higher in 

Myc groups than in Con groups throughout the study period. However, since this difference 

was already present in week 0 no conclusions can be drawn on DON effects from this 

observation. Also the significant DON effect on muscular SLC2A1 mRNA expression needs 

careful interpretation. This effect was mostly based on the inexplicable high mRNA 

expression in week 15 in group Myc30.  

 

Hepatic SLC2A2 mRNA expression 

Independent of the dietary concentrate proportion, DON had a significant effect on mRNA 

expression of hepatic SLC2A2 (glucose transporter 2). While mean SLC2A2 transcripts in 

Con groups increased in the time course of the study, those in Myc groups did not show much 

alteration among the sampling weeks.  

Transcription of SLC2A2 can be up-regulated by glucose. With its characteristic function as a 

low-affinity and high-capacity transporter, hepatic SLC2A2 seems to detect the extracellular 

blood glucose level and adjusts the intracellular metabolism to the systemic metabolic status 

through equilibrating the intra- and extra-cellular glucose concentration (LETURQUE et al., 

2009). Increase in extracellular glucose level leads to increased glucose flow into hepatocytes 

through SLC2A2 and up-regulation of SLC2A2 in liver tissue concomitantly with suppression 

of gluconeogenesis via carbohydrate response element-binding protein (ChREBP) 

(RENCUREL et al., 1996; LETURQUE et al., 2009). The underlying mechanism might be 

explained at least partly via activation of transcription factors, for example ChREBP and 

sterol response element binding protein (SREBP-1c), where the former is activated by 

xylulose 5-phosphate, a product in glycolysis (RENCUREL et al., 1996; LETURQUE et al., 

2009), and the latter is activated by glucose solely or together with insulin (IM et al., 2005). 

In vivo studies using rodents revealed that the transcripts of SLC2A2 in liver increased during 

hyperglycaemia, decreased in hyperinsulinaemia-induced hypoglycaemia, and increased, but 

to a smaller extent under hyperglycaemia accompanied with hyperinsulinaemia (BURCELIN 

et al., 1992; POSTIC et al., 1993). Plasma glucose concentrations declined steadily from week 

15 to week 27 in the cows of all groups. Nevertheless, the significant positive correlation 
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between plasma glucose and SLCA2A2 found in week 27 (r = 0.63, p = 0.003) indicates a 

possible stimulating effect of plasma glucose on hepatic mRNA transcripts. Transcripts of 

hepatic SLCA2A2 also showed a negative correlation with serum insulin concentrations (r = -

0.68, p = 0.002). Thus, the significantly higher serum insulin concentrations in cows of Myc 

groups may have suppressed (BURCELIN et al. 1992; POSTIC et al., 1993) up-regulation of 

hepatic SLCA2A2. On the other hand, IM et al. (2005) reported a stimulating effect of insulin 

on SLC2AC2 transcription. In this study resistin blocked the insulin-stimulated SLC2A2 

transcription in human liver HepG2 cells, seemingly via down-regulation of insulin receptor 

substrate 2 as well as up-regulation of SOCS 3 (suppressor of cytokine signalling; LUO et al., 

2009). Therefore it can be speculated that the physiological transcriptional increase of 

SLC2A2 in hepatocytes along with the recovery in insulin sensitivity during the first 40 

weeks after parturition (INGVARTSEN, 2006) could be diminished by chronic exposure to 

deoxynivalenol.  

 

Muscular SLC2A4 mRNA expression  

Neither DON nor concentrate proportions in diets revealed significant effects on SLC2A4 

transcripts in the course of the study. However, the DON x Concentrate x Week interaction 

was significant for mRNA expression of SLC2A4. SLC2A4 was significantly lower in group 

Myc60 than in Con60 in week 27.  

 

The SLC2A4 transcription, which has been studied intensively, mainly in rodents, differs 

depending on various factors including species, organ, as well as tissue components such as 

composition of muscle fibres, which can partially be explained by diversities in expression 

patterns of transcriptional factors, which bind to the specific region of SLC2A4 promoter (IM 

et al, 2007). In cattle the expression patterns of SLC2A1 and SLC2A4 proteins varied among 

several bovine muscles with different biochemical characters (HOCQUETTE et al., 1995; 

DÜHLMEIER et al., 2007). A considerable decrease in SLC2A4 mRNA expression at 

weaning and beginning of rumination has been observed (HOCQUETTE et al., 1997; ABE et 

al., 2001; DÜHLMEIER et al., 2005; DÜHLMEIER et al., 2007). It is suspected that this 

down-regulation is associated with the decrease in dietary glucose supply. On the contrary 

studies using ruminating animals revealed that the SLC2A4 mRNA expression appears 
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relatively stable against nutritional changes (BONNET et al., 2004; GRAUGNARD et al., 

2009) as well as changes in blood insulin or glucose levels (BALAGE et al., 1998; 

KOMATSU et al., 2005; DÜHLMEIER et al., 2005) in animals with same age and same 

genetic background. This would be in accordance with own observation that high dietary 

concentrate levels did not affect SLC2A4 mRNA. Also GRAUGNARD et al. (2009) detected 

no significant changes in SLC2A4 mRNA in growing calves fed on high or low starch diets. 

Regarding physiological change in SLC2A4 transcripts in skeletal muscle of dairy cows, 

SLC2A4 mRNA expression in this study varied from week 0, over week 15 to week 27 in 

Con30 group, which is different from the observations reported by KOMATSU et al. (2005). 

The authors found no significant alteration in SLC2A4 mRNA amounts comparing cows in 

early and late lactation as well as in the dry period under optimum feeding conditions. This 

could be due to differences in experimental conditions especially differences in investigated 

muscle types, but also differences in breeds or age. 

 

Muscular SLC2A4 protein expression  

In contrast to SLC2A4 mRNA protein expression of SLC2A4 in the total membrane fraction 

did not show significant alterations throughout the feeding trial. Deoxynivalenol inhibits 

translation which is assumed to occur via MAPK activation in “ribotoxic stress response”, a 

model demonstrated for some other translation inhibitors (PESTKA u. SMOLINSKI, 2005). 

In the present study neither SLC2A4 protein expression nor total protein yield/100 mg fresh 

muscle tissue (data not shown) were affected by DON intake. This is probably because DON 

intake of cows in this study was far below the limit for protein synthesis inhibition proposed 

for mice (5-25 mg DON/kg BW; PESTKA and SMOLINSKI, 2005). Moreover, DON 

absorption in ruminants is generally low (KEESE, 2008). This does not oppose to our 

hypothesis for cumulative toxicity of DON via proinflammatory cytokine induction, because 

DON can activate several MAPK pathways, which seems to result in different DON actions 

on various exposure levels (PESTKA u. SMOLINSKI, 2005). Furthermore, unchanged 

SLC2A4 protein expression after stimulation of proinflammatory cytokines was reported 

before (ROHER et al., 2007).  
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In the current study no correlation was found between SLC2A4 protein and mRNA 

expressions in muscular tissue. Although transcription and translation are regarded as 

important levels where functional regulations of SLC2A4 take place, they are not always 

under the same control mechanisms (ZORZANO et al., 2005). Moreover SCL2A4 mRNA 

seems to have shorter turnover rates as its protein (OLSON and PESSIN, 1996). Therefore 

SLC2A4 protein expression may be more consistent in the time course than mRNA 

expression.  

 

Muscular and hepatic insulin receptor mRNA expression 

The transcription of hepatic insulin receptors in both isoforms was neither affected by the 

experimental factors DON and dietary concentrate level nor, by experimental week. In this 

study a relatively stable transcription of IRA and IRB against nutritional changes was 

observed in liver tissue of dairy cows, this was also found by FENWICK et al. (2006). In 

contrast to this, significant effects of DON and DON x Concentrate interaction on mRNA 

expression of IRB was found in muscular tissue and a trend for interaction of DON X 

Concentrate x Week (p<0.1) was observed for IRA and IRB. Again in week 27, similar to the 

effects observed in muscular SLC2A4 mRNA expression, mean mRNA expressions of IRA 

and IRB were significantly higher in cows of Con60 than of Myc60. IRA and IRB are 

alternative splicing variants of exon 11 differing in 12 amino acids. Compared to IRB (exon 

11+) IRA (exon 11-) has a higher affinity to insulin like growth factors and to insulin, but IRB 

shows more efficient post receptor signal transduction. Their transcriptional regulation 

appears to be tissue-specific (MCGRATTAN et al., 2000) and dependent on the 

pathophysiological status in humans (DENLEY et al., 2003).  

 

Assumed DON effect on insulin sensitivity 

Summarizing the results presented above, the mRNA transcription pattern of SLC2A4 in 

muscular tissue was comparable to that of IR, although it was less pronounced. This is also 

reflected in high correlation coefficients between muscular SLC2A4 and IR detected in week 

27. Theoretically a lower transcription level of insulin receptors could be associated with a 

lower density of IR on the cell surface, which may lead to reduced biological response to 

insulin such as cellular glucose uptake through SLC2A4 (KRÄFT, 2004). Thus, the observed 
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suppression of IR isoforms and SLCA2A4 after 27 weeks of DON exposure may have 

contributed to reduced insulin sensitivity of peripheral tissues as assessed by RQUICKI, in 

our cows.  

 

DON exposure in low doses is supposed to induce up-regulation of proinflammatory 

cytokines (PESTKA et al., 2004). In the current study up-regulation of muscular SLC2A1 

(week 15) and down-regulations of SLC2A4 and SLC2A2 (week 27) were observed in cows 

fed DON-contaminated diets. These findings are similar to the effects of proinflammatory 

cytokines or lipopolysaccharide (LPS) on the expression of glucose transporter. Up-regulation 

of muscular and hepatic SLC2A1 as well as down-regulation of muscular SLC2A4 and 

hepatic SLC2A2, was reported in rats under the stimulation of LPS to simulate the condition 

of endotoxine shock (ZELLER et al., 1991). These results were accompanied by 

hypoglycaemia, indicating increased peripheral glucose uptake or possibly decreased hepatic 

release. In cultured skeletal L6 cells, proinflammatory cytokines increased SLC2A1 and 

decreased SLC2A4 protein concomitantly with increased total glucose uptake, but decreased 

insulin stimulated glucose uptake (BEDARD et al., 1997).  

 

Recent studies revealed that decreased growth, a negative effect of chronic DON exposure, 

may be explained by DON-related up-regulations of proteins known as SOCS (suppressor of 

cytokine signalling). The proposed mechanism is that DON stimulates the expression of 

proinflammatory cytokines via MAPK with subsequent cytokine stimulated pronounced 

transcription of SOCS1 and SOCS3 in liver, muscular and immune tissues. SOCS inhibit the 

intracellular signalling of growth hormone (GH) in the liver and the GH-induced gene 

transcription. In mice the activation of MAPK by DON occurs within 0.5-1 hour after 

administration, concurrent with or followed by up-regulation of SOCS within 2 hours 

(AMUZIE et al., 2009; AMUZIE u. PESTKA, 2010; reviewed by PESTKA, 2010; and 

VOSS, 2010).  

 

The assumed mechanism, DON stimulating SOCS1 and SOCS3 transcription seems to be 

similar to the process observed under the stimulation of LPS or proinflammatory cytokines. 

This process also plays an important role, in the aetiology of insulin resistance, observed in 
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type II diabetes in humans. The negative effects of LPS or proinflammatory cytokines on 

insulin signalling are suspected to be mediated by SOCS which inhibit the phosphorylation of 

insulin receptors and insulin receptor substrates 1 (IRS1) as well as its association with 

phophatidylinositolphosphate kinase (subunit p85) (LEBRUN u. OBBERGHEN, 2008). 

