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Mastitis is the most cost intensive production dis-
ease in dairy industry. Medical treatment, reduced 
fertility, extra labour, and reduced milk yield cause 
a considerable financial burden. Calculations of an-
nual losses due to mastitis revealed an amount of 
10% of total value of farm milk sales, two thirds be-
ing a result of reduced milk yield caused by subclin-
ical udder inflammation (Schroeder, 2010). During 
early lactation, high energy requirements for milk 
production cannot be adjusted by increasing feed 
intake and result in negative energy balance (NEB) 
often followed by metabolic imbalance. Energy 
deficit leads to extensive mobilization of body fat 

reserves and may result in increased blood nones-
terified fatty acid (NEFA) and β-hydroxybutyrate 
(BHB) concentrations. Elevated NEFA and BHB 
levels are considered to have inhibiting effects on 
immune cells (Suriyasathaporn et al., 2000) and to 
assist the state of impaired immune system (Loor 
et al., 2007; Roche et al., 2009). Inflammation of 
the mammary gland is induced by gram-negative 
and gram-positive pathogens that cause different 
appearances of mastitis. The most prevalent gram-
negative bacteria, Escherichia coli (E. coli), is a typi-
cal environment-associated pathogen that leads to 
an acute and severe systemic mastitis. In contrast, 
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Staphylococcus aureus (S. aureus) is among the most 
prevalent gram-positive bacteria causing a chronical 
and subclinical form of mastitis (Wellnitz et al., 2006; 
Tesfaye et al., 2009). Under practical conditions most 
mastitis incidences are disposed subclinically and 
remain unnoticed in dairy livestock. Besides their 
milk secretory function, mammary epithelial cells 
(MEC) participate in the first line of defense against 
invading pathogens (Vorbach et al., 2006) and op-
erate together with immune cells during pathogen 
invasion. Cell culture studies with MEC revealed 
the expression of host defense mechanisms, e.g., 
pathogen recognition receptors as well as antimi-
crobial peptide (Petzl et al., 2008; Griesbeck-Zilch et 
al., 2009), which enable them to react on pathogen 
invasion before the acquired immune defense fac-
tors intervene. They are also responsible for immune 
modulatory effects in the udder due to secretion of 
chemokines (Bournazou et al., 2009) which enables 
the interaction with immune cells to defend against 
pathogen invasion.

Most investigated receptors are the transmem-
brane toll-like receptors (TLR) that mediate path-
ogen recognition via the pathogen-associated 
molecule pattern (PAMP) such as lipopolysaccha-
rides (LPS) from E. coli and lipoteichoic acid (LTA) 
of S. auerus. In cattle, currently 10 different TLR are 
described and characterized (Werling et al., 2006). 
Petzl et al. (2008) demonstrated previously that 
TLR2 and TLR4 are selectively up-regulated in case 
of clinical mastitis, whereas TLR9 was not affected. 
Beside receptor-based defense, mammary epithelial 
cells secret a wide range of antimicrobial peptides 
(AMP) (Zasloff, 2002; Roosen et al., 2004; Lutzow 
et al., 2008; Molenaar et al., 2009). These proteins 
and peptides react upon all invading pathogens and 
exhibit strategies of killing. Antiviral, antifungal, 
and antibiotic mechanisms include membrane dis-
ruption, thus perturbing bacterial permeability as 
well as metabolic inhibition (Almeida and Pokorny, 
2009; Bocchinfuso et al., 2009). Additionally, in 
contrast to the therapeutical problems of increas-
ing antibiotical resistance of pathogens, interest 
on those potent peptides increases due to minimal 
resistance development of the pathogens (Kraus 
and Peschel, 2006). Acute symptoms of mammary 
infection most often associated with E. coli mas-
titis lead to increasing inflammation parameters. 
First of all, Tumor necrosis factor alpha (TNFα) 
and Interleukin 1 beta (IL1β) are to be mentioned. 
In the acute phase of cytokine release they mediate 
both local and systemic inflammatory responses. 

They are most potent endogenous inducers of fe-
ver and have both beneficial and injurious proper-
ties (Sordillo and Streicher, 2002). Furthermore, 
TNFα is one of the factors to induce apoptosis in 
the mammary gland (Bannerman, 2009). During 
mammary inflammation epithelial cells take part in 
chemotaxis to recruit immune cells by the release 
of chemoattractants (Haston and Shileds, 1985). 
In case of acute mastitis 90% of milk-derived cells 
are neutrophiles (Mehrzad et al. 2005), which are 
also supposed to be the first cells to arrive at in-
flammation due to secretion of growth-related 
oncogene alpha (Groα) and Interleukin 8 (IL8). 
Severe mastitis leads to mammary tissue damage 
and cell death by either apoptosis or necrosis, sup-
ported by both bacteria and host defense factors 
(Zhao and Lacasse, 2008). Apoptosis initiating 
and regulatory factors are the FAS receptor, the 
anti-apoptotic B-cell lymphoma 2 (Bcl-2) family 
members involved in mitochondrial death cascade, 
and up-stream initiator and down-stream effec-
tor cysteine proteases called caspases activated by 
the death receptor and the mitochondrial cascade 
(Nunez et al., 1998).

