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1. Introduction 

The periparturient or more precise the transition period (3 weeks before until 3 weeks after 

parturition) is a most challenging time in the life of dairy cows. It is marked by massive 

nutritional, physiological, metabolic, hormonal and immunological changes and these 

changes have an impact on the incidence and severity of infectious and metabolic diseases 

(Drackley, 1999; Goff and Horst, 1997; Mallard et al., 1998). The high yielding dairy cow, 

that was genetically favoured in the last decades, is especially prone to develop metabolic 

and infectious diseases like mastitis and metritis during the transition phase. Approximately 

75% of disease incidence occur during the first month of lactation (LeBlanc et al., 2006) and 

about 25% of cows drop out of productive life during this time because of e.g. mastitis, 

lameness and low fertility (McGrath et al., 2017). These numbers illustrate the great 

importance of the transition period for cow’s health but also as a considerable economic 

factor for dairy farms. Before parturition and in the first weeks of lactation, the strong 

increase in the energy and nutrient requirement because of the growing foetus and the 

beginning milk production is no longer met by an adjusted feed intake. Hence, the animals 

experience a negative energy balance during this period, which they try to overcome by 

increased body fat mobilization (Drackley, 1999). The immunosuppression in late gestation 

and early lactation is well established in the literature and available data suggests that the 

immune system is dysregulated around parturition (Aleri et al., 2016; Ingvartsen and Moyes, 

2013; Kimura et al., 2006). The nutritional status of dairy cows and the metabolism of 

specific nutrients are critical regulators of immune cell function. With clever feeding 

regimens and nutritional supplements like vitamins, minerals and other feed additives, the 

nutritional deficit of the cow in the transition phase might partly be overcome and the 

immune system and, therefore, cow’s health could be positively influenced (McGrath et al., 

2017; Sordillo, 2016). Since the management of diet-composition is the easiest available 

strategy on the farm level to help the animals to get over the difficult periparturient period, 

many feeding experiments are undertaken worldwide to help the cow adapt to the transition 

phase and to lessen the effects of a negative energy balance and to support animal’s health. 

Since it is easily accessible throughout a feeding experiment by bleeding the animals, the 

blood immune system can be monitored and gives information about its functionality. In this 

respect, the present study evaluated the influence of different energy supplies and a 

nicotinic acid supplementation throughout the periparturient period of dairy cows on the 

functional activity and gene expression of blood leukocytes as well as on antioxidant 

parameters in the blood serum.  
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2. Background 

2.1. The transition period phenomena 

Dairy cows experience in the transition period dramatic metabolic, hormonal, immunological 

and physiological changes as an adaptation from a pregnant non-lactating state to a non-

pregnant lactating condition. Hereby, this period is characterized by a negative energy 

balance associated with transient immunosuppression and a higher incidence of metabolic 

and infectious diseases in dairy cows. According to Trevisi and Minuti (2018), five critical 

points of the transition period can be summarized. 

2.1.1. The transition period phenomena: negative energy balance resulting in 

adipose tissue mobilization 

Intensive foetal growth before parturition, morphological and endocrine changes related to 

mammary gland development, the tremendous increase in energy and nutrient demand with 

colostrum production and the onset of lactation, as well as the hormonal changes with the 

actual parturition are the most substantial challenges the dairy cow has to cope with during 

the transition phase. The degree of meeting the energy and nutrient requirement plays 

hereby a crucial role. Before calving, the dry matter intake (DMI) (Grummer, 1995) and 

consequently the blood glucose concentration decreases (Figure 1), although the nutritional 

demands still increase because of foetus growth and the onset of lactation. The cow enters 

a temporary state of negative energy balance. To meet the energy requirements the cow 

mobilises body mass and here foremost adipose tissue (Bell, 1995; Drackley, 1999). The 

increase in lipolysis leads to an elevated blood concentration of non-esterified fatty acids 

(NEFA). Circulating NEFA enter the liver in proportion to blood concentrations and have 

three fates: a) complete oxidation for energy in the tricarboxylic acid cycle; b) conversion to 

ketone bodies like beta-hydroxybutyrate (BHB); and c) resynthesizing to triglycerides (TG) 

with either subsequent export via very low-density lipoproteins (VLDL) into the blood or 

storage in the liver. However, with the rapid and vast invasion of NEFA into the liver because 

of massive lipolysis during early lactation and the very limited capacity of the liver for export 

via VLDL, increased amounts of BHB are produced and exported into circulation and TG 

can build up in the liver impairing its function. Metabolic diseases like ketosis and fatty liver 

can consequently become apparent. Additionally, NEFA and BHB are known to impair 

immune cell functions and are said to be partly responsible for the immune suppression in 

transition dairy cows (Ingvartsen and Moyes, 2013). Furthermore, the rate and extent of 

tissue mobilisation has been linked to immunosuppression and risk of diseases during the 

transition period (Cai et al., 1994) and high blood concentrations of NEFA and BHB are 
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identified as risk factors for mastitis (Moyes et al., 2009) and uterine diseases (Hammon et 

al., 2006). Therefore, management approaches that reduce the negative energy balance 

and the increase in NEFA at the beginning of lactation might improve cow’s health during 

the periparturient period. 

 

Figure 1: Nutritional and metabolic changes in the transition dairy cow that lead to increased NEFA 

and BHB concentrations in the blood. Adapted from Drackley (1999). 

2.1.2. The transition period phenomena: reduction of immune competence – 

immunosuppression – immune dysfunction 

It is well established, that during the transition period most dairy cows experience a natural 

state of immunosuppression that goes strongly together with the increased disease 

incidence in this phase (Goff and Horst, 1997; Mallard et al., 1998). Reasons for this 

immunosuppression and altered immune cell function are diverse and cannot be attributed 

to just one factor but are rather the outcome of an interplay of different incidences 

(Ingvartsen and Moyes, 2013; Mallard et al., 1998; Sordillo, 2016):  

a) Steroid hormones like the glucocorticoid cortisol, that expresses increased blood 

concentrations around the time of calving, have immunosuppressive functions. They impair 

for example proper activation and migration of blood neutrophils to the sites of tissue injury 

(Burton et al., 1995). Furthermore, changes in estradiol and progesterone concentrations 

just before calving are reported to have effects on the functional capabilities of lymphocytes 

and neutrophils (Lamote et al., 2006; Roth et al., 1982). However, the changes of these 

hormones around parturition are rather short-lived and do not overlap with the entire 

transition phase. Yet, other hormones including prolactin and growth hormone that also 
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fluctuate considerably during the transition period may also influence immune system 

responses (Kelley et al., 2007).  

b) Glucose is the preferred metabolic fuel for immune cells (Ingvartsen and Moyes, 2013). 

It is for example required by phagocytic cells for proliferation, survival and differentiation. 