 

In conclusion, down-regulation on transcriptional level of IRA, IRB and the insulin dependent 

glucose transporter SLC2A4 in muscular tissue possibly contributed to the observed reduced 

insulin sensitivity of peripheral tissues as assessed by RQUICKI in dairy cows of this study 

after 27 weeks of deoxynivalenol ingestion on a dose of 0.2 mg/kg body weight. At the same 

time SLC2A1 transcripts in muscular tissue were up and SLC2A2 transcripts in hepatic tissue 

were down-regulated. Although this study provides no information on the underlying 

mechanism our findings indicate the possibility that the burden complex of long term 

deoxynivalenol ingestion can modulate glucose metabolism by modulation of mRNA 

transcription of IR and glucose transporter in muscular as well as hepatic tissue and perhaps 

adipose tissue. The observed alterations in transcription may be induced by DON induced 

activation of MAPK and subsequent increased cytokine expression. However, this was not 

investigated in this study.  

 

In summary the proposed mechanism may be:  

1. Continuous deoxynivalenol ingestion on a low dose induced, up-regulation of 

proinflammatory cytokines as well as SOCS in a cumulative way (PESTKA et al., 

2004; reviewed by PESTKA, 2010, and VOSS, 2010) 

2. As observed in this study chronic DON exposure increases SLC2A1 in muscle tissue, 

possibly due to the same mechanism as that observed under the stimulation by 

proinflammatory cytokines. Up-regulation of SLC2A1 may also occur in the 

mammary gland, which would cause increased basal glucose uptake and milk 

production as observed in cows of Myc60 (Keese et al 2008b). 

3. Inhibitory effects of up-regulated SOCS after chronic DON exposure may prevent the 

up-regulation of SLC2A4 and IR in muscle tissue, observed in control cows of this 

study and thereby induction of reduced insulin sensitivity.   
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4. Keese et al (2008b) reported for cows of this study a higher gain (not significant) in 

body weight from week 12 to week 27 in the Con60 group compared to cows of 

Myc60. This may be explained by observed reduced insulin sensitivity in cows of 

Myc60. Reduced insulin sensitivity in Myc60 cows may also explain the significantly 

higher milk yield compared to cows of Con60, which was observed although DMI did 

not differ between groups (KEESE et al., 2008b). 

 

Possible effects of high concentrate diets  

Results of this study provided some evidence that high dietary concentrate proportions may 

modify glucose metabolism. Comparable oberservations were made before. CHAGAS et al 

(2009) showed by means of glucose tolerance tests that concentrate feeding of 6 kg DM/day 

increased the glucose response to insulin in grazing cows in early lactation. GRAUGNAD et 

al. (2010) observed that the transcripts of IR in skeletal muscle increased in growing calves 

fed with high starch diets for 112 days concomitant with higher blood insulin level. 

GRAUGNAD et al. (2009) showed in another trial, that calves fed with high-starch diets had 

higher blood insulin levels on the 56th day and higher expression of insulin receptor substrate 

1 (IRS1) transcripts on the 56 and 112th day, whereas no alterations were detected in the 

expression of insulin receptors and SLC2A4. In this study it was shown that high concentrate 

diets induced elevated insulin serum levels in adult cows. Additionally, when cows of Con60 

and Con30 are compared mRNA expression of SLC2A4 and IR isoforms appeared to be 

higher in Con60 cows of this study. These results indicate the possibility that concentrate 

could alter the metabolic status of cattle towards promotion of glucose uptake by peripheral 

tissues in response to insulin on the transcriptional level.  

 

4.5 Effects of DON and concentrate on mRNA expression of hepatic enzymes 

 
4.5.1 Gluconeogenesis 

Among the investigated gluconeogenetic enzymes evident DON-effects were found for 

mRNA expression of PC and of FBP1, which were significantly lower in Myc groups 

regardless of dietary concentrate levels in week 27.  

 



 51 

PC catalyzes the reaction to convert pyruvate to oxalacetate. The activity of PC correlates 

positively with its transcription, which is up-regulated during periods of inadequate DMI, due 

to the increased supply of endogenous precursors for gluconeogenesis such as alanine or 

lactate (GREENFIELD et al., 2000; LOOR et al., 2006). In the current study transcription of 

PC in Myc groups was reverse to serum insulin. Animals fed DON-contaminated diets 

presented significantly higher insulin concentrations in week 27 compared to controls. Studies 

with lactating cows revealed that transcription of PC is stimulated under reduced 

insulin/glucagon ratios (BRADFORD et al., 2005; LOOR et al., 2006; HAMMON et al., 

2009). In this study PC correlated negatively with serum insulin (r=-0.76, p<0.001) as also 

reported by HAMMON et al. (2003). Thus, the depressed PC transcription in week 27 

observed in cows of Myc groups appears to be related to their elevated serum insulin 

concentrations. 

 

FBP1 catalyzes the conversion of fructose-1,6-bisphosphate to fructose-6-phosphate. In this 

study FBP1 also showed a significant negative correlation with serum insulin (r=-0.58, 

p=0.014). As mentioned before transcription of many gluconeogenic enzymes correlate 

negatively with serum insulin (chapter 3.3 of this study, HAMMON et al., 2003) and insulin 

seems to play also a dominant role in the regulation of FBP1 transcription (PILKIS u. 

GRANNER, 1992). Thus, as for PC, the elevated insulin serum concentrations may have 

induced the lower FBP1 transcription observed in cows of Myc groups in this study. 

 

ANOVA revealed little evidence for dietary concentrate effects on the transcription of 

enzymes relevant for hepatic gluconeogesis, best seen for PEPCK1. However, dietary 

concentrate intake showed consistently negative correlations with hepatic PC (r=-0.51, 

p=0.025), G6Pase (r=-0.72, p<0.001), FBP1 (r=-0.49, p=0.035), PEPCK2 (r=-0.54, p= 0.015), 

and PCCA transcription (r=-0.57, p=0.009). PEPCK catalyzes convertion of oxalacetate to 

phosphoenolpyruvate (PEP). In ruminants the activities of cytosolic PEPCK1 and 

mitochondrial PEPCK2 are reported to be almost the same (HOD et al., 1986, AIELLO et al., 

1987). Regarding their transcriptional regulation, PEPCK1 is under the influence of several 

factors including hormone levels and nutrition, while PEPCK2 appears to be relatively stable 

(WELDON et al., 1990; AGCA et al., 2002; VELETZT et al., 2005; HAMMON et al., 2009). 
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PEPCK1 is likely to use oxalacetate converted from propionate and amino acids as precursors 

and PEPCK2 preferably uses lactate derived oxalacetate as precursor (WATFORD et al., 

1981; ASCHENBACH et al., 2010). PEPCK1 seems to be involved in the regulation of 

gluconeogenesis predominantely under unrestricted feed intake conditions (ASCHENBACH 

et al., 2010). The transcription of PEPCK1 is reported to be up-regulated by increased feed 

intake as well as increased ruminal propionate production, while it is down-regulated (LOOR 

et al, 2007) or unchanged (GREENFIELED et al., 2000, VELEZT et al., 2005, HAMMON et 

al., 2009) in cows under reduced energy intake concomitant with up-regulation of PC. 

However, in the current study PEPCK1 expression was lower in the groups fed with the high-

concentrate diets which also had higher energy intake (KEESE et al., 2008).  

 

In the current study the changes of the mRNA expression of PCCA in the time course were 

apparently different from those of PEPCK1, although they are assumed to be coordinated with 

each other (ASCHENBACH et al., 2010). The decreasing tendencies of PEPCK1 concomitant 

with increasing tendencies of PCCA mRNA expression observed in week 15 and 27 may 

suggest that in later stages of lactation a certain amount of oxalacetate is utilized not for 

gluconeogenesis, but for fatty acid oxidation or urea synthesis. Crude protein intake as well as 

blood (table 2A, figure 2J of this study) and milk urea concentrations (KEESE et al., 2008b) 

were significantly higher in cows fed with high concentrate diets, compared to cows on low 

concentrate diets. Thus, hepatic ureagensis for detoxification of ruminal ammonia not used for 

microbial protein production may have consumed oxalacetate in cows on high concentrate 

diets.  

 

No clear effects of DON on G6Pase, catalyzing the conversion of glucose-6-phosphate (G6P) 

to glucose, the last step for gluconeogenesis and on PYGL, catalyzing a reaction in 

glycogenolysis, were found in this study.  

 

In summary, results indicate that long term DON intake may result in depressed mRNA 

transcription of PC and FBP1 possibly mediated by serum insulin. Thus, long lasting dietary 

DON exposure appears to affect transcription of hepatic gluconeogenetic enzymes.  
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4.5.2 Fatty acid metabolism  

Catabolic fatty acid metabolism 

CPT1A catalyzes the transport of cytosolic fatty acids into mitochondria, the rate-limiting 

step in fatty acid oxidation (ZAMMIT, 1996; DRACKLEY u. ANDERSON, 2006). After 27 

weeks of DON ingestion cows presented significantly lower mRNA expression of CPT1A 

than controls regardless of the dietary concentrate level. The transcription of CPT1A is down-

regulated by insulin via decreasing cAMP level, while inhibitory effects on activity of CPT1A 

occur via malonyl CoA synthesis through stimulating the acetyl-CoA carboxylase (ZAMMIT, 

1996). Since the mRNA expression pattern of CPT1A in week 27 was reverse to serum 

insulin levels, mRNA expression of CPT1A was possibly depressed by insulin. However, no 

significant correlation between CPT1A transcripts and serum insulin was found in cows of 

this study.  

 

Acyl-CoA synthetase (ACSL1) catalyzes the reaction to convert fatty acids into acyl-CoA, so 

that they can enter further metabolic pathways. ACSL1, one of five identified isoforms, 

prefers long chain fatty acids with chain length of C16-C20. The products of ACSL1 might 

enter either beta-oxidation or triacylglycerid synthesis (MASHEK et al., 2006). LOOR et al. 

(2005) concluded from results obtained in cows in the peripartal period that up-regulation of 

ACSL1 seems to be associated with increased fatty acid oxidation rather than esterification. In 

this study, cows of Myc groups presented lower mRNA transcripts of ACSL1 than control 

cows throughout the study period, which were already obvious in week 0. Thus, no 

conclusion can be drawn from this observation on effects of long term DON exposure on 

ACSL1 transcription in dairy cows.  

 

No obvious effects of long lasting DON exposure were found on hepatic ketogenesis as 

assessed by analysis of mRNA transcripts of HMGS2, HMGL, and BDH2. However, the 

mRNA expression of BDH2 was significantly down-regulated in cows on high concentrate 

diets compared to cows on low concentrate diets. While in the course of the study BDH2 

increased steadily in cows on low concentrate diets this was not seen in cows on high 

concentrate diets regardless of the dietary DON load. BDH2 catalyzes the last reaction of 

ketogenesis to convert acetoacetate to 3-hydroxybutyrate. LOMAX et al (1983) found in 
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isolated hepatocytes that total ketone body production and the hydroxybutyrate/acetoacetate 

ratio was lower when hepatocytes were obtained from fed compared to starved sheep. This 

effect was not seen when propionate was added to isolated hepatocytes, indicating that the 

activity of hepatic ketogenic enzymes including BDH can be suppressed by propionate. Due 

to higher DMI intake and modified ruminal fermentation pattern ruminal propionate 

concentrations were significantly higher in the animals fed on high concentrate levels in this 

study (KEESE et al., 2008c), which may explain the suppressed mRNA expression of BDH2 

in cows on high concentrate diets.  

 

In summary, long term DON exposure may affect fatty acid metabolism by down-regulation 

of mRNA expression of hepatic CPT1A possibly mediated by insulin. However, no DON 

effects were evident on hepatic ketogenesis. 