However, in most of the above cited works analy-
sis was done in milk or the established cell culture 
models were generated by mammary biopsy or 
slaughter after intra mammary infection (Wellnitz 
and Kerr, 2004; Griesbeck-Zilch et al., 2008; Petzl et 
al., 2008). Beside its invasive character concerning 
animal’s welfare, the main disadvantage of mam-
mary biopsy is the high risk of contamination 
with fibroblasts. This fast-growing stroma cells 
may overgrow the target epithelial cells and might 
tamper with the results. According to the advice of 
Boutinaud and Jammes (2002), the establishment 
of a cell culture model of milk-derived cells was 
implemented and focus was directed at the immune 
defense capability of primary bovine mammary epi-
thelial cells (pbMEC) affected by induced in vivo 
NEB. The present investigation should have re-
vealed whether the induced NEB in vivo influences 
also the immune capacity of MEC, for its known 
inhibiting effect on immune cells (Suriyasathaporn 
et al., 2000). Therefore cell cultures of pbMEC of 
energy restricted and control fed cows were gen-
erated and an immune challenge was conducted. 
A set of 15 comprehensive genes involved in the 
different areas of the innate host defense was se-
lected and the immune response was determined 
using quantitative reverse transcription polymerase 
chain reaction (qRT-PCR).
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MATERIAL AND METHODS

Animals and dietary-induced NEB

A detailed description of the experimental de-
sign and the conduction of the feeding experiment 
were published in Gross et al. (2011). In brief, Red 
Holstein cows were housed in a free-stall barn and 
were evenly assigned to control and restriction 
feeding according to milk yield, calculated energy 
balance, and feed intake during the first 85 days 
postpartum (pp). After re-establishment of meta-
bolic stability and a positive energy balance on day 
100 pp, a 51 ± 2% dietary energy deficit of total 
energy requirements was individually induced for 
3 weeks, followed by a re-alimentation period.

Cell culture of primary bovine  
mammary epithelial cells

Milk samples were taken on the last day of the 
energy restriction period. One litre of milk was 
taken from each animal and per quarters subjected 
to a bacterial milk test to exclude bacterial infection 
prior to the experiment. Only milk free of bacteria 
was used to extract pbMEC. The milk was dispersed 
evenly into four centrifuge cups (250 ml each). 
The four cups were centrifuged at 1850 g, at 20°C 
for 10 min. Milk was decanted and each cell pel-
let was re-suspended in 25 ml pre-warmed (37°C) 
washing medium (HBSS, Sigma-Aldrich, Munich, 
Germany) containing 200 µg per ml penicillin G, 
200 µg/ml of streptomycin, 200 µg/ml gentamicin, 
and 10  µg/ml amphotericin B (Sigma-Aldrich, 
Munich, Germany). Two cell solutions were com-
bined into a 50 ml falcon tube, washed by gentle 
mixing and centrifuged at 500 g at room tempera-
ture (RT) for 5 min. The pellets were re-suspended 
in 25 ml HBSS-solution and filtered (Falcon Cell 
Strainer 100 µm, BD Biosciences, Bedford, USA) 
into one falcon tube. After centrifugation at 500 g 
for 5 min, the pellet was re-suspended in warm 
growth medium consisting of DMEM/F12 Ham 
(Sigma-Aldrich, Munich, Germany), 10% fetal 
calf serum (FCS) (Gibco, Invitrogen, Carlsbad, 
USA), ITS supplement (5 mg/ml insulin, 5 mg/ml  
transferrin, and 0.005 mg/ml sodium selenite; 
Invitrogen, Carlsbad, USA), 100 µg/ml penicillin, 
100 µg/ml streptomycin, 100 µg/ml gentamycin, 
and 5 µg/ml amphotericin B. The cells were seed-
ed into 25 cm2 tissue culture flasks (Greiner Bio 