An efficient glucose uptake by immune cells is critical for maintaining cellular functions and 

eliciting an optimal host response to invading microorganisms, as was shown in studies with 

murine macrophages (Barghouthi et al., 1995). During early lactation, blood glucose 

concentrations are significantly decreased because of reduced DMI and increased 

utilization in milk production. This reduced glucose availability may limit the functional 

capabilities of the immune cells and, therefore, increase the risk for infectious diseases in 

transition dairy cows.  

c) The negative energy balance and the subsequent forced lipolysis with increased NEFA 

and BHB blood concentrations in consequence of the increased metabolic demands of early 

lactation also have a negative impact on blood immune cells (Lacetera et al., 2005). This 

became evident from experiments with mastectomized pregnant cows. In these 

experiments, the influence of milk production on immune parameters was examined while 

maintaining the endocrine changes associated with late pregnancy and parturition (Kimura 

et al., 1999; Kimura et al., 2002; Nonnecke et al., 2003). Immune function was briefly 

adversely affected around parturition in mastectomized cows. However, lymphocyte and 

neutrophil functions were impaired longer in cows with mammary glands (Kimura et al., 

1999; Kimura et al., 2002; Nonnecke et al., 2003). The NEFA concentration in the 

mastectomized cows increased only moderately compared to the intact cows. NEFA and 

BHB are reported to adversely affect the functional capacity of polymorphonuclear 

leukocytes (PMN) (Hammon et al., 2006; Hoeben et al., 1997; Sartorelli et al., 1999; Scalia 

et al., 2006; Suriyasathaporn et al., 1999) and peripheral blood mononuclear cells (PBMC) 

(Brassard et al., 2007; Lacetera et al., 2004; Renner et al., 2012; Schulz et al., 2015; Ster 

et al., 2012). NEFA have additionally been shown to induce inflammatory responses via toll-

like receptor 4 (TLR4) pathways (Lee et al., 2001; Sordillo et al., 2009). Additionally, fatty 

acids can modify immune cell functions by altering the physical nature of cellular 

membranes and thereby changing their immune cell capabilities (Raphael and Sordillo, 

2013).   

d) The oxidative stress that is developed in the transition phase is also a significant 

underlying factor for dysfunctional host immune and inflammatory responses (Sordillo and 

Aitken, 2009). Especially the oxidation of lipids impair the functional capacity of blood 

immune cells. 
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2.1.3. The transition period phenomena: oxidative stress 

Because of the increased energy requirement at the onset of lactation, increased oxygen 

consumption through cellular respiration takes place. This increased metabolic activity 

leads to an enhanced accumulation of reactive oxygen species (ROS) as a normal by-

product of the respiratory chain in mitochondria (Valko et al., 2007). However, because of 

diminished DMI and the export of minerals, vitamins and trace elements into colostrum and 

milk the antioxidant defences are decreased and not able to get rid of the accumulating 

ROS (Sordillo and Mavangira, 2014; Spears and Weiss, 2008). The most important 

antioxidant enzymes for example are glutathione peroxidase (GPX) and superoxide 

dismutase (SOD) that contain selenium (Se), copper (Cu) and zinc (Zn) or manganese (Mn) 

in their catalytic site, trace elements that can exhibit reduced plasma concentrations around 

calving (Meglia et al., 2001; Miller et al., 1995). Therefore, the equilibrium between ROS 

and antioxidants gets disturbed and oxidative stress develops in the transition dairy cow. 

Further enhanced is this oxidative stress, by present stress hormones at parturition and 

inflammatory processes that accompany parturition (Bionaz et al., 2007; Trevisi et al., 

2009). ROS, however, are also potent signalling molecules in signal transduction and are 

essential for the regulation of normal cellular processes (Franchina et al., 2018). They 

activate for example the transcription factors nuclear factor kappa B (NFB) and E2-related 

factor 2 (Nrf2). Hence, ROS promote inflammatory processes and initiate antioxidant 

defences. 

2.1.4. The transition period phenomena: systemic inflammation 

Even without signs of a microbial infection, dairy cows show a systemic inflammatory 

response around the time of calving (Bionaz et al., 2007; Sordillo et al., 2009; Trevisi et al., 

2012) which can be confirmed by a peak of acute phase proteins a few hours after calving. 

The reasons for these inflammatory occurrences are manifold and are highly interconnected 

with the above mentioned critical events during the transition period (Sordillo and 

Mavangira, 2014). For example, fatty acids are known to induce inflammatory responses 

and the expression of pro-inflammatory mediators via TLR4 and the NFB pathway (Sordillo 

et al., 2009). Oxidative stress and ROS also increase inflammation and the expression of 

pro-inflammatory mediators by activating redox-sensitive transcription factors like NFB 

(Sordillo et al., 2009). Although during pregnancy, an immunosuppressed state is 

advantageous in order to tolerate the foetus (Oliveira et al., 2012), after parturition, the foetal 

placenta needs to be rejected which is also achieved by the means of inflammatory 

processes (Mordak and Stewart, 2015). In addition, the lesions of the uterine and vaginal 

tissue that accompany the process of calving induce inflammatory responses (Trevisi and 
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Minuti, 2018). Inflammation occurs furthermore because of invading microorganisms into 

the mammary gland with the onset of lactation (Burvenich et al., 1999) and, additionally, by 

invading bacteria into the uterus and birth canal at parturition (LeBlanc, 2010). 

2.1.5. The transition period phenomena: hypocalcaemia 

Because of foetus skeletal growth and milk production associated with a calcium (Ca) loss 

for the cow, the transition dairy cow needs enormous amounts of Ca. Therefore, the animals 

can enter a state of hypocalcaemia that can lead to milk fever after parturition. Ca however, 

is also an important signalling molecule in immune cell function and hence hypocalcaemia 

can increase the disease rate during parturition (McGrath et al., 2017). A low concentration 

of calcium in the first two weeks postpartum is associated with decreased neutrophil 

functions (Martinez et al., 2014). 

Increasing evidence suggests that nutritional and metabolic changes, oxidative stress, 

inflammation and dysregulated immune response are closely linked and influence each 

other (Aleri et al., 2016; McGrath et al., 2017; Sordillo and Mavangira, 2014; Trevisi and 

Minuti, 2018). They are the underlying factors of increased disease incidence in transition 

dairy cows and greatly influence health and performance of the periparturient animal. Figure 

2 summarizes the factors that influence immune response in the periparturient dairy cow 

and are concertedly responsible for the compromised immune system. 

 

Figure 2: Factors inducing dysfunctional immune responses during the periparturient period. 

2.2. The bovine blood immune system – a brief overview 

The primary roles of the immune system are to prevent microbial invasion of the body, to 

eliminate existing infections and other sources of cellular injury, and to restore tissues to 

normal function. In dairy cattle, the immune system utilizes, hereby, an interactive network 

of physical, cellular and soluble factors that facilitate the defence against a diverse array of 

microbial challenges. The immune system can be divided into two categories based on 
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speed and specificity of the reactions, namely the innate immune system and the adaptive 

immune system, although, the two parts are highly integrated (Daha, 2011; Lippolis, 2008).  

The innate immune system is characterized by an early and rapid response. Constituents 

of innate immunity represent the first line of defence against invading pathogens because 

they are already present or are activated quickly at the site of pathogen exposure (Sordillo, 

2016). Cells that comprise the innate immune system are neutrophils, monocytes and 

macrophages, as well as natural killer cells. These cells contain pattern recognition 

receptors like the toll-like receptors in their cell membranes, thereby, recognizing and 

binding a range of microbial products and endogenous ligands. These receptors induce two 

types of responses: inflammation and phagocytosis (Trevisi and Minuti, 2018).  

Adaptive immunity is a more customized or specific response to infectious pathogens and 

can be augmented by repeated exposure to the same microorganism (Sordillo, 2016). It is 

characterized by the generation of antigen-specific lymphocytes and memory cells with the 

ability to recognize specific antigens of a pathogen. The cells that carry out the adaptive 

immune response are the B and T lymphocytes. 

 

Figure 3: Haematopoiesis of blood cellular components with the emphasis on blood immune cells 

and the classification in polymorphonuclear leukocytes (PMN) and peripheral blood mononuclear 

cells (PBMC). Adapted from Mikael Haggström, used with permission. 
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2.2.1. Polymorphonuclear leukocytes 

The polymorphonuclear leukocytes (PMN) are blood immune cells characterized by 

granules in their cytoplasm and are also called granulocytes. The nucleus is existing in 

varying shapes usually lobed into multiple segments. The granulocytes consist of 

neutrophils, eosinophils and basophils distinguished by size, nucleus segments, and 

staining of the granules. The majority of the PMN are comprised of neutrophils (Paape et 

al., 2003). These cells belong to the innate immune system and are rapidly activated and 

recruited to the site of infection. They migrate from the blood into the infected tissue by 

chemotaxis. Here, they engulf the invading microorganisms by phagocytosis with 

subsequent killing these microorganisms with hydrolytic enzymes and bactericidal ROS. 