 

Anabolic fatty acid metabolism  

Among the genes of interest for anabolic fatty acid metabolism, ACCA and FASN (fatty acid 

synthase) are involved in hepatic de novo synthesis of fatty acids, whereas GPAM and 

DGAT1 are involved in fatty acids esterification. Acetyl-CoA carboxylase (ACC) catalyzes 

the reaction to convert acetyl-CoA into Malonyl-CoA and occurs in two different isotypes, 

ACCA and ACCB (BARBER et al., 2005; WAKIL u. ABU-ELHEIGA, 2009). GPA 

(glycerolophosphate acyltransferase) catalyzes the first reaction for triacylglycerol synthesis 

and occurs as microsomal or mitochondrial isoform (GPAM; LEWIN et al., 2001). 

Diacylglycerol acyltransferase (DGAT) catalyzes the last reaction for TAG synthesis. Two 

isoforms have been identified, DGAT1 and DGAT2, where DGAT1 esterifies fatty acids 

originating from diet or lipolysis and DGAT2 esterifies fatty acid from de novo synthesis 

(YEN et al., 2008). 

 

In week 27 mRNA transcripts of ACCA and GPAM were significantly lower in cows of Myc 

groups than in control cows, while in week 15 the mRNA expression pattern was reverse in 

cows of Myc and control groups. Thus, hardly any conclusions can be drawn on DON effects 

on fatty acid synthesis or esterification from this observation. Furthermore, no DON effects 

were seen on FASN and DGAT1.  
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The GOI for anabolic fatty acid metabolism analysed in this study were studied before in 

ruminants. Results of pervious studies showed lower transcription levels of ACCA, FASN, 

GPAM and DGAT1 at calving and recovery within 21 days after parturition (VAN DEN TOP 

et al., 1995; LOOR et al., 2005; DRACKLEY u. ANDERSEN, 2006; GRABER et al 2010). 

MURONDOTI et al. (2004) assumed that up-regulation of these genes in early lactation might 

be related to increasing hepatic NEFA influx and hepatic insulin sensitivity as well as 

decreasing leptin blood levels. Although DMI, on average concentrate intake and energy 

balance was significantly higher in cows of high compared to cows in low concentrate groups 

(KEESE et al., 2008b) ANOVA revealed no consistent significant effects of the dietary 

concentrate proportion on ACCA, FASN, GPAM and DGAT1 in this study. No significant 

correlations were seen between the studied GOI and plasma glucose, serum insulin, NEFA or 

BHB. However, concentrate intake correlated negatively with ACCA (r=-0.47, p=0.035), 

DGAT1 (r=-0.45, p=0.045) and FASN (r=-0.47, p=0.037) in week 27 indicating that the 

studied GOI are affected by nutrition also in later stages of lactation.  

 

In summary, long lasting DON exposure did not affect studied GOI for fatty acid synthesis 

and esterification.   

 

4.6 Conclusion  

 

Results of this study revealed mild effects of a long-term dietary DON exposure (27 weeks) at 

a dose of about 5 mg DON / kg DM (approximately 0.2 mg / kg body weight per day) on 

energy metabolism in dairy cows. It is assumed that the observed reduced insulin sensitivity, 

as assessed by RQUICKI, may be due to DON induced upregulation of proinflammatory 

cytokines. Reduced mRNA expression of muscular SCL2A4 and IR may reflect reduced 

insulin sensitivity in DON exposed cows on molecular level. Long lasting dietary DON 

exposure also appears to affect transcription of hepatic gluconeogenetic enzymes and may 

affect hepatic fatty acid metabolism by insulin stimulated down-regulation of CPT1A, 

whereas no indications were found that hepatic ketogenesis, fatty acid synthesis and 

esterification were affected by dietary DON intake. The study revealed no consistent evidence 

that DON effects were modified by high dietary concentrate levels. 
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5 Summary 
 
Asako Kinoshita 

Chronic effects of Fusarium mycotoxins in rations with different concentrate proportions on 

gene expression of muscular and hepatic glucose transporters and insulin receptors as well as 

of the hepatic enzymes relevant for energy metabolism in lactating dairy cows 

 
Background: Deoxynivalenol (DON) is a mycotoxin produced by Fusarium spp. which is 

detected frequently in stored grain. The cytotoxicity of DON is explained by the ribotoxic 

effects of DON. DON binds to ribosomes and has the potential to influence translation and 

transcription of genes. Ruminants are less sensitive to DON-intoxication than monogastrics, 

because DON is almost completely degraded to mush less toxic de-epoxy-deoxynivalenol 

(DOM-1) by rumen microbes. However, it is assumed that ruminal DON degradation may be 

suppressed if high dietary concentrate proportions are fed. DON may have also cummulative 

toxic effects when cows are exposed over long periods to DON contaminated diets.  

Objective: To investigate effects of long lasting dietary DON intake on energy metabolism in 

dairy cows fed diets with different concentrate levels.  

Material and methods: 27 German Holstein cows were assigned into two groups and fed with 

a control (Con) or mycotoxin-contaminated diet (Myc, 5.3mg/kg DM DON and 112.7µg/kg 

DM Zearalenon) for 11 weeks (period 1). In the following 16 weeks each group was further 

divided and fed either a diet containing 30% or 60% concentrate (Con30, Con60, Myc30: 

4.4mg/kg DM DON and 73.8µg/kg DM Zearalenon, Myc60, 4.6mg/kg DM DON and 72.5 

µg/kg DM Zearalenon; period 2). Blood samples were taken in week 0, 4, 8, 15, 21, 27 and 

analyzed for glucose, BHB, NEFA, insulin, urea, total bilirubin, AST, GLDH and GGT. From 

serum insulin, NEFA and plasma glucose the Revised Quantitative Insulin Sensitivity Check 

Index (RQUICKI) was calculated. Muscular (M. semitendinosus, M. biceps femoris, M. 

semimembranosus) and hepatic biopsy samples were taken on week 0, 15 and 27. Real-time 

RT-PCR was performed to measure the amount of mRNA for four genes in muscle and 20 

genes in liver. Genes were related to glucose transport, insulin reception, gluconeogenesis, 

catabolic and anabolic fatty acid metabolism. The total crude membrane fraction of muscle 

tissue was isolated and the amount of SLC2A4 protein was measured by western blot.  
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Results: Analysis of blood samples revealed indications for reduced insulin sensitivity as 

assessed by RQUICKI and possibly disturbance of hepatic cell integrity in cows after long 

term DON ingestion. Chronic DON exposure increased mRNA expression of SLC2A1 and 

decreased mRNA expressions of SCL2A4 and IRA and IRB in muscle. DON intake resulted 

in depressed mRNA transcription of hepatic PC and FBP1, enzymes involved in hepatic 

gluconeogenesis. DON exposure affected fatty acid metabolism by down-regulation of 

mRNA expression of hepatic CPT1A. The study revealed no consistent evidence that DON 

effects were modified by high dietary concentrate levels. 

Conclusion: Long term exposure to dietary DON contaminated diets appears to have mild 

effects on energy metabolism in lactating dairy cows.   

 

 



 58 

6. Zusammenfassung 

Asako Kinoshita  

Chronische Auswirkungen von Fusariumtoxinen in Futterrationen mit und ohne erhöhten 

Konzentratanteil auf die Genexpression von Glukosetransportern und Insulinrezeptoren in 

Muskel und Leber sowie von für den Energiestoffwechsel relevanten hepatischen Enzymen 

bei laktierenden Milchkühen 

 

Hintergrund: Deoxynivalenol (DON) ist ein Fusariumtoxin, das in gelagertem Getreide häufig 

nachgewiesen wird. Die Zytotoxizität von DON wird auf seine ribotoxischen Effekte 

zurückgeführt. DON bindet sich an das Ribosom und beeinflusst Transkription und 

Translation. Wiederkäuer sind relativ resistent gegen eine DON-Vergiftung, da DON zum 

größten Teil durch die Pansenfermentation in das wesentlich weniger toxische de-epoxy-DON 

(DOM-1) umgewandelt wird. Nur etwa 1% des aufgenommenen DON wird absorbiert. 

Allerdings wird vermutet, dass durch hohe Anteile von Kraftfutter in Rationen die ruminale 

Entgiftungskapazität von DON vermindert sein kann. Bislang liegen keine Informationen vor, 

welche Auswirkungen DON kontaminierte Rationen auf den Intermediärstoffwechsel von 

Milchkühen haben. Auch die Effekte einer längerfristigen Verfütterung von DON 

kontaminierten Rationen an Milchkühe sind bis heute unzureichend untersucht. Ebenso wenig 

wurde geprüft, ob DON kontaminierte Rationen bei Vorliegen unterschiedlicher 

Konzentratanteile in der Ration in ihren Effekten unterschiedlich sind.  

Ziel der Arbeit war es daher zu untersuchen, welche Effekte die chronische Aufnahme von 

DON auf den Intermediärstoffwechsel bei Vorliegen unterschiedlicher Konzentratanteile in 

Rationen haben.  

Material und Methoden: 27 Deutsche Holstein Kühe wurden in eine Kontrollgruppe (Con) 

und eine Versuchsgruppe (Myc) eingeteilt. Die Tiere erhielten über 11 Wochen 

(Versuchsabschnitt 1) entweder eine Kontrollration oder eine mit Mykotoxinen kontaminierte 

Ration (5,3 mg/kg TM DON, 112,7 µg/kg TM Zearalenon). In den anschließenden 16 

Wochen wurde jede Gruppe wiederum in je zwei Untergruppen geteilt, die entweder 30 oder 

60% Konzentratanteil in der Fütterung erhielten (Con30, Con60, Myc30: 4,4 mg/kg TM 

DON, 73,8 µg/kg TM Zearalenon, Myc 60: 4,6 mg/kg TM DON, 72,5 µg/kg TM Zearalenon; 

Versuchsabschnitt 2). Zu Beginn der Untersuchungen sowie in Woche 4, 8, 15, 21 und 27 
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wurden Blutproben entnommen, in denen Glukose, BHB, freie Fettsäuren, Insulin, Harnstoff, 

Gesamtbilirubin, AST, GLDH und GGT gemessen wurden. Ferner wurde der Revised 

Quantitative Insulin Sensitivity Check Index (RQUICKI) berechnet. Muskel- (M. 

semitendinosus, M. biceps femoris, M. semimembranosus) und Leberbiopsien wurden zu 

Beginn der Untersuchungen sowie in den Wochen 15 und 27 entnommen. Die mRNA-

Expression von vier Genen in der Muskulatur sowie 20 Genen in der Leber wurde mittels 

quantitativer RT-PCR ermittelt. Die ausgewählten Gene betrafen den Glucosetransport sowie 

die Insulinrezeption in Muskel- und Lebergewebe sowie die hepatische Gluconeogenese, 

Ketogenese, sowie Fettsäuresynthese und Fettsäureveresterung. Der Gehalt an SLC2A4 

Protein im Muskel wurde mittels Western Blot gemessen. 

Ergebnisse: Die tägliche Aufnahme an DON wurde in Myc Gruppen auf etwa 0,2 mg/kg 

Körpergewicht geschätzt. In dieser Dosis hatte DON bei Verabreichung über 27 Wochen im 

Vergleich zu Kontrolltieren die folgenden Effekte: Die Insulinsensitivität war vermindert, die 

mRNA expression von SCL2A1 war erhöht, die von SCL2A4 sowie IRA und IRB im 

Muskelgewebe vermindert, die hepatische mRNA expression von PC und FBP1, zwei 

Enzymen der Gluconeogenese, sowie die von CPT1A war reduziert. Die Ergebnisse ergaben 

keine konsistenten Anhaltspunkte, dass DON Effekte durch den Konzentratanteil in den 

Rationen beeinflusst waren.  

Schlussfolgerung: Eine langhaltende Aufnahme von DON kontamierten Rationen scheint 

Einfluss auf den Intermediärstoffwechsel von Milchkühen zu haben.  