One, Frickenhausen, Germany) and cultivated at 
37°C, 5% CO2, and 90% humidity. The cells were 
allowed to attach for 24 h. Unattached cells were 
removed by gentile washing with warm phosphate 
buffered saline (PBS) of pH 7.4 and the medium 
was exchanged. Growth medium was changed twice 
weekly and growth of primary cells was documented 
until reaching 80% confluence. Due to higher sensi-
bility and higher contamination risk in primary cells 
compared to cell lines, infected cultures were elimi-
nated at first appearance of bacterial contamination. 
Additionally, only morphologically healthy cultures 
were further cultivated and selected for the experi-
ment. The cells were harvested at 80% confluence 
state in the second passage and stored in DMEM/
F12 HAM with 20% FCS and 10% dimethyl sulfoxide 
(DMSO) (Roth, Karlsruhe, Germany) in liquid ni-
trogen until all samples were taken. Finally, primary 
mammary epithelial cell cultures of 8 restriction and 
7 control cows were successfully generated.

Immunohistochemistry

Epithelial identity was confirmed by immuno-his-
tological staining of cytokeratins 4, 5, 6, 8, 10, 13, and 
18. Concurrently to the seeding of the 48-wells chal-
lenge plates, pbMEC were seeded on culture cham-
ber slides (LAB-Tek, Nunc, GmbH, Langenselbold, 
Germany) in four-times approach. After reaching 
confluent state, medium was removed and pbMEC 
were washed twice with PBS. Chambers were removed 
and attached cells were fixed with ice-cold aceton-
methanol mix (1 : 1) for 5 min. Slides were dried at 
room temperature (RT). Wells were incubated with 
1% H2O2 (Merk, Darmstadt, Germany) in PBS-Tween 
(PBST) in the dark at RT for 30 min to block endo- 
genous peroxidases. After triple washing with PBST 
for 5 min, respectively, the slides were incubated 
with goat serum (Dako, Glostrup, Denkmark) di-
luted 1 : 10 in PBST for 30 min at RT. A primary 
monoclonal mouse IgG anti-pan cytokeratin anti-
body (F3418, Sigma-Aldrich, St. Louis, USA) was 
diluted 1 : 50 in PBST, applied to the wells and in-
cubated at 4°C overnight. Goat serum remained on 
negative controls and was not replaced by primary 
antibody. On the next day the slides were 3 times 
washed with PBST for 5 min, respectively, and sec-
ondary polyclonal goat anti-mouse antibody (1 : 400; 
Immunoglobulins HRP, Dako Gostrup, Denmark) 
was applied. After 1 h incubation at RT the cells 
were washed 3 times with PBST for 5 min, respec-
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tively, and peroxidase was visualized by incubating 
the wells with 0.01% DAB-dihydrochloride (D-5905, 
Sigma-Aldrich, Munich, Germany) and 0.01% H2O2 
in PBST in the dark at RT for 15 min. Afterwards 
the slides were 3 times washed with PBST for 5 min, 
respectively, and were dipped in aqua bidets. The 
cell nuclei were stained with Mayer hemalaun solu-
tion (Roth, Karlsruhe, Germany) for 15 s and colour 
development was obtained by dipping the slides into 
tap water. The slides were dehydrated in a series of 
ethanols of increasing concetration (50–100%) for 
2 min, respectively, followed by 2 min incubation 
in xylol (Sigma-Aldrich, Munich, Germany). Cover 
glasses were fixed with EUKITT (Fluka, Sigma-
Aldrich, Steinheim, Germany). Results are shown 
in Figure 1.

Cultivation of E. coli and S. aureus

S. aureus 1027 and E. coli 1303 (Petzl et al., 
2008) were donated from Wolfram Petzl (Clinic 
for Ruminants, Ludwig-Maximilians-University, 
Munich, Germany). The gram negative pathogen 
E. coli was cultured in lysogeny broth (LB) liquid me-
dium and on LB-agar Lennox (SERVA, Heidelberg, 
Germany) plates. The cultivation of the gram posi-
tive S. auerus was conducted in casein-soy-peptone 
(CASO) broth liquid medium (Fluka, Sigma-Aldrich, 
Steinheim, Germany) and on blood agar (Blood Agar 
Base No. 2, Oxoid, Cambridge, UK) plates. The path-
ogens were thawed and applied to the appropriate 
agar plates and incubated at 37°C overnight. One 
colony of each pathogen was picked and applied to 
20 ml growth mediums. After overnight incubation 
at 37°C, E. coli was diluted 1 : 1000 and S. auerus 
1 : 500 into fresh growth medium. Optical density 
(OD) of 1 ml bacteria solution was measured at 
600 nm every 30 min for 4 h to generate a growth 
curve. Simultaneously with each OD measurement, 
5 dilution steps of the pathogens were seeded on 
respective agar plates and incubated at 37°C. At 
the beginning, 10–4–10–6 dilution steps and with 
increasing time and pathogen growth 10–9–10–10 
dilution steps were used. Next day the colonies 
were counted. According to the assumption that one 
colony was grown out of one bacterium within the 
dilution steps the amount of bacteria was calculated. 
The growth curve was repeated and according to 
the optimal harvest time the growth was stopped by 
putting the pathogen tubes on ice for 10 min. The 
tubes were centrifuged at 1850 g twice for 10 min 