The ROS are formed by respiratory burst activity that involves the activation of NADPH 

oxidase and subsequent production of superoxide radicals and hydrogen peroxide (Fialkow 

et al., 2007). In addition to phagocytosis, neutrophils can kill bacteria through an 

extracellular mechanism, the neutrophil extracellular trap (NET) and by release of soluble 

antimicrobials. 

2.2.2. Peripheral blood mononuclear cells 

The peripheral blood mononuclear cells (PBMC) have a round nucleus. These blood 

immune cells are comprised of monocytes and lymphocytes (B cells, T cells and natural 

killer cells). The monocytes belong to the innate immune system and are the blood 

progenitor cells of the later tissue macrophages. Monocytes are also able to engulf and kill 

invading microorganisms by phagocytosis. They release in addition immune regulatory 

cytokines and oxylipids. Natural killer cells also belong to the innate immune system. They 

target and help to eliminate infected host cells. B and T lymphocytes belong to the adaptive 

immune system. The B-lymphocytes are hereby the antibody producing cells and play a 

major role in the humoral immune response. In contrast, the T-lymphocytes are involved in 

cell-mediated immune responses. The cytotoxic T-cells (CD8+) induce the death of cells 

that are infected with viruses and other pathogens, or are otherwise damaged or 

dysfunctional. The helper T-cells (CD4+) are immune response mediators, and play an 

important role in establishing and maximizing the capabilities of the adaptive immune 

response by directing other cells to perform their cytotoxic or phagocytic activity (Janeway, 

2001). 
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2.3. Functional capacities examined in the blood leukocytes 

2.3.1. Evaluation with flow cytometry 

With flow cytometry, single fluorescence labelled cells can be analysed and the blood 

leukocytes can be separated according to their size and structures in the cell in terms of 

forward-scattered light (FSC) and side-scattered light (SSC) (Figure 4). 

 

Figure 4: Exemplary scatterblot of a flow cytometry analysis with bovine blood with the according 

gate setting for polymorphonuclear leukocytes (PMN) and peripheral blood mononuclear cells 

(PBMC). 

2.3.1.1. Apoptosis 

Apoptosis is a process of programmed cell death that plays an important role in tissue 

homeostasis and embryonic development in all organisms (Hotchkiss et al., 2009). It is a 

highly regulated and controlled process and once apoptosis is started it cannot be stopped. 

The advantage of apoptosis in contrast to necrosis, a form of traumatic cell death after acute 

cellular injury, is that during apoptosis membrane bound cell fragments, called apoptotic 

bodies, are build that are removed by phagocytic cells before the contents of the dying cell 

can spill out and cause damage to surrounding cells and trigger inflammatory responses. 

Apoptosis can be initiated by two pathways. The intrinsic pathway, also called the 

mitochondrial pathway, is activated when the cell senses cell stress like e.g. oxidative stress 

(Sinha et al., 2013). The extrinsic pathway is activated when the cell recognizes signals 

from other cells via membrane receptors. The cytokine TNF that is mainly produced by 

activated macrophages, is a major extrinsic mediator of apoptosis (Sinha et al., 2013). 

There is strong evidence that PMN apoptosis plays a key role in resolution of inflammatory 
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responses (Paape et al., 2003; Sladek and Rysanek, 2001). Under physiological conditions, 

bovine PMN have a relatively short half live and spontaneously undergo apoptosis. It was 

shown that PMN apoptosis is influenced by stage of parturition (Van Oostveldt et al., 2001). 

The apoptotic process is characterized by certain morphological features. These include 

loss of plasma membrane asymmetry and attachment, condensation of the cytoplasm and 

nucleus, and internucleosomal cleavage of DNA. In apoptotic cells, the membrane 

phospholipid phosphatidylserine (PS) is translocated from the inner to the outer leaflet of 

the plasma membrane, thereby exposing PS to the external cellular environment at an early 

stage of apoptosis. Annexin V is a phospholipid-binding protein that has a high affinity for 

PS and, thus, serves as a sensitive probe for flow cytometry analysis of cells that are 

undergoing apoptosis. The staining with fluorescein isothiocyanate (FITC) labelled Annexin 

V detects early apoptotic cells and in combination with the vital dye propidium iodide (PI), 

that only permeates membranes of damaged or dead cells, one can distinguish between 

early apoptotic (FITC Annexin V positive and PI negative) and late apoptotic (FITC Annexin 

V positive and PI positive) cells. 

2.3.1.2. Phagocytosis 

Phagocytosis is a complex process for the ingestion and elimination of pathogens. It is also 

important for eliminating phagocytic cells, and for maintaining tissue homeostasis (Vernon 

and Tang, 2013). Monocytes, eosinophils and neutrophils are the professional phagocytes 

in the blood. Phagocytosis initiates with recognition of the microbial pathogen. This is 

achieved either by receptors that recognize pathogen-associated molecular patterns 

(PAMPs) on the surface of the microorganism or by opsonic receptors that bind to opsonins. 

Opsonins, like antibodies or complement components, are host-produced molecules that 

bind to microorganisms, thereby, marking them for ingestion. After the receptors recognize 

a pathogen, the microorganism is internalized in a membrane bound vacuole, the 

phagosome. Phagosomes develop an oxidative and degradative milieu that finally kills the 

microorganism. With flow cytometry the phagocytic activity of blood leukocytes can be 

measured by evaluating the internalization of FITC- labelled opsonized E. coli bacteria. It 

was shown that the phagocytic activity and capacity of blood leukocytes varies during the 

periparturient period (do Amaral et al., 2011; Kehrli et al., 1989; Ster et al., 2012). 

2.3.1.3. ROS production and oxidative burst capacity 

ROS are produced in cells as normal by-products of the respiratory chain in mitochondria 

(Valko et al., 2007). They play an increasingly recognized role as signal molecules in signal 

transduction (Fialkow et al., 2007). However, phagocytes produce large amounts of ROS 
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for the killing of internalized microorganism. Upon activation, NADPH oxidase, a membrane 

bound enzyme complex, generates superoxide that rapidly dismutates into hydrogen 

peroxide and consequentially other ROS arise that together are efficient antimicrobial 

agents because they damage proteins, lipids, and DNA of microorganisms in the 

phagosome. Dihydrorhodamine (DHR) 123 is a non-fluorescent dye that is cell membrane 

permeable. Intracellular hydrogen peroxide oxidises DHR 123 to the fluorescent rhodamine 

(R) 123 that is no longer cell membrane permeable and is the quantitative output of existing 

ROS in cells measurable by flow cytometry. With 12-O-tetradecanoylphorbol-13-acetate 

(TPA), a protein kinase C activation reagent, a maximum NADPH oxidase activity can be 

induced and, therefore, the ability to perform an oxidative burst can be assessed. There is 

evidence that the amount of ROS formation and the ability of PMN to perform an oxidative 

burst changes during the periparturient period (Detilleux et al., 1995; Kehrli et al., 1989; 

Mehrzad et al., 2001).  

2.3.2. Gene expression analysis 

The transcription level of genes of interest can be evaluated with quantitative real time 

polymerase chain reaction (qRT-PCR) utilizing the detection of double stranded DNA with 

a fluorescence dye and the amplification of this double stranded DNA by PCR. Listed in 

Table 1 are the apoptosis and oxidative stress related genes examined in the present study 

with their names and functions. 