 60 

7. References 
 
  Abe, H., Y. Kawakita, K. Hodate, u. M. Saito (2001):  
Postnatal development of glucose transporter proteins in bovine skeletal muscle and adipose 
tissue.  J. Vet. Med. Sci. 63, 1701-1075 
 
  Abe, H., Y. Kawakita, T. Miyashige, M. Morimatsu, u. M. Saito (1998):  
Comparison of amino acid sequence of the C-terminal domain of insulin-responsive glucose 
transporter (GLUT4) in livestock mammals J. Vet. Med. Sci. 60, 769-771 
 
  Agca, C., R. B. Greenfield, J. R. Hartwell, u. S. S. Donkin (2002):  
Cloning and characterization of bovine cytosolic and mitochondrial PEPCK during transition to 
lactation. Physiol. Genomics 11, 53-63 
 
  Aiello, R. J., u. L. E. Armentatno (1987):  
Gluconeogenesis in goat hepatocytes is affected by calcium, ammonia and other key metabolites 
but not primarily through cytosolic redox state. Comp. Biochem. Physiol. B, 88, 193-201 
 
  Amuzie, C. J. u. J. J. Pestka (2010): Supression of insulin-like growth factor acid-labile subunit 
expression—a novel mechanism for deoxynivalenol-induced growth retardation. Toxicol. Sci. 
113, 412-421 
 
  Amuzie, C. J., J. Shinozuka, u. J. J. Pestka (2009): 
 Induction of supressors of cytokine expression by the trichothecene deoxynivalenol in the 
mouse. Toxicol. Sci. 111, 277-287 
 
  Aschenbach, J. R., N. B. Kristensen, S. S. Donkin, H. M. Hammon, u. G. B. Penner (2010):  
Gluconeogenesis in dairy cows: The secret of making sweet milk from sour dough. IUBMB Life 
62, 12, 869-877 
 
  Baker, L. D., J.D. Ferguson, u. W. Chalupa (1995):  
Responses in urea and true protein of milk to different protein feeding schemes for dairy cows. 
J. Dairy Sci. 78, 2424–2434 
 
  Balage, M., D. Larbaud, E. Debras, J. F. Hocquette, u. J. Grizard (1998):  
Acute hyperinsulinemia fails to change GLUT-4 content in crude membranes from goat skeletal 
muscles and adipose tissue. Comp. Biochem. Physiol. A Comp. Physiol. 120, 425-430 
 
  Barber, M. C., N. T. Price, u. M. T. Travers (2005):  
Structure and regulation of acetyl-CoA carboxylase genes of genes of metazoa. Biochim. 
Biophys. Acta 1733, 1-28 
 
  Bedard, S., B. Marcotte, u. A. Marette (1997):  
Cytokines modulate glucose transport in skeletal muscle by inducing the expression of inducible 
nitric oxide synthase. Biochem. J. 325, 487-493 
 



 61 

  Bionaz, M. u. 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 
 
  Boehm, H., E. Oldenburg, u. H. M. Paulsen (2008):  
Untersuchungen zum Vorkommen des Fusariumtoxins Deoxynivalenol in verschiedenen 
ökologisch und konventionell angebauten Kulturarten. In: 56. Deutsche Pflanzenschutztagung in 
Kiel, 2008, Ber., S. 67-68 
 
  Bonnet, M., Y. Faulconnier, J. F. Hocquette, F. Bocquier, C. Leroux, P. Martin, u. Y. Chilliard 
(2004):  
Nutritional status induces divergent variations of GLUT4 protein content, but not lipoprotein 
lipase activity, between adipose tissues and muscles in adult cattle. Br. J. Nutr. 92, 617-625 
 
  Bradford, B. J., u. M. S. Allen (2005):  
Phlorizin administration increases hepatic gluconeogenic enzyme mRNA abundance but not 
feed intake in late-lactation dairy cows. J. Nutr. 135, 2206-2211 
 
  Bradford, B. J.,  L. K. Mamedova, J. E. Minton, J. S. Drouillard, u. B. J. Johnson (2009): 
Daily injection of tumor necrosis factor-alpha increases hepatic triglycerides and alters 
transcript abundance of metabolic genes in lactating dairy cows. J. Nutr. 139, 1451–1456 
 
  Brockman, R. P. (2005):  
Glucose and short chain fatty acid metabolism. In: J. Dijkstra, J. M. Forbes, u. J. France (Hrsg.): 
Quantitative aspects of ruminant digestion and metabolism. 2nd edition. Verlag CABI Publishing 
CAB International, Oxfordshire (UK), Cambridge (USA), pp. 291-308 
 
  Broderick, G. A. u. M. K. Clayton (1997):  
A statistical evaluation of animal and nutritional factors influencing concentrations of milk urea 
nitrogen. J. Dairy Sci. 80, 2964-2971 
 
  Burcelin, R., M. Eddouks, J. Kande, R. Assan, u. J. Giard (1992):  
Evidence that GLUT-2 mRNA and protein concentrations are decreased by hyperinsulinaemia 
and increased by hyperglycaemia in live of diabetic rats. Biochem. J. 288, 675-679 
 
  Chagas, L. M., M. C. Lucy, P. J. Back, J. M. Lee, P. J. S. Gore, A. J. Sheahan, u. J. R. Roche 
(2009): 
Insulin resistance in divergent strains of Holstein-Friesian dairy cows offered fresh pasture and 
increasing amounts of concentrate in early lactation. J. Dairy Sci. 92, 216-222 
 
  Charmley, E., H. L. Trenholm, B. K. Thompson, D. Vudathala, J. W. G. Nicholson, D. B. 
Prelusky, u. L. L. Charmley (1993): 
Influence of level of deoxynivalenol in the diet of dairy cows on feed intake, milk production, 
and its composition. J. Daily Sci. 76, 3580-3587 
 
  Cote, L. M., A. M. Dahlem, I. Yoshizawa, S. P. Swanson, u. W. B. Buck (1986):  
Excretion of deoxynivalenol and its metabolite in milk, urine, and feces of lactating dairy cows. 



 62 

J. Dairy Sci. 69, 2416–2423 
 
  Dänicke S., G. Breves, K. H. Überschär, u. H. Valenta (2005)a:  
In vitro study on the transfer of the Fusarium toxins deoxynivalenol (DON), zearalenone (ZON), 
alpha-zearalenol (α−ΖΟL) and beta-zearalenol (β-ZOL) across ruminal epithelium of sheep. 
Proc. Soc. Nutr. Physiol. 14, 97 
 
  Dänicke S., S. Döll, T. Goyarts, K. Seeling, H. Valenta, u. K. H. Ueberschär (2008): 
Metabolism, kinetics and occurrence of deoxynivalenol (DON) and zearalenone (ZON) in 
physiological samples of pigs, ruminants and poultry. In: Mycotoxins in farm animals. Oswald 
IP u. Taranu I. (eds), Verlag Transworld Research Network, Kerala, India. S. 235-273 
 
  Dänicke S, Matthäus K, Lebzien P, Stemme K, Überschär K-H, Fazeli-Razzazi E, Böhm u. 
J,Flachowsky G. (2005)b:  
Effects of Fusarium toxin-contaminated wheat grain on nutrient turnover, microbial protein 
synthesis and metabolism of deoxynivalenol and zearalenone in the rumen of dairy cows. J. 
Anim. Physiol. Anim. Nutr. 89, 303-315. 
 
  Dänicke S., Valenta H, u. Ueberschär K-H. (2000):  
Risikoabschätzung und Vermeidungsstrategien bei der Fütterung. Landbauforsch Völk, 
Sonderheft. 216, 5-34. 
 
  Dänicke, S., D. Dädeken, K. H. Ueberschär, U. Meyer, u. H. Scholz (2002): 
Effects of Fusarium toxin contaminated wheat and of a detoxifying agent on performance of 
growing bulls, on nutrient digestability in wethers and on the carry over of zearalenone. Arch. 
Tierernahr. 56, 245-261 
 
  Denley, A., J. C. Wallace, L. J. Cosgrove, u. B. E. Forbes (2003):  
The insulin receptor isoform exon 11- (IR-A) in cancer and other diseases: a review. Horm. 
Metab. Res. 35, 778–785 
 
  Döll, S., J. A. Schrickx, H. Valenta, S. Dänicke, u. J. Fink-Gremmels (2009)a:  
Interactions of deoxynivalenol and lipopolysaccharides on cytotoxicity protein synthesis and 
metabolism of DON in porcine hepatocytes and Kupffer cell enriched hepatocyte cultures. 
Toxicol. Letters 189, 121-129 
 
  Döll, S., J. A. Schrickx, S. Dänicke, u. J. Fink-Gremmels (2009)b:  
Interactions of deoxynivalenol and lipopolysaccharides on cytokine excretion and mRNA 
expression in porcine hepatocytes and Kupffer cell enriched hepatocyte cultures. Toxicol. 
Letters 190, 96-105 
 
  Drackley, J. K. u. J. B. Andersen (2006):  
Splanchnic metabolism of long-chain fatty acids in ruminants. In: K. Sejrsen, T. Hvelplund, u. 
M. O. Nielsen (Hrsg.): Ruminant physiology: digestion, metabolism and impact of nutrition on 
gene expression, immunology and stress. Verlag Weningen Academic Publishers, The-
Netherlands, S. 199-224 
 



 63 

  Drackley, J. K., S. S. Donkin, u. C. K. Reynolds (2006):  
Major advances in fundamental dairy cattle nutrition. J. Dairy Sci. 89, 1324–1336 
 
  Driehuis, F., M. C. Spanjer, J. M. Scholten, u. M. C. te Giffel (2008):  
Occurrence of mcotoxins in feedstuffs of dairy cows and estimation of total dietary intakes. J. 
Dairy Sci. 91, 4261-4271 
 
  Drochner, W. u. U. Lauber (2001):  
W1. Occurrence of the three important Fusarium-toxins Deoxynivalenol, Nivalenol and 
Zearalenone in grains in central Europa and effects in farm animals. Proc. Soc. Physiol. 10, 163-
168 
 
  Dühlmeier, R., J. Voigt, G. Breves, u. H. P. Sallmann (2005):  
Contents of the glucose transporters GLUT1 and GLUT4 in oxidative and glycolytic muscles of 
goat kids and adult goats. Dtsch. Tierärztl. Wschr. 112, 408-413 
 
  Dühlmeier, R., K. Sammet, A. Widdel, W. von Engelhardt, U. Wernery, J. Kinne, u. 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 
 
  European Commission (2006):  
Commission Recommendation of 17 August 2006 on the presence of deoxynivalenol, 
zearalenone, ochratoxin A, T-2 and HT-2 and fumonisins in products intended for animal 
feeding (2006/576/EC). Off. J. L 229, 7–9 
 
  Fenwick, M. A., R. Fitzpatrick, D. A. Kenny, M. G. Diskin, J. Patton, J. J. Murphy, u. D. C. 
Wathes (2006):  
Interrelationship between negative energy balance (NEB) and IGF regulation in liver of 
lactating dairy cows. Domest. Anim. Endocrinol. 34, 31-44 
 
  Fink-Gremmels, J. (2008)a:  
The role of mycotoxins in the health and performance of dairy cows. Vet. J. 176, 84-92 
 
  Fink-Gremmels, J. (2008)b:  
Mycotoxins in cattle feeds and carry-over to dairy milk: A review. Food. Addit. Contam. 25, 
172–180 
 
  Graber, M., S. Kohler, T. Kaufmann, M. G. Doherr, R. M. Bruckmaier, u. 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 
 
  Graugnard, D. E., P. Piantoni, M. Bionaz, L. L. Berger, D. B. Faulkner, u. J. J. Loor (2009):  
Adipogenic and energy metabolism gene netwerks in logissimus lumborum during rapid post-



 64 

weaning growth in Angus and Angus x Simmental cattle fed high-starch or low-starch diets. 
BMC Genomics. 10, 142, (S. 1-15) 
 