and re-suspended in 50 ml PBS. After the third cen-
trifugation step, the pellet was re-suspended in 5 ml 
PBS and put into the 63°C water bath for 30 min to 
inactivate the pathogens. To control the inactiva-
tion, respective agar plates were inoculated with the 
pathogens. Bacteria solutions were aliquoted and 
stored at –80°C.

Immune challenge of pbMEC with  
heat-inactivated E. coli and S. aureus

Cells were thawed in the third passage and seeded 
into 48 well plates with a concentration of 100 000 cells 
per a well. Two wells were seeded for E. coli, S. auerus, 
and untreated control cells, respectively. Additionally 
two wells served as counting wells. Those wells were 
detached prior to treatment and counted twice. The 
determined mean cell count was assumed for the 
treatment and the control cell wells to calculate the 
concentration of applied pathogen. Until 80% conflu-
ency was obtained, the growth medium was replaced 
by 1 ml DMEM/F12 Ham supplied with ITS (chal-
lenge medium) solely. The cells in the counting wells 
were detached, counted, and pathogen concentrations 
for multiplicity of infection (MOI 30) were calculated. 
Challenge medium was replaced and the wells were 
infected with MOI 30 of respective heat-inactivated 
bacteria solution. Control wells were treated with 
PBS. A double approach was conducted.

Quantitative reverse transcription PCR 
(qRT-PCR) for mRNA quantification

After 24 and 72 h the cells were harvested, chal-
lenge medium supernatant was removed and stored 
at –80°C. Total RNA was extracted with the Allprep 
RNA/Protein kit (Qiagen, Hilden, Germany) as de-
scribed in the manufacturer’s instructions and an 
additional DNAse digestion (RNase-Free DNase 
Set, Qiagen, Hilden, Germany) was conducted. 
RNA integrity was determined with the Agilent 
Bioanalyzer 2100 and RNA 6000 Nano Assays 
(Agilent Technologies, Waldbronn, Germany). The 
reverse transcription was conducted on Eppendorf 
Mastercycler Gradient (Eppendorf, Hamburg, 
Germany). For converting the RNA template into 
cDNA 300 ng of RNA was reverse transcribed with 
1 µl of M-MLV Reverse Transcriptase, RNase Minus, 
Point Mutant (Promega, Mannheim, Germany) us-
ing 3 µl of random primers (Invitrogen, Karlsruhe, 
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Germany) and 3 µl dNTP (Fermentas, St. Leon-Rot, 
Germany). The protocol started with 10 min at 21°C 
for optimized primer annealing, followed by 50 min at 
48°C for transcription and 2 min at 90°C for inactiva-
tion of the enzyme and separation of generated cDNA 
and RNA template, and a final hold at 5°C. A nega-
tive control was added without enzyme for excluding 
genomic DNA contamination. Primers (Table 1) were 
designed using open source primer design software 
Primer 3 and synthesized by Eurofins (MWG GmbH, 
Ebersberg, Germany). Primer testing and qRT-PCR 
were conducted on the iQ5 Multicolor real-time 
PCR detection system (Bio-Rad Laboratories GmbH, 
Munich, Germany) using twin.tec PCR Plate 96 for-
mats (Eppendorf, Hamburg, Germany). For qRT-PCR 
reaction 1.5 µl of cDNA equivalent to 7.25 ng of total 
RNA was amplified in 13.5 µl reaction volume with 
the MESA Green qPCR MasterMix Plus for SYBR® 
Assay with fluorescein (Eurogentec Deutschland 
GmbH, Koln, Germany). 1.5 µl forward and reversed 
primers were added. The used protocol started with 
5 min polymerase activation at 95°C, followed by 
40 cycles: denaturation at 95°C for 15 s, primer spe-
cific annealing for 20 s, and the elongation at 60°C 
for 40 s. A melt curve starting from 60°C to 95°C was 
performed in 10 s with 0.5°C steps per cycle. The size 
of the PCR products was confirmed by agarose gel 
electrophoresis after GelRed (Biotium Inc., Hayward, 
USA) staining.