Table 1: Apoptosis and oxidative stress related genes of interest examined with quantitative real-

time polymerase chain reaction (qRT PCR) in blood leukocytes of periparturient dairy cows. 

Gene Name Function 

BAX BCL2-associated X 
protein 

apoptosis regulator - pro-apoptotic  

BCL2 B-cell CLL/lymphoma 2 apoptosis regulator - anti-apoptotic  

BCL-xL/BCL2L1 BCL2-like 1 anti-apoptotic 

CASP3 caspase 3 cysteine-aspartic acid protease, executioner 
caspase - pro-apoptotic 

GPX1 glutathione peroxidase 1 antioxidant enzyme, protects cells from oxidative 
stress by detoxification of hydrogen peroxide 
(H2O2) 

NRF2 nuclear factor (erythroid-
derived 2)-like 2 

redox sensitive transcription factor that regulates 
the expression of anti-oxidative and cyto-
protective genes 
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Gene Name Function 

PARP1 poly (ADP-ribose) 
polymerase 1 

modifies nuclear proteins by poly ADP 
ribosylation; consumes NAD+ for its activity; 
gets induced by DNA strand breaks (e.g. 
caused by ROS) and takes part in the 
regulation of oxidative stress induced cell death 

RELA v-rel avian 
reticuloendotheliosis viral 
oncogene homolog A 

NF-kB transcription factor p65 subunit; involved 
in cell survival (anti-apoptotic) and cytokine 
production 

SOD2 superoxide dismutase 2, 
mitochondrial 

antioxidant enzyme, protects cells from 
oxidative stress by dismutation of the 
superoxide (O2

−) radical into either ordinary 
molecular oxygen (O2) or hydrogen peroxide 
(H2O2) 

XDH xanthine dehydrogenase, 
xanthine:NAD+ 
oxidoreductase 

generates ROS like hydrogen peroxide (H2O2) 
and superoxide (O2

−) 

Abbreviations: ADP, adenosine diphosphate; NAD+, nicotinamide adenine dinucleotide; ROS, 
reactive oxygen species 

 

2.4. Anti-oxidative serum parameters 

To protect the organism from oxidative damage several anti-oxidative defence mechanisms 

have been developed. Important antioxidant enzymes are hereby superoxide dismutase 

(SOD) and glutathione peroxidase (GPX). SOD catalyses the dismutation of the superoxide 

(O2
-) radical that is produced as a by-product in oxygen metabolism or during an oxidative 

burst, either, in oxygen (O2) or hydrogen peroxide (H2O2). GPX reduces H2O2 to water by 

oxidising reduced monomeric glutathione (GSH) to glutathione disulfide (GS-SG). 

Subsequently, GS-SG is recycled to GSH by a reduction reaction of glutathione reductase 

(GR) with the participation of the cofactor NADPH. SOD and GPX enzyme activity can both 

be measured with established spectrophotometric enzyme assays. Ferric reducing ability 

(FRA) assesses the non-enzymatic antioxidants, like e.g. -tocopherol, ascorbic acid, 

retinol and uric acid in biological fluids by measuring the conversion of Fe3+-tripyridyltriazine 

to Fe2+-tripyridyltriazine and the concomitant development of blue colour (Benzie and 

Strain, 1996). 

2.5. Niacin 

Niacin, also known as vitamin B3, exists as nicotinic acid (NA) and nicotinamide (NAM) in 

the vertebrates’ body and is a precursor of the coenzymes nicotinamide adenosine 

dinucleotide (NAD+) and nicotinamide adenosine dinucleotide phosphate (NADP+). As such, 
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it is involved in many redox reactions including catabolic and anabolic pathways. NA is well 

known for its anti-lipolytic effect and in the bovine it downregulates lipolysis in vitro (Kenez 

et al., 2014) and in vivo with consequentially decreased NEFA concentrations in NA treated 

animals (Morey et al., 2011; Pires and Grummer, 2007; Yuan et al., 2012), although, results 

are inconsistent (Niehoff et al., 2009; Schwab et al., 2005).  

In addition, niacin is reported to influence the immune system via anti-inflammatory and 

immune modulating properties (Yu and Zhao, 2007). Further, niacin is involved in oxidative 

stress and apoptotic processes (Maiese et al., 2009).  

With the aforementioned effects of niacin on lipolysis, inflammation and oxidative stress, it 

is an ideal supplementation to test in the periparturient period, where all these factors are 

increased and lead to dysfunctional immune responses in the transition dairy cow. Niacin 

may therefore have the ability to ameliorate the known immunosuppression in these 

animals.  
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3. Scope of the thesis 

The transition period of dairy cows is accompanied by oxidative stress, inflammation and a 

dysfunctional immune response that is associated with increased metabolic and infectious 

diseases during this time. NEFA and BHB that show increased blood concentrations in the 

two weeks after parturition because of increased lipolysis to meet the energy requirements 

of the animal are discussed as important factors for the well-known immunosuppression 

during the periparturient period. In addition the immune system depends on energy to 

perform its’ necessary functions and in times of negative energy balance this may not be 

warranted. Niacin, with the potential to inhibit lipolysis as well as to exert anti-inflammatory 

and anti-oxidative effects, could ameliorate the dysfunctional immune responses in the 

transition period.  

Following working hypothesis were deduced: A) Niacin inhibits lipolysis in the periparturient 

dairy cow, decreases NEFA and BHB blood concentrations in niacin treated animals and 

therefore amends the functional capacities of blood leukocytes like apoptosis, phagocytosis 

and ROS formation in these animals. B) Niacin inhibits lipolysis in the transition dairy cow, 

decreases NEFA blood concentration in niacin treated animals and therefore changes gene 

expression of apoptosis and oxidative stress related genes in blood leukocytes since fatty 

acids are known to activate the transcription factor NFB via the TLR4 signal transduction 

pathway. C) Niacin influences directly gene expression of apoptosis and oxidative stress 

related genes in blood leukocytes. D) Niacin influences antioxidant blood parameters. E) A 

higher energy supply is beneficial for the functional capacities of blood leukocytes.  

Therefore, the aim of the present study was to investigate the functional capacity of blood 

immune cells and selected antioxidant blood parameters of periparturient dairy cows under 

the feeding conditions of differing energy supplies antepartum, differing energy escalation 

strategies after parturition to trigger different degrees of lipolysis and a nicotinic acid 

supplementation during the periparturient period. In Figure 5. the schematic diagram of the 

feeding conditions of the animal trial from 42 days before expected parturition until 100 days 

in milk (DIM) is depicted according to Tienken et al. (2015b). The concentrate proportions 

represent values on dry matter (DM) basis the remaining percentage being composed of 

roughage. The niacin supplementation of 24g powdered and non-rumen protected NA per 

day and animal was applied to half of the animals from 42 days antepartum until 24 DIM. 

The four generated feeding groups were: LC-NA (4 primiparous and 6 pluriparous) and HC-

NA (5 primiparous and 7 pluriparous) as well as LC-CON (5 primiparous and 7 pluriparous) 

and HC-CON (4 primiparous and 9 pluriparous). 
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Figure 5: Feeding conditions during the animal experiment according to Tienken et al. (2015b).  

Paper I addresses the influence of the feeding regimen on the apoptotic behaviour of blood 

leukocytes measured as functional flow cytometry assay and gene expression analysis of 

the selected apoptosis related genes BAX, BCL2, BCL-xL, CASP3 and RELA. With 

Spearman’ rank correlation the relationship of these apoptotic parameters with each other 

and with blood and performance parameters was evaluated.  

Paper II focusses on the feeding influences on anti-oxidative capacity in serum (ferric 

reducing ability (FRA), SOD and GPX enzyme activity), as well as on oxidative stress 

related gene expression of the genes GPX1, NRF2, PARP1, SOD2 and XDH in blood 

leukocytes. Spearman rank correlations also attempt to bring these examined data into 

context with metabolic and blood parameters.  