  Graugnard, D. G., L. L. Berger, D. B. Faulkner, J. J. Loor (2010):  
High-starch diets induce precocious adipogenic gene netwerk up-regulation in logissimus 
lumbonrum of early-weaned Angus cattle. Br. J. Nutr. 103, 953-963 
 
  Greenfield, R. B., M. J. Cecava, u. S. S. Donkin (2000):  
Changes in mRNA expression for gluconeogenic enzymes in live of dairy cattle during the 
transition to lactation. J. Dairy Sci.83, 1228-1236 
 
  Haarstrich, D (2011):  
Insulinsensitivität und Insulinresponse nach einer Langzeit-Supplementation von konjugierten 
Linolsäuren bei laktierenden Milchkühen. Hannover, tierärztl. Hochsch. Diss. eingereicht 
 
  Hammon, H. M., G. Stürmer, F. Schneider, A. Tuchscherer, H. Blum, T. Engelhard, A. Genzel, 
R. Staufenbiel, u. 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 
 
  Hammon, H. M., S. N. Sauter, M. Reist, Y. Zbinden, C. Philipona, C. Morel, u. J. W. Blum 
(2003):  
Dexamethasone and colostrum feeding affect hepatic gluconeogenic enzymes differently in 
neonatal calves. J. Anim. Sci. 81, 3095-3106 
 
  Hellemans, J., G. Mortier, A. De Paepe, F. Speleman, u. J. Vandesompele (2007):  
qBase relative quantification framework and software for management and automated analysis 
of real-time quantitative PCR data, Genome Biol. 8, R19.1-R19.14 
 
  Herdt, T. H. (2000):  
Ruminant adaptation to negative energy balance. Influences on the etiology of ketosis and fatty 
live. Vet. Clin. North Am. Food Anim. Pract. 16, 2, 215-230 
 
  Hochsteiner, W., M. Schuh, K. Luger, u. W. Baumgartner (2000):  
Effects of mycotoxin contaminated feed on production parameters of dairy cows. Berl. Münch. 
Tierärztl. Wschr. 113, 14-21 
 
  Hocquette, J. F., B. Graulet, C. Castiglia-Delavaud, F. Bornes, N. Lepetit, u. P. Ferre (1996): 
 Insulin-sensitiv glucose transporter transcript level in calf muscles assessed with a bovine 
GLUT4 cDNA fragment, Int. J. Biochem. Cell Biol. 28, 795-806 
 
  Hocquette, J. F., C. Castiglia-Delavaud, B. Graulet, P. Ferré, B. Picard, u. M. Vermorel (1997): 
 Weaning marginally affects glucose transporter (GLUT4) expression in calf muscles and 
adipose tissues. Br. J. Nutr. 78, 251-271 
 
  Hocquette, J.F., F. Bornes, M. Balage, P. Ferre, J. Grizard, u. M. Vermorel (1995):  



 65 

Glucose-transporter (GLUT4) protein content in oxidative and glycolytic skeletal muscles from 
calf and goat. Biochem. J. 305, 465-470 
 
  Hod, Y., J. S. Cook, S. L. Weldon, J. M. Short, A. Wynshaw-Boris, u. R. W. Hanson (1986):  
Differential expression of the genes for the mitochondrial and cytosolic forms of 
phosphoenolpyruvate carboxykinase. Ann. NY Acad. Sci. 478, 31-45 
 
  Holm, S. (1979):  
A simple sequentially rejective multiple test procedure. Scand. J. Statist. 6, 65–70 
 
  Holtenius, P. u. K. Holtenius (1996):  
New aspects of keton bodies in energy metabolism of dairy cows: a review. Zentralbl. 
Veterinarmed. A 43, 579-587 
 
  Holtenius, P. u. K. Holtenius (2007):  
A model to estimate insulin sensitivity in daily cows. Acta Vet. Scand. 49, 29 
 
  Im, S. S., S. Y. Kang, S. Y. Kim, H. Kim, J. W. Kim, K. S. Kim, u. Y. H. Ahn (2005): 
Glucose-stimulated upregulation of GLUT2 gene is medated by sterol response element-binding 
protein-1c in the hepatocytes. Diabetes 54, 1684-1691 
 
  Im, S. S., S. K. Kwon, T. H. Kim, H. I. Kim, u. Y. H. Ahn (2007):  
Regulation of glucose transporter type 4 isoform gene expression in muscle and adipocytes. 
IUBMB Life, 59, 134-145 
 
  Ingvartsen, K. L. (2006):  
Feeding- and management-related disease in the transition cow: Physiological adaptations 
around calving and strategies to reduce feeding-related diseases. Anim. Feed Sci. Technol. 126, 
175-213 
 
  Jeong, J. S., J. H. Lee, Y. Simizu, H. Tazaki, H. Itabashi, u. N. Kimura (2010):  
Effects of the Fusarium mycotoxin deoxynivalenol on in vitro rumen fermentation. Anim. Feed 
Sci. Technol. 162, 144-148 
 
  Jouany, J.-P. u. D. E. Diaz (2005):  
Effects of mycotoxins in ruminants. In: Diaz, D. E. (Hrsg.) (2005): The Mycotoxin blue book. 
Verlag Nottingham University Press, Nottingham, S. 295-321 
 
  Keese, C (2008):  
Investigations on the interactions between the concentrate proportion in the ration of dairy cows 
and the presence or absence of a Fusarium toxin-contaminated triticale on animal health, 
performance and doxynivalenol residues in serum, bile and milk. Hannover, tierärztl. Hochsch. 
Diss. 
 
  Keese, C., U. Meyer, H. Valenta, M. Schollenberger, A. Starke, I. A. Weber, J. Rehage, G. 
Breves, u. S. Dänicke (2008)a:  
No carry over of unmetabolised deoxynivalenol in milk of dairy cows fed high concentrate 



 66 

proportions. Mol. Nutr. Food Res. 52, 1514-1529 
 
  Keese, C., U. Meyer, J. Rehage, J. Spilke, J. Boguhn, G. Breves, u. S. Dänicke (2008)b:  
On the effects of the concentrate proportion of dairy cow rations in the presence and abcence of 
fusarium toxin-contaminated triticale on cow performance. Arch. Anim. Nutr. 62, 241-262 
 
  Keese, C., U. Meyer, J. Rehage, J. Spilke, J. Boguhn, G. Breves, u. S. Dänicke (2008)c:  
Ruminal fermentation patterns and parameters of the acid base metabolism in the urine as 
influenced by the proportion of concentrate in the ration of dairy cows with and without 
Fusarium toxin-contaminated triticale. Arch. Anim. Nutr. 62, 287-302 
 
  King R. R., R.E. McQueen, D. Levesque, u. R. Greenhalgh (1984): 
Transformation of deoxynivalenol (vomitoxin) by rumen microorganisms. J Agric Food Chem. 
32, 1181-1183 
 
  Kleen, J. L., G. A. Hooijer, J. Rehage, u. J. P. M. Noordhuizen (2003):  
Subacute ruminal acidosis (SARA): a review. J. Vet. Med. A 50, 406-414 
 
  Kleen, J. L., G. A. Hooijer, J. Rehage, u. J. P. M. Noordhuizen (2009):  
Subacute ruminal acidosis in Dutch dairy herds. Vet. Rec. 164, 681-684 
 
  Koenigs, M., G. Schwerdt, M. Gekle, u. H. U. Humpf (2008):  
Effects of the mycotoxin deoxynivalenol on human primary hepatocytes, Mol. Nutr. Food Res. 
52, 830 –839. 
 
  Komatsu, T., F. Itoh, S. Kushibuki, u. K. Hodate (2005):  
Changes in gene expression of glucose transporters in lactating and nonlactating cows. J. Anim. 
Sci. 83, 557-564 
 
  Korosteleva, S. N., T. K. Smith, u. H. J. Boermanst (2007):  
Effects of feedbone Fusarium mycotoxins on the performance, metabolism, and immunity of 
dairy cows. J. Daily Sci. 90, 3867-3873 
 
  Kräft, S. (2004):  
Charakterisierung der peripheren Insulin-Response und Insulin-Sensitivität bei 
trockenstehenden, laktierenden und leberverfetteten Milchkühen ohne und mit Ketose mittels 
hyperinsulinämischer, euglycämischer Clamps. Hannover, tierärztl. Hochsch. Diss. 
 
  Kusenda, M. (2010):  
Insulin-Sensitivität und Insulin-Response nach einer einmaligen Dexamethasonbehandlung bei 
Milchkühen in der Frühlaktation. Hannover, tierärztl. Hochsch. Diss. 
 
  Kushibuki, S., K. Hodate, Y. Ueda, H. Shingu, Y. Mori, T. Itoh u. Y. Yokomizo (2001)a: 
Administration of recombinant bovine tumor necrosis factor-alpha affects intermediary 
metabolism and insulin and growth hormone secretion in dairy heifers. J. Anim. Sci. 78, 2164-
2171 
 



 67 

  Kushibuki, S., K. Hodate, H. Shingu, Y. Ueda, M. Shinoda, Y. Mori, T. Itoh u. Y. Yokomizo 
(2001)b: 
Insulin resistance induced in dairy steers by tumor necrosis factor alpha is partially reversed by 
2,4-thiazolidinedione. Domest. Anim. Endocrinol. 21, 25-37 
 
  Lebrun, P. u. E. Van Obberghen (2008):  
SOCS proteins causing trouble in insulin action. Acta Physiol (Oxf). 192, 29-36 
 
  Leturque, A., E. Brot-Laroche, u. M. Le Gall (2009):  
GLUT2 mutations, translocation, and receptor function in diet sugar managing. Am. J. Physiol. 
Endocrinol. Metabo. 296, E985-E992 
 
  Lewin, T. M., D. A. Granger, J. H. Kim, u. R. A. Coleman (2001):  
Regulation of mitochondrial sn-glycerol-3-phosphate acyltransferase activity: response to 
feeding status is unique in various rat tissues and is discordant with protein expression. Arch. 
Biochem. Biophys. 396, 119-127 
 
  Littell, R. C., P. R. Henry, u. C. B. Ammerman (1998):  
Statistical analysis of repeated measures data using SAS procedures. J. Anim. Sci. 76, 1216-
1231 
 
  Lomax, M. A., I. A. Donaldson, u. C. I. Pogson (1983):  
The control of fatty acid metabolism in liver cells from fed and starved sheep. Biochem. J. 214, 
553-560 
 
  Loor, J. J., H. M. Dann, N. A. Guretzky, R. E. Everts, R. Oliveira, C. A. Green, N. B. 
Litherland, S. L. Rodriguez-Zas, H. A. Lewin, u. 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 
 
  Loor, J. J., H. M. Dann, R. E. Everts, R. Oliveira, C. A. Green, N. A. J. Guretzky, S. L. 
Rodriguez-Zas, H. A. Lewin, u. 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 
 
  Loor, J. J., R. E. Everts, M. Bionaz, H. M. Dann, D. E. Morin, R. Oliveria, S. L. Rodrigez-Zas, 
J. K. Drackley, u. H. A. Lewin (2007):  
Nutrition-induced ketosis alters metabolic and signaling gene networks in liver of periparturient 
dairy cows. Physiol. Genomics 32, 105-116 
 
  Luo, Z., Y. Zhang, F. Li, J. He, H. Ding, L. Yan, H. Cheng (2009):  
Resistin induces insulin resistence by both AMPK-dependent and AMPK-independent 
mechanisms in HepG2 cells. Endocrine. 36, 60-69 
 
  Maina, J. W. (2008):  
Development of Fusarium species differing in mycotoxin production and conidia formation on 
wheat plants. Verlag Cuvillier, Göttingen, 2008, Bonn, Univ., Diss.  