Data analysis and statistics

Statistical description of the generated gene ex-
pression data set was analysed by GenEx software 
5.0.1. (MultiD Analyses AB, Gothenburg, Sweden). 
The Cq values were normalized with the arithme-
tic means of reference genes. The three suitable 
reference genes – Glyceraldehyde 3-phosphate-
dehydrogenase (GAPDH), Ubiquitin (UBQ3), and 
Actin gamma 1 (Actin γ1) – were selected using 
GenEx software. To calculate the effects of treat-
ment versus control, ∆∆Cq method according to 
Livak and Schmittgen (2001) was used and the 
data transformation with 2–∆∆Cq into relative ex-
pression ratio (x-fold regulation) was conducted. 
Target gene expression is represented as x-fold 
up-regulation for x > 1.00 and down-regulation is 
represented in values x < 1.00 with standard er-
ror of means (SEM), respectively. Outliners were 
identified and excluded using the GenEx function 
Grubbs’ test.

A principal component analysis (PCA) was 
conducted for ∆Cq values to disclose multivari-
ate treatment effects. The PCA is a suitable tool 
for multidimensional data analysis, which allows 
recognition of patterns and visualization of treat-
ment information of a heterogeneous data set. 
Calculation of the two principal components of 
the measured data for every sample leads to the 
reduction of dimensions and enables the plotting 
of samples each as one spot in a two-dimensional 
room. Therefore, treatment effects can be visual-
ized according to formation of clusters and sepa-
ration of the samples represented by one spot per 
sample (Kubista et al., 2006; Riedmaier et al., 2009). 
The PCA results were further confirmed by com-
paring the 2–∆∆Cq arithmetic means in a one-way 
ANOVA (analysis of means) on ranks and subse-
quent Kruskal-Wallis Test using SPSS (IBM SPSS 
Statistics 19.0). P-values ≤ 0.05 were considered as 
significance level.

RESULTS

Immunohistochemisty

The immuno-histological staining of cytokeratins 
is presented in Figure 1. Positive brown staining 
illustrates the purity of the generated cell cultures 

Figure 1. Immuno-histological identification of pbMEC 
by cytokeratine staining. Positive brown staining of 
cytokeratines 4, 5, 6, 8, 10, 13, and 18. The insert shows 
the negative control 



212

Original Paper Czech J. Anim. Sci., 57, 2012 (5): 207–219

Table 1. Primer sequences, PCR product lengths (bp) and sequence references for reference genes and differential 
expressed target genes

Genes Abbrevia-
tion Primer Sequence  

(5’ to 3’)
Size  
(bp) Reference

Re
fe

re
nc

e 
ge

ne
s

Actin gamma 1 Actin γ1 F aactccatcatgaagtgtgacg 233 NM_001033618

R gatccacatctgctggaagg

Glyceraldehyde 3-phosphate dehydrogenase GAPDH F gtcttcactaccatggagaagg 197 Berisha et al. 2002