Paper III outlines the examined data on phagocytosis and ROS production in the blood 

immune cells. In addition, it contains an in vitro evaluation of the effects of increasing 

amounts of NA or NAM on the ROS production of PMN.  

An additional principal component analysis with the evaluated data on performance, 

metabolism, haematology, biochemical, and immunological parameters (Tienken et al., 

2015a; Tienken et al., 2015b) (Paper I-III) was performed to examine overall associations 

and to find new approaches to interpret the data.  
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4. Paper I 

S. Bühler, J. Frahm, R. Tienken, S. Kersten, U. Meyer, K. Huber, S. Dänicke (2016) 

Influence of energy level and nicotinic acid supplementation on apoptosis of blood 

leukocytes of periparturient dairy cows. 

Veterinary Immunology and Immunopathology 179, 36–45 

Reprinted with permission of Elsevier.
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5. Paper II 

S. Bühler, J. Frahm, R. Tienken, S. Kersten, U. Meyer, K. Huber, S. Dänicke (2018) 

Effects of energy supply and nicotinic acid supplementation on serum anti-oxidative 

capacity and on expression of oxidative stress-related genes in blood leucocytes of 

periparturient primi-and pluriparous dairy cows.  

Journal of Animal Physiology and Animal Nutrition 102, e87–e98. 

Reprinted with permission of John Wiley and Sons
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6. Paper III 

S. Bühler, J. Frahm, W. Liermann, R. Tienken, S. Kersten, U. Meyer, K. Huber, S. Dänicke 

(2018) 

Effects of energy supply and nicotinic acid supplementation on phagocytosis and ROS 

production of blood immune cells of periparturient primi- and pluriparous dairy cows.  

Research in Veterinary Science 116, 62–71. 

Reprinted with permission of Elsevier
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7. General Discussion 

The aim of the present animal trial was to induce different degrees of lipolysis in 

periparturient dairy cows by feeding different concentrate proportions before parturition, 

different concentrate escalation strategies after parturition and additionally a nicotinic acid 

supplementation from 42 days before parturition until 24 DIM. The effect of these feeding 

strategies on the functional capacity of blood immune cells and on anti-oxidative parameters 

in the serum throughout the periparturient period, that is among other things characterized 

by a dysfunctional immune response (Ingvartsen and Moyes, 2013; Mallard et al., 1998) 

and by oxidative stress (Sordillo and Aitken, 2009), was analysed in the present study. With 

a comparable concentrate feeding strategy, Schulz et al. (2014) were able to induce 

differences in lipolysis in periparturient dairy cows as seen by increased NEFA, BHB and 

liver total lipid concentrations postpartum in the animals fed with a higher concentrate 

proportion prepartum and a prolonged escalation of the concentrate proportion after 

parturition. These animals experienced additionally a more severe and extended negative 

energy balance. However, in the present study no significant differences in the NEFA and 

BHB concentrations as indicators of different degrees of lipolysis could be established by 

the feeding regimen (Tienken et al., 2015b). The lower gap in concentrate proportion 

prepartum, 30% and 60% compared to 20% and 60% in the study by Schulz et al., could 

have contributed to this outcome. More likely, however, is that by dividing the animals by 

their BCS and allocating the high BCS cows to the higher concentrate group and the low 

BCS animals to the lower concentrate group Schulz et al. may have genetically preselected 

the cows for lipolytic capacity. In the current trial, the animals were allocated 

homogeneously to the feeding groups regarding their BCS to avoid a possible genetic pre-

selection for the degree of lipolysis in the groups and, therefore, examining only feeding 

induced effects. 

7.1. The influences of the feeding regimen 

7.1.1. NA supplementation effects 

The supplementation with 24 g non-rumen-protected NA per day and cow increased the 

serum NAM concentration to a mean value of 3.35 + 1.65 µg/ml in NA supplemented cows 

compared to a mean NAM concentration of 2.01 + 1.10 µg/ml in control animals during the 

supplementation period, however, NA was not detectable in the serum (Tienken et al., 

2015a). Dietary NA tends to be converted to NAD+ in the intestine or liver and released into 

the systemic circulation as NAM and, additionally, hepatocytes are very capable of 

removing NA from the portal circulation (Kirkland, 2009) explaining the not detectable NA 
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concentrations in serum. However, NA is able to decrease lipolysis via its receptor 

GPR109A in vitro, whereas, NAM exerts no anti-lipolytic effect on the lipolytic response of 

bovine adipose tissue explants (Kenez et al., 2014). Since NA seems to be the substance 

that is responsible for the anti-lipolytic effect and NA concentrations were under the 

detection limit in serum in the present study this explains the non-existing effects on NEFA 

and BHB values in the outcome of the present trial (Tienken et al., 2015b).  

With the NA supplementation some interesting influences were recognized. GPR109A, the 

receptor for NA, is expressed in bovine PMN (Agrawal et al., 2017) as well as in human 

monocytes (Digby et al., 2012). Influences on early apoptotic PMN as well as on apoptotic 

PBMC became evident in a clear increase of apoptotic cells in the NA supplemented 

animals at 100 DIM (Paper I). In addition, the percentage of basal ROS producing PMN of 

NA supplemented animals showed higher values at 84 DIM than the control animals (Paper 

III). If ROS are interpreted as signal transducers for apoptotic processes (Redza-Dutordoir 

and Averill-Bates, 2016), this result could explain a higher apoptotic signal in the blood 

leukocytes at 100 DIM although NA supplementation lasted only until 24 DIM. NAM and NA 

concentrations were assessed in serum until 35 DIM and no statement about later niacin 

concentrations can be made. The serum NAM concentrations already declined at 35 DIM 

to the initial values before supplementation. Therefore, the described niacin effects must be 

interpreted as a priming effect that needs further elucidation. The ferric reducing ability 

(FRA) of serum, a measure of the non-enzymatic antioxidant capacity, was decreased in 

NA supplemented animals most pronounced in the 2 weeks after parturition (Paper II). An 

explanation for this effect could be the plasma cholesterol lowering effect of NA in humans 

(Carlson, 2005). With reduced cholesterol, smaller amounts of the lipid-soluble antioxidant 

vitamin E could be transported in the serum of NA supplemented animals, therefore being 

responsible for reduced FRA values. In favour of this explanation is the significant positive 

correlation of FRA and cholesterol (Paper II), however, the NA supplementation was not 

able to induce significant differences in the cholesterol concentrations (Tienken et al., 

2015a). A further explanation for the NA effect on FRA values could arise from increased 

NAD+ concentrations with NA supplementation that shift the redox pair ratio of 

NADP+/NADPH to an unfavourable direction. Consequentially, reduced antioxidants, like 

glutathione, may not be supplied in oxidized form to the same extent than in control animals, 

hence, leading to lower FRA values in NA supplemented animals. Additionally, with a higher 

NAD+ supply through NA supplementation, the overall metabolic activity in these animals 

could be higher leading to more ROS accumulation in these animals, that needs to be 

scavenged through antioxidants, hence the lower FRA values. This explanation is also 

supported by the higher serum SOD enzyme activity antepartum in LC-NA animals (Paper 

II) that also indicates a higher metabolic rate with related higher ROS production and the 
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need to scavenge this in the supplemented animals. The greater ROS production in cells 

with niacin and subsequent NAD+ supply is furthermore affirmed by the higher basal ROS 

production (MFI) in PMN seen after incubation with increasing concentrations of NA and 

NAM (Paper III). The blood concentration of phagocytosing PMN was higher in NA 

supplemented animals than in control animals (Paper III). Additionally, the percentage of 

phagocytosing PBMC tended to be higher in NA supplemented animals (Paper III). 