 68 

 
  Mankeviciene, A., B. Butkute, I. Gaurilcikiene, Z. Dabkevicius, u. S. Suproniene (2011):  
Risk assessment of Fusarium mycotoxins in Lithuanian small cereal grains. Food Control 22, 
970-976 
 
  Mashek, D. G., L. O. Li, u. R. A. Coleman (2006):  
Rat long chain acyl-CoA synthetase mRNA, protein, and activity vary in tissue distribution and 
in responce to diet. J. Lipid Res. 47, 2004-2010 
 
  McGrattan, P. D., A. R. G. Wylie, u. J. Nelson (2000):  
Tissue-specific differences in insulin binding affinity and insulin receptor concentrations in 
skeletal muscles, adipose tissue depots and liver of cattle and sheep. Anim. Sci. 71, 501-508 
 
  Miller, J. D. (2008):  
Mycotoxins in small grains and maize: old problems, new challenges. Food Addit. Contam. 25, 
219-230 
 
  Mineo, H., Y. Hashizume, Y. Hanaki, K. Murata, H. Maeda, T. Onaga, S. Kato, u. N. 
Yanaihara (1994):  
Chemical specificity of short-chain fatty acids in stimulating insulin and glucagon secretion in 
sheep. Am. J. Physiol. Endocrinol. Metab. 267, E234-E241 
 
  Ministry of Agriculture, Forestry and Fisheries (2008):  
(The risk profile sheet for chemical substance concerning food safety. 12.May 2008) (Japanese)  
 
  Mueckler, M. (1994):  
Facilitative glucose transporters. Eur. J. Biochem. 219, 713-725 
 
  Müller, H. M., J. Reimann, U. Schumacher, u. K. Schwadorf (1997):  
Natural occurrence of Fusarium toxins in wheat harvested during five years in an area of 
southwest germany, Mycopathologia, 137, 185-192 
 
  Murondoti, A., R. Jorritsma, A. C. Beynen, T. Wensing, u. M. J. Geelen (2004):  
Unrestricted feed intake during the dry period impairs the postpartum oxidation and synthesis of 
fatty acids in the liver of dairy cows. J. Dairy Sci. 87, 672-679 
 
  Neuvians, T. P., M. W. Pfaffl, B. Berisha, u. 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, 93-99 
 
  Nielsen, C., H. Lippke, A. Didier, R. Dietrich, u. E. Märtbauer (2009):  
Potential of deoxynivalenol to induce transcription factors in human hepatoma cells. Mol. Nutr. 
Food Res. 53, 479-491 
 
  Ohtsuka, H., M. Koiwa, A. Hatsugaya, K.  Kudo, F. Hoshi, N. Itoh, H. Yokota, H. Okada, u. S. 
Kawamura (2001): 
Relationship between serum TNF activity and insulin resistance in dairy cows affected with 



 69 

naturally occurring fatty liver. J. Vet. Med. Sci. 63, 1021-1025 
 
  Olson, A. L., u. J. E. Pessin (1996):  
Structure, function, and regulation of the mammalian facilitative glucose transporter gene 
family. Annu. Rev. Nutr. 16, 235-56 
 
  Osborne, L. E. u. J. M. Stein (2007):  
Epidemiology of Fusarium head blight on small-grain cereals. Int. J. Food Microbiol. 119, 103-
108 
 
  Oswald, I. P., D. E. Martin, S. Bouhet, P. Pinton, I. Taranu, u. F. Accensi (2005):  
Immunotoxicological risk of mycotoxins for domestic animals. Food Addit. Contam. 22, 354-
360 
 
  Parent-Massin, D. (2004):  
Haematotoxicity of trichothecenes. Toxicol. Lett. 153, 75-81 
 
  Pestka, J. J. (2010):  
Deoxynivalenol: mechanisms of action, human exposure, and toxicological relevance. Arch. 
Toxicol. 84, 663-679 
 
  Pestka, J. J., H. R. Zhou, Y. Moon, u. Y. J. Chung (2004):  
Cellular and molecular mechanisms for immune modulation by deoxynivalenol and other 
trichothecenes : unreveling a paradox. Toxicol. Lett. 153, 61-73 
 
  Pestka, J. J., u. A. T. Smolinski (2005):  
Deoxynivalenol: toxicological and potential effects on humans. J. Toxicol. Environ. Health B 
Crit. Rev. 8, 39-69 
 
  Pestka, J. J. (2008):  
Mechanisms of deoxynivalenol-induced gene expression and apoptosis. Food Addit. Contam. 
25, 1128-1140  
 
  Pilkis, S. J., u. D. K. Granner (1992):  
Molecular physiology of the regulation of hepatic gluconeogenesis and glycolysis. Annu. Rev. 
Physiol. 54, 885-909 
 
  Postic, C., R. Burcelin, F. Rencurel, J. P. Pegorier, M. Loizeau, J. Girard, u. A. Leturque 
(1993):  
Evidence for a transient inhibitory effect of insulin on GLUT2 expression in the liver. Studies in 
vivo and in vitro. Biochem. J. 293, 119-124 
 
  Prelusky D. B., H. L. Trenholm, G. A. Lawrence, u. P. M. Scott (1984):  
Nontransmission of deoxynivalenol (vomitoxin) to milk following oral administration. J. 
Environ. Sci. Health B19, 593-609 
 
  Prelusky, D. B., D. M. Veira, H. L. Trenholm, u. B. C. Foster (1987): 



 70 

Metabolic fate and elimination in milk, urine and bile of deoxynivalenol following 
administration to lactating sheep. J. Environ. Sci. Health B22,125-148 
 
  R Development Core Team (2010):  
R: A language and environment for statistical computing. Verlag R Foundation for Statistical 
Computing, Vienna, URL http://www.R-project.org/. 
 
  Rencurel, F., G. Waeber, B. Antoine, F. Rocchiccioli, P. Maulard, J. Girard, u. A. Leturque 
(1996):  
Requirement of glucose metabolism for regulation of glucose transporter type 2 (GLUT2) gene 
expression in liver. Biochem. J. 314, 903-909 
 
  Riley, R. T. u. J. Pestka (2005):  
Mycotoxins: Metabolism, mechanisms and biochemical markers. In: Diaz, D. E. (Hrsg.) (2005): 
The Mycotoxin blue book. Verlag Nottingham University Press, Nottingham, S. 279-291 
 
  Roher, N., V. Samokhvalov, M. Diaz, S. MacKenzie, A. Klip, u. J. V. Planas (2007):  
The proinflammatory cytokine tumor necrosis factor-alpha increases the amount of glucose 
transporter-4 at the surface of muscle cells independently of changes in interleukin-6. 
Endocrinology 149, 1880-1889 
 
  Roseler, D. K., J. D. Ferguson, C. J. Sniffen, u. J. Herrema (1993):  
Dietary protein degradability effects of plasma and milk urea nitrogen and milk nonprotein 
nitrogen in Holstein cows. J. Dairy Sci. 76, 525–534 
 
  Sahu, S. C., L. Garthoff, R. Robl, u. S. Chirtel (2008): 
Rat liver clone-9 cells in culture as a model for screening hepatotoxic potential of food-related 
products: Hepatotoxicity of deoxynivalenol, J. Appl. Toxicol. 28, 765–772 
 
  Santin, E. (2005):  
Mould growth and mycotoxin production. in: Diaz, D. E. (Hrsg.) (2005): The Mycotoxin blue 
book. Verlag Nottingham University Press, Nottingham, S. 225-233 
 
  Seeling, K. u. S. Dänicke (2005):  
Relevance of the Fusarium toxins deoxynivalenol and zearalenone in ruminant nutrition: a 
review. J. Anim. Feed Sci. 14, 3-40 
 
  Seeling, K., S. Dänicke, H. Valenta, H. P. Van Egmond, R. C. Schothorst, A. A. Jekel, P. 
Lebzien, M. Schollenberger, E. Razzazi-Fazeli, u. G. Flachowsky (2006)a:  
Effects of Fusarium toxin-contaminated wheat and feed intake level on the biotransformation 
and carry-over of deoxynivalenol in dairy cows. Food Addit. Contam. 23, 1008-1020 
 
  Seeling, K., P. Lebzien, S. Dänicke, J. Spilke, K. H. Südekum, u. G. Flachowsky (2006)b:  
Effects of level of feed intake and Fusarium toxin-contaminated wheat on rumen fermentation 
as well as on blood and milk parameters in cows. J. Anim. Physiol. Anim. Nutr. (Berl) 90, 103–
115 
 



 71 

  Takatori, K., M. Aihara, u. Y. Sugita-Konishi (2006):  
Hazardous food-borne fungi and the present and future approaches to the mycotoxin regulations 
in Japan. Bull. Natl. Inst. Health Sci. 124, 21-29 
 
  Takayama, H., N. Shimada, O. Mikami, u. H. Murata (2005):  
Suppressive effect of deoxynivalenol, a Fusarium mycotoxin, on bovine and porcine neutrophil 
chemiluminescence: an in vitro study. J. Vet. Med. Sci. 67, 531-533 
 
  Tiemann, U., K. P. Brüssow, U. Kuchenmeister, u. L. Jonas (2006):  
Influence of diets with cereal grains contaminated by graded levels of two Fusarium toxins on 
selected enzymatic and histological parameters of liver in gilts. Food Chem. Toxicol. 44, 1228–
1235 
 
  Tiemann, U., K. P. Brüssow, U. Muchenmeister, u. L. Jonas (2008): 
Changes in the spleen and liver of pregnant sows and fullterm piglets after feeding diets 
naturally contaminated with deoxynivalenol and zearalenone. Vet. J. 176, 188–196 
 
  Trail, F. (2009):  
For blighted waves of grain: Fusarium graminearum in the postgenomics era. Plant Physiology 
149, 103-110 
 
  Trenholm, H. L., B. K. Thompson, K. E. Hartin, R. Greenhalgh, u. A. J. McAllister (1985):  
Ingestion of vomitoxin (deoxynivalenol)-contaminated wheat by nonlactating dairy cows. J. 
Dairy Sci. 68, 1000-1005 
 
  van den Top, A. M., T. Wensing, M. J. H. Geelen, G. H. Wentink, A. T. van't Klooster, u. A. 
C. Beynen (1995):  
Time trends of plasma lipids and enzymes synthesizing hepatic triacylglycerol during 
postpartum development of fatty liver in dairy cows. J. Dairy Sci. 78, 2208-2220 
 
  van Dorland, H. A., S. Richter, I. Morel, M. G. Doherr, N. Castro, u. 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 
 
  Vandesompele, J., K. De Preter, F. Pattyn, B. Poppe, N. Van Roy, A. De Paepe, u. F. Speleman 
(2002):  
Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of 
multiple internal control genes. Genome Biol. 3, research0034.1-0034.11 
 
  Velezt, J. C. u. S. S. Donkin (2005):  
Feed restriction induces pyruvate carboxylase but not phosphoenolpyruvate carboxykinase in 
dairy cows. J. Dairy Sci. 88, 2938-2948 
 
  Voss, K. A. (2010):  
A new perspective on deoxynivalenol and growth suppression. Toxicol. Sci. 113, 281-283 
 
  Wada, K., Y. Hashiba, H. Ohtsuka, M. Kohirumaki, M. Masui, S. Kawamura, H. Endo, u. Y. 