R tcatggatgaccttggccag

Ubiquitin 3 UBQ3 F agatccaggataaggaaggcat 198 NM174133

R gctccacttccagggtgat 

Ta
rg

et
 g

en
es

Toll-like-receptor 2 TLR2 F cattccctg gcaagtggattatc 202 NM_174197.2

R ggaatggccttcttgtcaatgg

Toll-like-receptor 4 TLR4 F tgctggctgcaaaaagtatg 213 NM_174198.6

R ttacggcttttgtggaaacc

Lactoperoxidase LPO F ccgacaacattgacatctgg 206 NM_173933.2

R gtcacagatgaggcgtgaga

Defensin beta 1 DEFβ1 F tgctgggtcaggatttactcaagga 85 NM_175703.3 

R agggcacctgatcggcacac

Interleukin 1 beta IL1β F cagtgcctacgcacatgtct 209 NM_174093.1

R aga gga ggtggagagccttc

Tumor necrosis factor alpha TNFα F ccacgttgtagccgacatc 108 AF348421 

R accaccagctggttgtcttc

Interleukin 6 IL6 F caccccaggcagactacttc 182 NM_173923.2

R atccgtccttttcctccatt

Chemokine (C-C motif ) ligand 26/Eotaxin 3 CCL26 F ctcggagctgccacacgtgg

R tgggcacacactttccggcc 167 XM_002698193.1

Growth-related oncogene Groα F gctcggacgtgttgaagaac 116 U95812

R cctgagccagaggcggactac

Chemokine (C-X-C motif ) ligand 5 CXCL5 F ttgtgagagagctgcgttgt 150 NM_174300.2 

R ccagacagacttcccttcca

Interleukin 8 IL8 F tgctctctgcagctctgtgt 306 NM_173925.2

R cagacctcgtttccattggt

FAS FAS F agaagggaaggagtacacaga 124 NM_000043

R tgcacttgtattctgggtcc

B-cell lymphoma 2 Bcl-2 F cggaggctgggacgcctttg 116 NM_001166486.1

R tgatgcaagcgcccaccagg

Caspase 6 Casp6 F ggctcgcggtccaggtgaag 177 NM_001035419.1

R ctggtgccaggcctgttcgg

Caspase 7 Casp7 F atccaggccgactcgggacc 235 XM_604643.4 

R agtgcctggccaccctgtca

F = forward, R = reverse
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and identifies the used cells as pbMEC without 
contamination of fibroblasts. The calculation re-
vealed 97% of positive stained cells. The proof of 
quality is provided in the negative control without 
primary antibody presented in the insert of Figure 1. 
Unstained cells had an elongated cytoplasm with an 
oval nucleus and were excluded from the calculation 
of epithelial cells characterized by typical anti-cy-
tokeratin staining. According to their morphologi-
cal appearance they might be fibroblasts, which do 
not stain for cytokeratins (data not shown).

RNA integrity

The integrity of RNA was determined using the 
Agilent Bioanalyzer 2100 and RNA 6000 Nano 
Assays and presented as RNA Integrity Numbers 
(RIN). Mean RIN value was 7.9 ± 0.2 SEM.

qRT-PCR

Antimicrobial peptides and receptors (AMPR). 
As the first applied statistical tool, the PCA pre-
sented in Figure 2A revealed an emigration of E. coli 
treated samples from the general sample cloud. 
S. auerus and control samples are evenly spread and 
therefore indicate no effect of the S. aureus treat-
ment versus control. Differential expressed genes 
of AMPR (Figure 3A) were influenced by trend by 
NEB. Significant effects were measured for TLR2 
and TLR4, which were significantly up-regulated 
in E. coli infected control cells after 24 compared 
to 72 h (P ≤ 0.05). Mean expression levels of TLR4 
were low in all treatment groups. Expression lev-
els were the highest in restriction cells exposed to 
E. coli (25–40-fold for Defensin beta 1 (DEFβ1)) 
and 46-fold for Lactoperoxidase (LPO). S. aureus 
induced an up-regulation from 24 until 72 h within 

Figure 2. Principal component analysis (PCA) of four different immune functional gene groups presented on ∆Cq 
level: A = antimicrobial peptides and receptors (AMPR), B = cytokines, C = chemokines, D = apoptosis. Data sets 
are arranged according to feeding regime (control = square, restriction = circles), treatment (E. coli = green, light 
green; S. aureus = red, pink; control = black, grey), and infection time (24 h = dark colours, 72 h = light colours)
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Figure 3. Relative gene expression of means presented as 2–∆∆Cq in log10 scales ± SEM: A = antimicrobial peptides and 
receptors (AMPR), B = cytokines, C = chemokines, D = apoptosis related genes. S24, S72 = S. aureus infection for 24 and 
72 h; E24, E72 = E. coli infection for 24 and 72 h. Significant differences within control or restriction group (E24 vs. E72, 
S24 vs. S72) are presented by different lowercase letters; significant differences between control and restriction group 
(E24 vs. E24, E72 vs. E72, S24 vs. S24, S72 vs. S72) are presented by different capitals; significant level P ≤ 0.05
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control fed group, but showed down-regulated ex-
pression profiles by trend in the energy restriction 
group.

Cytokines. The comparison between E. coli 
and S. aureus for control feeding and restriction 
in the PCA analysis for cytokines revealed sepa-
ration of E. coli samples and slight emigration to 
the left of restriction samples out of the central 
cloud (Figure 2B). E. coli treatment showed a more 
pronounced transcript increase, especially in IL1β, 
than S. aures (Figure 3B). The combination of E. coli 
and energy restriction induced generally higher ex-
pression levels compared to control fed group, but 
without significance due to high SEM. Expression 
of all the three genes increased from 24 to 72 h 
under S. aureus influence in the control group, 
which was not seen in the restriction group. TNFα 
transcripts decreased significantly (P ≤ 0.05) in re-
striction cells after 24 h compared to control cells 
after exposure to S. aureus. E. coli induced a higher 
expression compared to S. aureus in the restriction 
group after 24 h (P ≤ 0.001). That effect could not 
be found in the control group. The same regula-
tion pattern, but lower expression levels without 
significance were found for Interleukin 6 (IL6).