Phagocytosis is a process that involves cell signalling with ROS participation (Fialkow et 

al., 2007; Vernon and Tang, 2013). The higher ROS production in PMN with increased 

niacin incubation (Paper III) could therefore already explain a higher phagocytic activity of 

PMN and PBMC in NA supplemented animals. 

7.1.2. Effects of energy supply 

The feeding of the higher concentrate proportion in the HC animals influenced anti-oxidative 

and apoptotic parameters. The serum GPX activity was higher in HC cows indicating a 

higher metabolic rate in these animals and a subsequent higher oxidative burden (Paper II) 

that needs to be cleared off. Supported is this view also by antepartum higher mRNA 

abundances of the genes SOD2, XDH and PARP1 in the HC animals (Paper II) indicating 

energy effects on mitochondrial respiratory chain, ROS formation and regulation of oxidative 

stress induced cell death. Since ROS can induce apoptotic processes (Sinha et al., 2013), 

a higher metabolic rate with increased ROS production as a side product of the respiratory 

chain could already explain the higher proportion in early apoptotic PMN and PBMC that 

was seen in HC cows (Paper I). Additionally, the mRNA abundance of the anti-apoptotic 

gene BCL2 tended to be lower in LC animals in the week before parturition until 7 DIM, also 

indicating at lower oxidative stress in these animals.  

Zhou et al. (2015) and Khan et al. (2015) also observed higher expression levels of oxidative 

stress related and inflammatory genes in PMN and liver cells with cows that were overfed 

antepartum. This indicates a higher inflammatory state of HC cows that also entails an 

increase in ROS and oxidative stress. 

7.2. Influences over the course of time 

All examined parameters on immune cell functional activity and gene expression as well as 

the antioxidant parameters were significantly influenced by time in relation to parturition. 

This supports that the transition dairy cow undergoes dramatic changes in immune 

response (Ingvartsen and Moyes, 2015) and oxidative stress (Sordillo and Aitken, 2009) 

during the periparturient period. 
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Apoptosis expressed an overall reduction during the periparturient period from day – 14 

until 42 DIM seen for the early apoptotic as well as for the late apoptotic leukocytes (Paper 

I). The values at 100 DIM did not reach the original values from 6 weeks before parturition. 

PMN expressed hereby lower percentages of apoptotic cells than PBMC (Paper I) that is 

also seen by Tharwat et al. (2012). The reduced percentage in apoptotic cells could be 

causative for the higher neutrophil cell counts in the periparturient cow (Schulz et al., 2015; 

Tienken et al., 2015a). Crookenden et al. (2016) detected an increased expression in anti-

apoptotic genes and a decreased expression of pro-apoptotic genes in bovine neutrophils 

postpartum compared to the pre-calving state. According to the authors, this decreased 

apoptosis and the presumably longer life span of the cells may be advantageous to the 

immune system, since the onset of apoptosis leads to functional impairment in neutrophils 

(Whyte et al., 1993). However, the PBMC showed, especially for the late apoptotic cells, a 

strong increase of the apoptotic proportion around parturition. Since glucocorticoids and 

other steroid hormones induce apoptosis in lymphocytes (Planey and Litwack, 2000), this 

increase could be partly explained by hormonal changes at parturition. Albeit, hormonal 

changes are rather short-lived and the increased numbers of apoptotic PBMC could 

additionally be explained by the inflammation inducing effects of NEFA and the oxidative 

stress around parturition (Sordillo and Aitken, 2009). In particular, macrophages are 

described to be affected by lipotoxicity and react by increasing inflammatory processes and 

subsequent apoptosis (Prieur et al., 2010). Taken together, the PBMC seemed to be more 

affected by the changes around parturition in their apoptotic behaviour than the PMN (Paper 

I). Consistent with Crookenden et al. (2016) the present study also revealed increased gene 

expression levels for the anti-apoptotic genes BCL2 and BCL-xL after parturition supporting 

the decreased apoptotic behaviour of the blood leukocytes post-partum (Paper I). For the 

pro-apoptotic genes BAX and CASP3, however, a pronounced expression peak just before 

parturition became evident that preceded the apoptotic peak in late apoptotic PBMC (Paper 

I). Similar expression peaks for the oxidative stress related genes (Paper II) accompanied 

the expression of the pro-apoptotic genes indicating at the relationship between oxidative 

stress and apoptosis (Sinha et al., 2013). With the onset of lactation, the increased energy 

requirement is accompanied by increased oxygen consumption through cellular respiration. 

The emerging ROS as by-products of the respiratory chain (Valko et al., 2007) are also 

important signalling molecules that activate transcription factors like NFB and NRF2 and 

consequentially promote inflammation and initiate antioxidant defences (Franchina et al., 

2018). The expression peaks for the genes NRF2, GPX1, SOD2 and XDH just before 

parturition (Paper II) support the occurrence of oxidative stress in the transition dairy cow 

(Bernabucci et al., 2002, 2005; Castillo et al., 2005; Miller et al., 1993). FRA values exhibited 

a pronounced nadir just before parturition (Paper II) also suggesting an oxidative stressed 
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situation. Since FRA depicts the non-enzymatic antioxidant activity, in this case in the 

serum, the pronounced nadir just before parturition may mostly be deduced from the 

transfer of antioxidants into colostrum (Goff and Stabel, 1990) and this depletion being 

further aggravated by the reduced DMI before parturition (Tienken et al., 2015b). The serum 

activity of the antioxidant enzyme GPX peaked just after parturition (Paper II) therefore 

following the gene expression peak and possibly being an adaption to the increased need 

for antioxidants. Postpartum GPX activities stayed on a higher level than prepartum 

activities (Paper II) also seen by other researchers (Bernabucci et al., 2005; Didara et al., 

2015) supporting the higher metabolic rate that is necessary with ongoing lactation and the 

subsequent need for antioxidants. However, the strong correlations of the GPX serum 

activity with liver enzymes aspartate aminotransferase (AST) and gamma glutamyl 

transferase (GT) as well as with NEFA and BHB (Paper II) led to the assumption that an 

increased GPX serum activity may also be a consequence of liver cell damage. Serum 

enzyme activities for SOD decreased in the lactation period and exhibited lower activities 

than before parturition showing only a slight peak right after parturition (Paper II). Therefore, 

it displayed quite a different time course than GPX and may not directly be connected with 

the strong expression peak of SOD2 before parturition (Paper II). SOD2 is the mitochondrial 

SOD and its’ expression was measured in blood leukocytes, whereas the serum SOD 

enzyme activity rather origins from an extracellular form. Extracellular SOD is usually bound 

to the cell surface but depending on the blood glucose level it gets glycosylated and 

released into the serum (Fattman et al., 2003). For example in diabetic patients higher 

concentrations of glycated extracellular SOD are found in the serum (Adachi et al., 1991). 

The postpartum decrease of the glucose concentration (Tienken et al., 2015b) therefore 

explains the decrease in SOD serum enzyme activity supported by the significant 

correlation of SOD activity and glucose concentration (Paper II). The negative correlations 

of SOD activity with the liver enzymes -GT and glutamate dehydrogenase (GLDH) (Paper 

II) strengthening the different cellular origin of GPX and SOD serum enzyme activities.  