 72 

Ogata (2008):  
Effects of mycotoxins on mitogen-stimulated proliferation of bovine peripheral blood 
mononuclear cells. J. Vet. Med. Sci. 70, 193-196 
 
  Wakil, S. J. u. L. A. Abu-Elheiga (2009): 
Fatty acid metabolism: target for metabolic syndrome. J. Lipid Res. 50, S138-S143 
 
  Watford, M, Y. Hod, Y. B. Chiao, M. F. Utter, u. R. W. Hanson (1981):  
The unique role of the kidney in gluconeogenesis in the chicken. J. Biol. Chem. 256, 10023-
10027 
 
  Weldon, S. L., A. Rando, A. S. Matathias, Y. Hod, P. A. Kalonick, S. Savon, J. S. Cook, u. R. 
W. Hanson (1990):  
Mitochondrial phosphoenolpyruvate carboxykinase from chicken. Comparison of the cDNA and 
protein sequences with the cytosolic isozyme. J. Biol. Chem. 265, 7308-7317 
 
  Xu, X. M. u. A. M. Berrie (2005): Epidemiology of mycotoxigenic fungi associated with 
Fusarium ear blight and apple blue mould: a review. Food Addit. Contam. 22, 290-301 
 
  Yen, C. L., S. J. Stone, S. Koliwad, C. Harris, u. R. V. Jr. Farese (2008):  
Thematic review series: glycerolipids. DGAT enzymes and triacylglycerol biosynthesis. J. Lipid 
Res. 49, 2283-2301 
 
  Zammit, V. A. (1996):  
Role of insulin in hepatic fatty acid partitioning: emerging concepts. Biochem. J. 314, 1-14 
 
  Zeller, W. P., S. M. The, M. Sweet, M. Goto, M. E. Gottschalk, R. M. Hurley, J. P. Filkins, u. 
C. Hofmann (1991):  
Altered glucose transporter mRNA abundance in a rat model of endotoxic shock. Biochem. 
Biophys. Res. Commun. 176, 535-540 
 
  Zorzano, A., M. Palacin, u. A. Gumà (2005):  
Mechanisms regulationg GLUT4 glucose transporter expression and glucose transport in 
skeletal muscle. Acta Physiol. Scand. 183, 43-58 
 
 



 73 

8. Appendix 
Table 1a: Symbol in EntrezGene, name, function and accession number of the template sequences of the investigated genes of interest 

Symbol 
(EntrezGene) 

Gene Name Function 
EMBL/Gene-Bank ID of 
the template sequences 

Chromosome of 
target genes 

SLC2A1 
Bos taurus Solute carrier family 
2, facilitated glucose transporter 
member 1  

glucose transporter type 
1 

BC119940 3 

SLC2A4 
Bos taurus solute carrier family 
2 (facilitated glucose 
transporter), member 4 

glucose transporter type 
4 

BC114082 19 

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

glucose transporter type 
2 

BC149324 1 

IRA 
Bos taurus partial mRNA for 
insulin receptor (ir-A gene) 

hormone receptor AJ488553 7 

IRB 
Bos taurus partial mRNA for 
insulin receptor 

hormone receptor AJ320235 7 

FBP1 
Bos taurus fructose-1,6-
bisphosphatase 1 

gluconeogenesis BC102974 8 

G6P 
Bos taurus glucose-6-
phosphatase, catalytic subunit 

gluconeogenesis BC114011 19 

PEPCK1 
Bos taurus phosphoenolpyruvate 
carboxykinase 1 (soluble) 

gluconeogenesis BC112664 13 

PEPCK2 
Bos taurus phosphoenolpyruvate 
carboxykinase 2 (mitochondrial) 

gluconeogenesis BC102244 10 
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Table 1a continued 

Symbol 
(EntrezGene) 

Gene Name Function 
EMBL/Gene-Bank ID of 
the template sequences 

Chromosome of 
target genes 

PCCA 
Bos taurus propionyl Coenzyme 
A carboxylase, alpha 
polypeptide 

gluconeogenesis BC123876 12 

PC Bos taurus pyruvate carboxylase gluconeogenesis BC114135 29 

PYGL 
Bos taurus phosphorylase, 

glycogen, liver 
glycogenolysis BC120097 10 

CPT1A 
PREDICTED: Bos taurus 
carnitine palmitoyltransferase 
1A liver-like (CPT1A) 

fatty acid oxidation XM_002699420.1 29 

HMGS2 
 Bos taurus 3-hydroxy-3-
methylglutaryl-Coenzyme A 
synthase 2 (mitochondrial 

ketogenesis BC112666 3 

HMGL 
 Bos taurus 3-hydroxymethyl-3-
methylglutaryl-Coenzyme A 
lyase 

ketogenesis BC118276 2 

BDH2 
Bos taurus 3-hydroxybutyrate 
dehydrogenase, type 2 

ketogenesis BC102567 6 
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Table 1a continued 

Symbol 
(EntrezGene) 

Gene Name Function 
EMBL/Gene-Bank ID of 
the template sequences 

Chromosome of 
target genes 

ACCA 
Bos taurus mRNA for acetyl-
CoA-carboxylase 

fatty acid synthesis AJ132890 9 

FASN Bos taurus fatty acid synthase fatty acid synthesis AY343889 19 

GPAM 
Bos taurus mitochondrial 
glycerol phosphate 
acyltransferase 

fatty acid esterification AY515690 26 

DGAT1 
Bos taurus diacylglycerol O-
acyltransferase homolog 1 
(mouse) 

fatty acid esterificaton BC118146 14 

ACSL1 
Bos taurus acyl-CoA synthetase 
long-chain family member 1 

fatty acid metabolism BC119914 27 

MRPS9 Bos taurus ribosomal protein S9 protein synthesis BC148016 18 

MMRPS15 
Bos taurus mitochondrial ribosomal 
protein S15, nuclear gene encoding 
mitochondrial protein 

protein synthesis 
BC122687 

 3 

UXT 
Bos taurus ubiquitously-
expressed transcript 

transcription regulation BC108205 X 

GUSB Bos taurus glucuronidase, beta carbohydrate metabolism BC133415 Un 
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Table 2a: Hybridization position, Sequences, product size, melting temperature of the PCR-products (Tm), linear dynamic range of 
RNA, amplification efficiency (E), and coefficient of determination R2 for of primers for the investigated genes of interest  

Gene symbol 
Primers

† 
Primers sequences†† Product size  

(base pair) 
Tm 
(°C) 

Linear dynamic range 
(ng RNA for standard 

curve) ††† 
E†††† R2 

SLC2A1* F-918 AGATGATGCGGGAGAAGAAG 238 89 L 6.25-100 (6.25-50) L 1.86 L 0.982 

 R-1136 TCCACCACAAATAGCGACAC   M 6.25-100 (6.25-50) M 1.987 M 0.953 

SLC2A4 F-1465 CCAACTGGACATGCAACTTCATC 206 85 M 3.13-67.5 (6.25-50) M 1.903 M 0.987 

 R-1650 CACTTCCTGCTCCAGAAGAGA      

SLC2A2 F-472 CGAAATTGGGACCATCTCAC 207 84 L 3.13-50 (3.13-25) L1.92 0.992 

 R-659 TGCCCAGGATAAAGTCAAGG      

IRA** F-1 TCCTCAAGGAGCTGGAGGAGT 89 82 L 6.25-75 (6.25-50) L 2.1 (2) L 0.987 

 R-69 TTTCCTCGAAGGCCTGGGGAT   M 6.25-75 (6.25-50) M 1.983 M 0.941 

IRB** F-1 TCCTCAAGGAGCTGGAGGAGT 111 83 L 6.25-75 (6.25-50) L1.87 L 0.991 

 R-93 TAGCGTCCTCGGCAACAGG   M 6.25-75 (6.25-50) M 1.913 M 0.998 

FBP1 F-481 CAACATCGACTGCCTTGTGT 224 88 L 1.56-50 (3.13-25) L1.97 0.990 

 R-685 CCCTGTCCACCAAAATGAAC      

G6P F-370 GATAAAGCAGTTCCCGGTCA 199 85 L 3.13-50 (3.13-25) L1.90 0.993 

 R-549 GCAGACATTCAGTTGCACGA      

PEPCK1 F-853 AACTCGCTCCTTGGGAAGAA 261 89 L 3.13-50 (3.13-25) L 1.91 0.994 

 R-1094 CCGCAAGTTACCTTGTTGGT      

PEPCK2 F-2035 CATTGACGCCATCATCTTTG 150 88 L 3.13-50 (3.13-25) L 1.87 0.991 

 R-2164 TGCATGATGACCTTCCCTTT      
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Table 2a continued       

Gene symbol 
Primers

† 
Primers sequences†† Product size  

(base pair) 
Tm 
(°C) 

Linear dynamic range 
(ng RNA for standard 

curve) ††† 
E†††† R2 

PCCA F-1768 AACCGCAGAAGCTGCTACAT 181 84.5 L 3.13-50 (3.13-25) L 1.91 0.995 

 R-1931 CACTGTGCCGAGAAACTGAA      

PC F-1879 CTATGTTGCCCACAGCTTCA 244 90 L 3.13-50 (3.13-25) L 1.93 0.981 

 R-2004 GATGTCCATGCCATTCTCCT      

PYGL F-1675 CAACGTGAAGCAGGAGAACA 195 85 L 1.56-50 (3.13-25) L 1.97 0.985 

 R-1850 GGCACGAATAGCTTCTTTGG      

CPT1A F-1190 CCTATTTTGGACACGGGAAA 172 86.5 L 3.13-50 (3.13-25) L 1.78 0.990 

 R-1342 TCAAACCACCTGTCGAAACA      

HMGS2 F-913 GGCCTTTCACTCTCGATGAT 170 85 L 1.56-50 (3.13-25) L 1.93 0.992 

 R-1063 TTCCAGCTTTAGTCCCCTGA      

HMGL F-243 CAGCTTCGTGTCTCCCAAAT 227 87 L 3.13-50 (3.13-25) L 1.87 0.990 

 R-450 ACCGCTGCAAACTCTCATCT      

BDH2 F-767 TATCCGGTGCAACTGTGTGT 204 84 L 3.13-50 (3.13-25) L 2.01 (2) 0.980 

 R-951 ACAGGATTCCCCGTGATGTA      

ACCA F-4310 ATCCGACGCCTTACTTTCCT 193 82.5 L 3.13-50 (3.13-25) 2.05 829 0.981 

 R-4488 TTCTCATCCGGTTCAGCTCT      

ACSL1 F-910 GAACTACAGGCAACCCCAAA 240 83 L 3.13-50 (3.13-25) L 1.94 0.997 

 R-1139 GGGCCTTGAGATCATCCATA      
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Table 2a continued       

Gene symbol 
Primers

† 
Primers sequences†† Product size  

(base pair) 
Tm 
(°C) 

Linear dynamic range 
(ng RNA for standard 

curve) ††† 
E†††† R2 

FASN1 F-673 AACACCTCGGTGCAGTTCAT 196 88 L 3.13-50 (6.25-50) L 1.936 0.992 

 R-849 CTTTCTCTTTGCAGCCATCC      

GPAM F-878 GCCAGATGGACGGAAAGATA 182 83.5 L 3.13-50 (6.25-50) L 2.00 0.972 

 R-1040 TCGTATTGGTGGACAGCGTA      

DGAT1 F-402 CTCTGTGCCTGGTCATTGTG 239 90 L 3.13-50 (6.25-50) L 1.890 0.992 

 R-621 CCGGTAGGAGAACAGCTTGA      

MRPS9 F-185 GGTCTGGAGGGTCAAATTCA 171 88.5 L 1.56-100 (3.13-25) L 1.930 L 0.995 

 R-335 CCCAGGATGTAATCCAGCTT   M 1.56-100 (6.25-50) M1.936 M 0.984 

MRPS15*** F-324 GCAGCTTATGAGCAAGGTCGT 151 84.5 L 3.13-50 (3.13-25) L 1.972 L 0.958 

 R-454 GCTCATCAGCAGATAGCGCTT   M 6.25-100 (6.25-50) M 1.903 M 0.992 

UXT*** F-301 TGTGGCCCTTGGATATGGTT 101 82 L 3.13-50 (3.13-25) L 1.920 L 0.995 

 R-382 GGTTGTCGCTGAGCTCTGTG   M 6.25-67.5 (6.25-50) L 1.970 0.983 

GUSB F-1639 ACCAGAAGCCGATGATTCAG 160 84 L 3.13-75 (3.13-25) L 1.955 L 0.988 

 R-1779 AGCTCGCCAACCACATATTC   M 6.25-100 (6.25-50) M 1.756 M 0.955 

*: Primer concentration and annealing temperature for this gene was 1.0µM and 58˚C. 
**: Neuvians et al.(2003), Endocrine, vol 22 no.2, 93-99, primer concentration for these genes was 1.0µM 
***:  Bionaz and Loor (2007), Physiol. Genomics 29: 312-319 
†: Primer direction (F-forward; R-reverse) and hybridization position on the sequence 
††: Exon-exon junctions are underlined 
†††: The range of RNA input (ng) in which linearity of standard curve was confirmed by preliminary experiment. The number within () 
is the range which was used for standard curve in actual measurement. 
††††: Amplification efficiency (E) determined by dilution method 
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Table 3a: Sequence results of PCR products and their best hit gene in BLAST using NCBI data base Bos Taurus ab initio RNA  