Chemokines. E. coli provoked an increased che- 
mokine responses in pbMEC compared to S. aureus 
in the PCA (Figure 2C), which was even higher in the 
restriction cells (Figure 3C). The highest 125-fold  
up-regulation was found in IL8 due to restriction 
feeding and E. coli exposure. A significant differ-
ence was found between E. coli and S. aureus for 
72 h in the restriction group (P ≤ 0.05). Gene expres-
sions of chemokine (C-C motif ) ligand 26 (CCL26) 
and Groα in the control group were up-regulated 
after 24 h and down-regulated after 72 h for both 
pathogen stimulations. However, low expressions 
were found in the restriction group. Furthermore, 
a remarkable effect of the S. aureus stimulation 
was determined in the restriction group compared 
to the control group. All genes in this group were 
down-regulated after 24 h as well as 72 h, compared 
to the control feeding group. But high SEM pre-
vented the calculation from significant differences.

Apoptosis. In contrast to the PCAs of the above 
mentioned gene classes, no clear clustering of 
apoptosis genes due to pathogen type could be 
found (Figure 2D). However, we could assess ten-
dencies for tight clusters of restriction samples. 
Control feeding samples were arranged in a wide 
variety indicating a high variation within the data 
set. Further analysis revealed high SEM and low 

significant differences. Among apoptosis-related 
genes (Figure 3D), most pronounced up-regulation 
was found for the death receptors FAS and Bcl-2. 
A significant up-regulation was induced by S. au-
reus treatment for anti-apoptotic Bcl-2 compared 
to E. coli infected restriction cells after 24 h. FAS 
and Bcl-2 were also influenced by NEB and were 
up-regulated in the restriction group compared to 
the control feeding group after 24 h for E. coli by 
trend.

DISCUSSION

The accomplished PCAs on ∆Cq-level according 
to the functional gene groups showed a clear sepa-
ration of E. coli infection compared to S. aureus and 
control cells (Figure 2). High variation within the 
data set is also displayed due to wide arrangement 
and increased distances of the E. coli sample clouds 
compared to S. aureus and control cell arrange-
ments. This is also confirmed by high SEM within 
the presented bar charts (Figure 3A–D). S. aureus 
samples are arranged around the tight clustering 
of control samples in the PCA, which was most 
pronounced in the cytokine and chemokine group. 
This visualization cluster indicates the lower effect 
of S. aureus treatment compared to E. coli. However, 
the widespread S. aureus sample dots indicate high 
variance and therefore high SEM were calculated, 
leading to few significant results especially within 
the AMPR and the apoptosis group (Figure 2A, D). 
Therefore the calculation of significant differences 
of infection and feeding confirm the PCA findings 
and clearly point out that PCA is a suitable tool for 
the first step statistical analysis to describe treat-
ment effects within the presented heterogeneous 
data set.

Antimicrobial peptides and receptors were in-
fluenced by both pathogens. Furthermore, the re-
striction additionally increased E. coli affected gene 
expression, but decreased the expression due to 
S. aureus infection, which could be explained by im-
paired immune capability caused by NEB. Cytokine 
responses were the highest among the analyzed 
functional gene groups. IL1β followed by TNFα 
showed a rapid up-regulation within 24 h indicating 
the activation of inflammatory action (Figure 3B). 
In contrast to Wellnitz and Kerr (2004), E. coli and 
not S. aureus induced the intensified up-regulations 
of IL1β and TNFα in our experiment, especially in 
the energy restriction group. The energy restric-
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tion reduced the expression level of TNFα after 
24 h in S. aureus treated cells and even more, but 
without significance, after 72 h. Buitenhuis et al. 
(2011) go in line with our findings. They report 
up-regulated transcripts of pro-inflammatory 
genes due to E. coli treatment after 24 h. Lower 
expression of cytokines and other inflammatory 
mediators after S. aureus challenge in our study 
are also reported in Griesbeck-Zilch et al. (2008) 
and Bannerman (2009). The latter found higher 
regulation patterns of pro-inflammatory cytokine 
induced by S. aureus after 1 h by trend. The early 
responses after S. aureus infection may be due to 
the disease pattern induced by the gram positive 
pathogen. Although an earlier sampling time than 
24 h was not conducted in our experiment, the high 
magnitude of cytokine expression hypothesized a 
rapid establishment of cytokine release and showed 
even further increase of the immune response until 
72 h post infection. This is characteristic for the 
innate immune system as it is poised to react as the 
first line defense against invading pathogens in the 
udder. IL1β and TNFα are the most reactive in the 
case of inflammation and the most potent to induce 
systemic immune reaction as far as shock, vascular 
leakage, and multiorgan failure (Bannerman, 2009). 
In the control fed group the expression of those cy-
tokines rises up until 72 h seen in both bacteria, but 
is considerably decreased in the restriction group 
after 72 h for S. aureus only. This could indicate an 
effect of the conducted energy restriction on S. au-
reus infected cells. The measured down-regulation 
might demonstrate an impaired immune function 
and therefore may support the manifestation of a 
chronicle and subclinical S. aureus induced masti-
tis. The reaction of IL1β and TNFα further indicate 
the potential of our heat-inactivated E. coli 1303 
used in MOI 30 to simulate an acute mammary 
infection as well as the defense capacity of the gen-
erated pbMEC towards E. coli infection (Gunther 
et al., 2009).