Research suggests that the functional capacity of PMN and PBMC is impaired around 

parturition and since the transition period is accompanied by an increased susceptibility to 

health disorders (Goff and Horst, 1997; Mallard et al., 1997), the terminology of 

immunosuppression in the periparturient cow was established (Aleri et al., 2016; Ingvartsen 

and Moyes, 2015). However, the results on phagocytic activity and the capability to perform 

an oxidative burst, key qualities of neutrophils and monocytes, are inconsistent in the 

literature depending on the assays used, time points evaluated, and the treated cells, e.g. 

isolated cells or whole blood assays (Vailati-Riboni et al., 2017). In the present study, the 

proportion of phagocytic PMN and PBMC exhibited an increase throughout the 

periparturient period, whereas the MFI, a measure of the internalized bacteria per cell, 
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decreased prepartum and increased again after parturition (Paper III). The decrease in MFI 

could be interpreted as an impaired function since individual cells incorporated less 

bacteria. However, the higher proportion of phagocytosing cells may compensate for that. 

The percentage of PMN displaying a basal ROS production strongly decreased before 

parturition and exhibited a pronounced nadir the day after parturition (Paper III). That points 

at a decreased cell respiration in the PMN, maybe caused by decreased energy availability. 

However, it disagrees with the increase in oxidative stress related gene expression of blood 

leukocytes just before parturition (Paper II). Presumably, hormonal influences especially the 

rise in cortisol before parturition is of more significance at this point (Preisler et al., 2000). 

The MFI of basal ROS producing PMN, in this case a measure for the amount of ROS 

produced per cell, decreased between days -42 and -14 to increase afterwards and 

exhibited a peak at 14 DIM (Paper III). The TPA stimulated PMN showed comparable curve 

fits, with a decreased percentage of ROS producing cells and a nadir around parturition and 

an increase in MFI with a peak just after parturition (Paper III). Several time points 

repeatedly stood out in the curve progressions of the phagocytosis and ROS data that could 

be related to hormonal changes of either glucocorticoids or sex steroids during the 

periparturient period. Those hormones reportedly influence the functional capacity of blood 

leukocytes (Chaveiro and Moreira da Silva, 2009; Lamote et al., 2004; Vangroenweghe et 

al., 2005). In this context the cortisol rise at parturition (Preisler et al., 2000) and the changes 

in the oestrus cycle at 28 and 42 DIM (Crowe, 2008) may influence the examined 

parameters.  

The present study examined healthy animals that passed the complete experimental period 

without metabolic and infectious diseases. Therefore, the changes in the functional activities 

and capacities of the blood leukocytes represent the adaptations of the immune cells to the 

challenges and changes in the periparturient period. 

7.3. The differences between primiparous and pluriparous animals 

Primiparous cows exhibit a greater variability in measured parameters during the transition 

period compared to pluriparous cows (Jonsson et al., 2013; Tienken et al., 2015a). During 

the evaluation of the present study, it became furthermore evident that primi- and 

pluriparous animals differ greatly in many of the measured parameters on the functional 

capacity and gene expression of blood leukocytes and antioxidant serum capacity (Figure 

6). Primi- and pluriparous cows have different blood concentrations of PMN and PBMC and 

this is also demonstrated in the periparturient period where primiparous animals have higher 

numbers for PMN and PBMC (Sander et al., 2011; Schulz et al., 2015; Tienken et al., 

2015a). Consequentially, the total blood concentrations of phagocytosing PMN and PBMC 
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were higher in primiparous cows (Paper III). Mehrzad et al. (2002) revealed that PMN 

viability and the number of circulating immature PMN is higher in primiparous cows. With 

ongoing growth during the first pregnancy and lactation, these animals exhibit for example 

different levels of growth hormones than mature cows. These hormones are known to 

influence blood cell maturation in the bone marrow, therefore, explaining the different 

numbers in circulating blood cells (Vangroenweghe et al., 2005). The mRNA abundance in 

blood leukocytes of the NFB transcription factor subunit RELA was also higher in 

primiparous cows throughout the periparturient period (Paper I) supporting the view of the 

immature primiparous animal. In addition, Grossmann et al. (2000) revealed that RELA is 

important in B-cell maturation and survival. Hence, the higher gene expression levels for 

RELA could also result from the higher lymphocyte numbers in primiparous cows. The 

percentage of phagocytosing PBMC was higher in pluriparous cows (Paper III). This could 

also hint at a higher level of mature blood leukocytes in pluriparous animals (Mehrzad et 

al., 2002) that are able to better phagocytize. Serum activity of the antioxidant enzyme GPX 

as well as the gene expression levels for GPX1, SOD2 and XDH were higher in pluriparous 

cows through most of the periparturient period (Paper II). In addition to the higher 

percentage of basal ROS producing PMN (Paper III), this supports the theory of a greater 

oxidative burden in pluriparous cows, that may result from a higher metabolic rate that is 

linked to the greater milk production in pluriparous animals (Tienken et al., 2015b). 

Considering the higher percentage of phagocytosing PBMC, however, this may also 

indicate an elevated inflammatory state in the pluriparous cows. Percentage in early 

apoptotic leukocytes tended to be lower in pluriparous cows most pronounced between 

days -14 and 28 DIM (Paper I) indicating that the antioxidant mechanisms (Paper II) were 

able to support the survival of the cells albeit the presence of higher percentages of basal 

ROS producing PMN (Paper III). The increased serum SOD enzyme activity in primiparous 

cows (Paper II), however, is not in support of the abovementioned aspects. The glucose 

concentrations were significant higher in primiparous animals in the dry period and tended 

to be higher in primiparous cows in the lactation period (Tienken et al., 2015b). Since SOD 

is usually bound to the cell surface and depending on the glucose level it gets glycosylated 

and released into the serum (Fattman et al., 2003) the higher glucose concentrations in 

primiparous cows explain the higher serum SOD enzyme activities in these animals. 
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Figure 6: Parameters that differ significantly between primiparous and pluriparous dairy cows during 

the periparturient period: Serum antioxidant enzyme activities of glutathione peroxidase (GPX; A) 

and superoxide dismutase (SOD; B); gene expression of the oxidative stress related genes GPX1 

(C), SOD2 (D) and xanthine dehydrogenase (XDH; E) as well as the anti-apoptotic and inflammation 

associated transcription factor NF-B subunit v-rel avian reticuloendotheliosis viral oncogene 

homolog A (RELA; F); the proportion of basal reactive oxygen species producing polymorphonuclear 

leukocytes (PMN; G), and the proportion of phagocytic peripheral blood mononuclear cells (PBMC; 

H). 
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7.4. Principal component analysis 

To connect the present data on the functional activity and gene expression of  blood 

leukocytes and antioxidant serum parameters with other established data on production, 

metabolic, biochemical, haematological as well as immunological parameters (Tienken et 

al., 2015a; Tienken et al., 2015b) (Paper I-III) and to visualize the relationship between this 

large number of variables, a principal component analysis (PCA) was conducted based on 

correlations. On total 63 parameters of each individual cow during the periparturient period 

were included in the PCA to detect interesting interactions. The results revealed that the 

first two principal components (PC1 and PC2) extracted about 20% of the total variance. 

The scree plot as a visualization between the step-by-step extracted components and the 

corresponding eigenvalue did not reveal a distinct break point that would depict the 

separation between the most important components and the ones not significantly 

contributing to the total explained variance. Nineteen extracted components with an 

eigenvalue of >1.0 (the mean value of all 63 eigenvalues) explained approximately 74% of 

the total variance. Figure 7 illustrates the 63 variables plotted in the space between PC1 

and PC2 to visualize their relationship to each other and to both components. Since the 

PCA was based on correlations, a localization of the variable close to the cross at the centre 

means only poor or no correlation of this particular variable to both components. The closer 

the localization of a variable to the outer circle, the closer the correlation to 1.0 or -1.0 of 

that variable to PC1 or PC2 or to both and the better its variance can be explained by that 

PC. Variables that are in close proximity to each other can be interpreted as being positively 

correlated to each other, whereas variables that have opposing localizations in the plot 

rather display negative correlations.  