Blast best hit gene (NCBI) 
Symbol Sequence results of PCR products (MWG) 

description Score 

SLC2A1 

CGCTCAGCCGCCTACCGCCAGCCCATCCTCATTGCCGTGGTGCTGCAG
CTGTCCCAGCAGCTGTCCGGCATCAACGCTGTTTTCTATTACTCCACAA
GCATCTTCGAGAAGGCGGGGGTGCAGCAGCCCGTGTATGCCACCATCG
GCTCTGGCATCGTCAACACAGCCTTCACTGTCGTGTCTCTA 

Solute carrier family 2, facilitated glucose 
transporter member 1 

183 

SLC2A4 

CTGCTGAGATCTGGTCAACGTCCTGCCACGGGTTTCAGGCACTTTTAA
GAAGGTGAAGATGAAGAAGCCAAGCAGGAGGACCGCGAATAGAAGA
AAGACGTAGGGACCCATAGCATCCGCCACATACTGGAAACCCATGCC
GATGATGAAGTTGCATGTCCAGTTGGAG 

Solute carrier family 2, facilitated glucose 
transporter member 4 

164 

SLC2A2 

GAGAGGCATATCAGGACTCTACTGTGGGCTGATTTCAGGCTTGATTCC
AATGTACATTGGTGAAATTGCTCCAACCACACTCAGGGGCGCTATCGG
TGCTCTTCATCAGCTGGCCATTGTCACGGGCATTCTTATTAGTCAGATC
GTTGGCCTTGACTTTATCCTGGGCA 

Solute carrier family 2, facilitated glucose 
transporter member 2 

169 

IRA AAGATTACCTGCACAACGTGGTTTTCATCCCCAGGCCTTCAAGGAGCT
GGAGGAGTTGAT Insulin receptor 34 

IRB 
GTTCTTCAAGGAGCTGGAGGAGTCCTCGTTCAGGAAAACGTTTGAAGA
TACCTGCACAACGTGGTTCTCATCCCCAGAAAATCATCTTCAGGCCCT
GTTGCCGAGGACGCTAAATT 

Insulin receptor 101 

FBP1 

ACAGAAGATTTCGAAAGATGACCCTTCTGAGAAGGACGCTCTGCAGCC
AGGCCGGAACCTGGTGGCTGCTGGCTATGCGCTCTATGGCAGTGCCAC
TATGTTGGTCCTGGCCATGGCGAATGGAGTCAACTGCTTCATGCTGGA
CCCGGCCATTGGAGAGTTCATTTTGGTGGACAGGGA 

Fructose-1,6-bisphosphatase 1 176 

G6P 
AGCAGGTGTATACTATGTGATGGTCACATCCACCCTCTCTATCTTTCGT
GGAAAGAAAAAGCCAACCTACAGATTTCGGTGCTTGAATGTCATGTTG
TGGTTGGGATTCTGGGTCGTGCAACTGAA 

Glucose-6-phosphatase 126 

PEPCK1 

GCAGCCGGCTGGCCAGGAGGAGGGGTGGCTGGCAGAGCACATGCTGA
TTCTGGGCATCACCAACCCCAAGGGCCAGAAGAAGTACTTCGCGGCTG
CGTTTCCCAGCGCCTGTGGGAAGACCAACCTGGCCATGATGAACCCTA
CTCTCCCGGGATGGAAAGTAGAGTGTGTGGGTGATGATATCGCCTGGA
TGAAATTTGACCAACAAGGTAACTTGCGG 

Phosphoenolpyruvate carboxykinase, 
cytosolic [GTP] 

216 
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Table 3a continued   

Blast best hit gene (NCBI) 
Symbol Sequence results of PCR products (MWG) 

description Score 

PEPCK2 
CCTGGTATATGAGGCCTTCAACTGGCGCCACGGGGTGTTTGTGGGCAG
TGCCATGCGCTCCGAGGCCACTGCAGCGGCTGAACACAAAGGGAAGG
TCATCATGCAAGTGGCTA 

Phosphoenolpyruvate carboxykinase [GTP], 
mitochondrial 

105 

PCCA 
TGGGTCGACTAAATGTGACCAGCACGTGGAACCTGGCTTCACCCTTGT
TGTCTGTCAACGTTGATGGCACTCAGAGGACGATACAGTGTCTTTCTC
GAGAAGCAGGGGGCAACATGAGCATTCAGTTTCTCGGCACAGTAA 

Propionyl-CoA carboxylase alpha chain, 
mitochondrial 

134 

PC 

TACTGGGGAGGAGCCACCTTTGACGTCGCCATGCGCTTCCTGTACGAG
TGCCCCTGGCGACGGCTGCAGGAGCTCCGGGAGCTCGTCCCCAACATC
CCATTCCAGATGCTGCTGCGGGGGGCCAACGCCGTGGGCTACACCAAC
TACCCCGACAATGTGGTCTTCAAGTTCTGCGAGGTGGCCAAGGAGAAT
GGCATGGACATC 

Pyruvate carboxylase, mitochondrial 203 

PYGL 

AGTTCTGGAGAGGAGTACAAAGTGAAGATCAACCCGTCCTCCATGTTC
GACGTGCAGGTGAAGCGGATCCACGAGTACAAGCGACAGCTCCTGAA
CTGCCTGCACGTGGTCACCATGTACAACCGCATTAAGAAAGACCCAAA
GAAG 

Glycogen phosphorylase, liver form 139 

CPT1A 
GAAGCAGCGTTCTTCGTGACGTTAGACGAAACCGAGCAGGGATACAG
GGAGGAGGACCCGGAAACGTCGATGGACAGCTACGCCAAGTCCCTGC
TGCATGGCAGGTGTTTCGACAGGTGGTTTGAATGGCTGCCT 

Carnitine O-palmitoyltransferase 1, liver 
isoform 

124 

HMGS2 
TTCACGCCTTTCTGCAGTTAGTCCAGAAATCCCTGGCCCGCCTGATGTT
CAATGACTTCCTGTTGGCCAGTGGTGACACACAGACTGGCATCTACAA
GGGCTTGGAGGCCTTCAGGGGACTAAAGCTGGAAAAGAACGCA 

Hydroxymethylglutaryl-CoA synthase, 
mitochondrial 

126 

HMGL 

ATGCTGAGTCTTGAAGGCATCCAGAAATTTCCTGGCGTCAACTACCCA
GTCCTGACCCCAAACTTCAAAGGCTTCCAGGCAGCGGTTGCTGCCGGA
GCCAAGGAAGTGGCCATCTTTGGAGCCGCCTCTGAACTCTTCACCAAG
AAGAACATCAACTGCTCCATAGATGAGAGTTTGCAGCGGTGAGAA 

Hydroxymethylglutaryl-CoA lyase, 
mitochondrial 

179 

BDH2 

TGTCCATCTCTGCAGAAGATACAAGCCAGACCAAATCCTGAAGAGGC
ACTGAGCGATTTCCTAAAGAGACAGAAAACAGGAAGATTTGCAACTG
CAGAAGAAGTAGCCCTGCTCTGCGTGTACTTGGCCTCTGATGAATCTG
CCTACATCACGGGGAATCCTGTT 

3-hydroxybutyrate dehydrogenase type 2 153 
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Table 3a continued   

Blast best hit gene (NCBI) 
Symbol Sequence results of PCR products (MWG) 

description Score 

ACCA 

TACAGTCACTATGAAGTGGATCAGAGATTTCATAGAGAATTTCCTAAA
TTTTTCACGTTCCGAGCAAGGGATAAGTTTGAGGAAGATCGTATCTAT
CGTCACCTGGAGCCTGCCCTAGCTTTCCAGTTAGAGCTGAACCGGATG
AGAAAACTGAA 

Acetyl-CoA carboxylase 1 143 

FASN 

AGGTCACTGCAGTCCTTCGATGCATCAGGGAATGGCTACTGCCGTGCA
GAGGCTGTGATGGCCATCCTTCTGACCAAGAAGTCCCTGGCCCGACGG
GTGTACGCCACCATCCTCAACGCTGGCACCAACACGGATGGCTGCAAA
GAGAAAGA 

Fatty acid synthase 143 

GPAM 

CTATGGGCATATAGTTGACTACTGCGACAGCAGCAGTTCTTGGAGATT
TTTCTGGAAGGCACACGCTCAAGAAGTGGAAAAATCCCTGTGCTCGGG
CAGGACTTCTGTCAGTTGTGGTAGATACGCTGTCCACCAATACGAACT
G 

Glycerol-3-phosphate acyltransferase 1, 
mitochondrial 

134 

DGAT1 

AGAGCGCCTGGCCGTGGGAGCTCTGACGGAGCAGGCGGGGCTGCTGC
TGCACGGGGTCAACCTGGCCACCATTCTCTGCTTCCCAGCGGCCGTGG
CCTTTCTCCTCGAGTCTATCACTCCAGTGGGCTCCGTGCTGGCCCTGAT
GGTCTACACCATCCTCTTCCTCAAGCTGTTCTCCTACCGGACCCTCCTG
A 

Diacylglycerol O-acyltransferase 1 182 

ACSL1 

TGTGTAGTGAGCGATTGTTCAGCATTTGTGAAATGACAGAGAACACGT
TCATTCCTACCTCAGATGACACTTTGATCTCTTTCTTGCCTCTGGCCCA
TATGTTTGAGAGAGTTGTAGAGTGTGTGATGCTCTGTCATGGAGCTAA
AATAGGATTTTTCCAAGGAGATATCAGGCTGCTTATGGATGATCTCAA
GGCCAA 

Long-chain-fatty-acid--CoA ligase 1 192 
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Table 3a continued   

Blast best hit gene (NCBI) 
Symbol Sequence results of PCR products (MWG) 

description Score 

MRPS9 
GGCTGCCGGGAGCTGCTGACGCTGGATGAGAAAGACCCGCGGCGTCT
GTTCGAAGGTAATGCCCTGTTGCGGCGGCTCGTCCGTATCGGGGTGCT
GGATGAGGGCAAGATGAAGCTGGATTACATCCTGGGAAGGGCTTC 

40S ribosomal protein S9 128 

MRPS15 
CCTGGAGGCTCAATTGTTGCCTTGACTGTCAAGATCCGCAGTTACGAA
GAACACATGCAGAAACATCAAAAGGACAAAGCCCACAAGCGCTATCT
GCTGATGAGCAAGTTG 

28S ribosomal protein S15, mitochondrial 103 

UXT GGCAGAGCTCTCAGTTCATTGATCGTAAGAGCAGTCTCCTCACAGAGC
TCAGCGACAACATGG Protein UXT 54 

GUSB 
ATTGAGGGTTTCACGAGGATCCACCACTGATGTTCAGTGAAGAGTACC
AGAAAGGCCTGCTCCAGCAGTATCATGTGGTTCTGGACCAAAAACGCA
AAGAATATGTGGTTGGCGAGCTCAC 

Beta-glucuronidase 115 
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