Immune challenge also activated the chemotaxis 
pathway in pbMEC. The highest expressions for IL8 
and chemokine (C-X-C motif ) ligand 5 (CXCL5) 
were found in the present work and confirm the 
findings of Pareek et al. (2005) using microarray 
technology on LPS stimulated bMEC, even though 
RANTES (regulated upon activation, normal T-cell 
expressed and secreted) was measured but not ex-
pressed in our experiment. Results by trend show 
a down-regulation of those chemokines by energy 
restriction of the S. aureus stimulated cells. GROα 

showed only low regulation changes due to treat-
ments. This is in contrast to Lahouassa et al. (2007) 
who reported a 30-fold up-regulation of GROα af-
ter 24 h E. coli infection. Again, as found in the 
cytokine group, a further up-regulation was found 
in the pbMEC of energy restricted cows compared 
to control fed cows due to E. coli infection whereas 
a down-regulation of the chemokine expression was 
found due to S. aureus infection. The differences 
were not significant though because of high SEM.

The comparatively small effects of the dietary-
induced energy deficit could also be explained by 
the metabolic screening results published in Gross 
et al. (2011). Cows were able to overcome induced 
NEB without suffering from metabolic instability 
and metabolic disorders even though only 51 ± 2%  
of total energy requirement was covered. This might 
be a reason for the existing, but low reaction of the 
pbMEC upon the feeding regime. However, our re-
sults by trend indicate an effect of the conducted 
dietary energy restriction. In the present study, 
E. coli exposed an immune stimulus and led to up-
regulations of 15 innate immune system genes from 
24 to 72 h and additional increase in the restriction 
group. S. aureus also induced effects on target genes 
with mostly increasing gene expressions from 24 to 
72 h. In the restriction group, however, expression 
decreased considerably at both time points which 
might indicate a delayed immune function against 
S. aureus due to energy restriction. These findings 
are also reported in other studies. By means of the 
induced clinical signs of S. aureus caused mastitis, 
which remains subclinical and even chronicle, the 
activation of the immune response occurs within 
the very first hours post infection (Lahouassa et al., 
2007; Griesbeck-Zilch et al., 2009) but remains gen-
erally at low levels. This strategy enables S. aureus 
strains to persist concealed by the immune system 
and develop lifelong infections. In our study no 
earlier time points than 24 h were sampled but the 
reaction due to S. aureus penetration was at lower 
levels than that due to E. coli. Ongoing infection 
activated the immune response against S. aureus 
and led to higher expression than E. coli in 72 h in 
the control fed group (Figure 3A, C). This late im-
mune function seems to be blocked and decreased 
in the situation of induced NEB, which might en-
able S. aureus-induced mastitis to establish and 
persist. Concomitantly, anti-apoptotic Bcl-2 (Akbar 
et al., 1996) was considerably up-regulated by ad-
ditional low regulation levels of the death recep-
tor FAS for S. aureus-infected cells in 24 h. The 
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up-regulation of Bcl-2 might be a reaction on the 
restraining impact of NEB in order to overcome and 
protect the cells. By this assumption, the impact of 
the conducted dietary energy restriction could be 
indirectly confirmed.

CONCLUSION

In the present work, the immune challenge of 
E. coli and S. aureus induced expression changes 
of the determined AMPR, cytokine, chemokines, 
and apoptotic genes by time. Moreover, the accom-
plished energy restriction until 51 ± 2% of total 
energy requirement influenced the immune capac-
ity of the generated cell cultures visibly, but with 
marginal significances. The immune responses in 
E. coli-infected cells increased in the restriction 
compared to the control feeding group, whereas 
S. aureus-infected cells seemed to be immune im-
paired by induced NEB, which led to down-regu-
lations of the determined target genes.

Furthermore, our results approve the capabil-
ity of pbMEC as a model for mastitis research. 
Physiological effects of metabolic challenges con-
ducted to the animals seem to be transmitted into 
cell culture situation and even measurable in the 
immune response of primary cell cultures in the 
third passage. Additionally, we approve the capa-
bility of the principal component analysis (PCA) 
for visualization of treatment related differences 
within a heterogeneous data set.
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