The apoptotic parameters late apoptotic (la) and early apoptotic (ea) leukocytes (Leukos la, 

Leukos ea), PMN ea and PBMC ea are positively correlated to PC1 and negatively 

correlated to PC2. They cluster with the energy parameters glucose, energy balance (EB) 

and TG as well as haemoglobin and haemoglobin associated parameters mean corpuscular 

haemoglobin (MCH) and mean corpuscular haemoglobin concentration (MCHC). Apoptosis 

is an energy-consuming process that is necessary for a well-functioning immune system, 

e.g. in getting safely rid of phagocytes after oxidative burst. Since blood leukocytes prefer 

glucose as energy source, the reduced apoptotic activity of blood leukocytes after parturition 

may be ascribed to the reduced blood glucose concentration postpartum (Paper I) (Tienken 

et al., 2015b). However, an increased glucose concentration could also entail higher cell 

metabolism with higher ROS production in the cell and subsequent apoptotic processes. 

The proximity of the proportion of basal ROS producing PMN may support this view. 

Increased haemoglobin could imply increased oxygen transport and subsequent higher 
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cellular respiration in the cells with the impact on ROS production and apoptotic processes 

(Paper I). The close proximity of apoptotic parameters to TG can be attributed to lipotoxic 

effects of fatty acids on macrophages and the initiation of inflammatory and subsequent 

apoptotic processes (Prieur et al., 2010). The early apoptotic cells are more influenced by 

the above mentioned parameters than the late apoptotic ones (Paper I).  

The proportions of phagocytic PMN and PBMC are negatively correlated to PC 1 and PC2. 

Spearman rank correlations showed that they are negatively correlated to the apoptotic 

parameters of blood leukocytes. Onset of apoptosis leads to functional impairment in 

neutrophils (Whyte et al., 1993) hence the negative correlation. Percentage of phagocytic 

PMN and PBMC are also negatively correlated to glucose, EB and TG, therefore the 

opposing location to the apoptotic cluster. Although this is not consistent, since 

phagocytosis should also require energy to be performed. The phagocytic proportion of 

blood leukocytes is associated with liver enzymes AST, GT and GLDH. These enzymes 

are connected with liver damage and maybe the associated inflammatory processes lead 

to increased phagocytosis in PMN and PBMC, whereby the latter are more affected. 

With the PCA the differences in serum GPX and SOD enzyme activity also become 

apparent. Whereas SOD enzyme activity is positively correlated to PC1 and PC2, GPX 

enzyme activity is negatively correlated to both. Again, the association of GPX activity to 

liver enzymes becomes evident (Paper II) while SOD activity is associated to blood cells 

strengthening the conclusion that the antioxidant enzyme activities originate from different 

cellular sources (Paper II). 
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Figure 7: Principal component analysis for the two-dimensional visualization of the relationships 

between 63 variables collected from the experiment. Colour code and abbreviations of the depicted 

variables: leukogram: WBC white blood cell count, LY lymphocyte concentration, MO monocyte 

concentration, GRAN neutrophil granulocyte concentration, EO eosinophil granulocyte 

concentration; erythrogram: RBC red blood cell count, HGB haemoglobin, HCT haematocrit, MCV 

mean corpuscular volume, MCH mean corpuscular haemoglobin, MCHC mean corpuscular 

haemoglobin concentration, PLT platelet count, PCT plateletcrit, MPV mean platelet volume, PDW 

platelet distribution width, RDW red cell distribution width; gene expression data of the in Table 1 

listed genes of interest; serum anti-oxidative parameters: GPX glutathione peroxidase activity, SOD 

superoxide dismutase activity, FRA ferric reducing ability; flow cytometry parameters: CD4/CD8 ratio 

between CD4+ and CD8+ cells, PMN ea proportion of early apoptotic polymorphonuclear leukocytes 

(PMN), PMN la proportion of late apoptotic PMN, PBMC ea proportion of early apoptotic peripheral 

blood mononuclear cells (PBMC), PBMC la proportion of late apoptotic PBMC, Leukos ea proportion 

of early apoptotic blood leukocytes, Leukos la proportion of late apoptotic blood leukocytes, 

PhPMN_Prz proportion of phagocytosing PMN, PhPMN_MFI mean fluorescence intensity (MFI) of 

phagocytosing PMN, PhPBMC_Prz proportion of phagocytosing PBMC, PhPBMC_MFI MFI of 

phagocytosing PBMC, basPMN + proportion of basal reactive oxygen species (ROS) positive PMN, 
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TPAPMN + proportion of ROS positive PMN after 12-O-tetradecanoylphorbol-13-acetate (TPA) 

stimulation, basPMN + MFI MFI of basal ROS positive PMN, TPAPMN + MFI MFI of ROS positive 

PMN after TPA stimulation; SI stimulation index relation between concanavalin A stimulated PBMC 

and unstimulated PBMC, Liver associated parameters: Chol cholesterol, AST aspartate-

aminotransferase, gGT gamma-glutamyl transferase, GLDH glutamate dehydrogenase, Bili bilirubin; 

Alb albumin, Prot protein, urea, BHB 3-β-hydroxybutyrate, NEFA non-esterified fatty acids; Glucose, 

TG triglycerides, EB energy balance, BCS body condition score, DMI dry mater intake, water water 

intake, parity primi-or pluriparous, heritage according to bull. 

The PCA did not reveal any differences between the feeding groups (Figure 8). The 

projection of cases (individual cows) are shown here between the principal components PC 

1 and PC 2 at the different time points labelled according to their feeding groups. However, 

the changing parameters according to time can be depicted in this figure. The marks clearly 

change during time around the axes coordinates. At 42 days before expected parturition, 

they start out widely spread, mostly in the lower right panel of the coordinate axes, 

confirming the high animal individual variability. Later on, the marks seem to perform a 

counter clockwise rotation until 100 DIM. The representations for the time points 7, 14 and 

42 DIM look rather similar and more condensed which can be interpreted as a closer relation 

of the variables at these times. At 100 DIM the marks are again broader distributed and 

indicate a higher variability between the animals. 
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Figure 8: Principal component analysis projection of the individual cows of the four feeding groups 

at the different time points of the experiment.     LC-CON (n=12),     LC-NA (n=13),     HC-CON 

(n=10), xxxHC-NA (n=12) 

In addition, the differences between primi- and pluriparous animals became further evident 

with the PCA. To emphasize this, the analysis was done for each time point individually and 

Figure 9 shows the projections of the cases (individual cows) into the two dimensional space 

between each PC 1 and PC 2 pair calculated for the different time points. The primi- and 

pluriparous animals displayed clearly clusters supporting the differences between these two 

animal groups throughout the periparturient period. 
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Figure 9: Principal component analysis projection of the individual cows for the individual time points 

of the experiment. Red circles depict primiparous cows (n=18) and black circles pluriparous animals 

(n=29).  
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8. Conclusion 

Although the feeding experiment did not induce differences in the degree of lipolysis and 

the blood concentrations of NEFA and BHB, niacin effects on the functional capacity of 

blood leukocytes as well as on antioxidant serum parameters were detected that may 

mostly be explained by higher NAD+ availability in the NA supplemented cows. Prepartum 

energy supply affected the antioxidant capacity of the serum and gene expression in blood 

leukocytes. Hereby, the higher energy level may be responsible for a higher metabolic rate 

in these animals with a subsequent higher oxidative stress level as produced by ROS, 

generated from the respiratory chain. However, the need for higher antioxidant capacity 

could also result from increased inflammatory processes in the cows fed with higher energy 

supply. Additionally, apoptosis was associated to energy parameters. Parturition clearly is 

accompanied by changes in functional activity and capacity of blood leukocytes as well as 

in antioxidant capacity of the serum. This is in accordance to in the literature reported 

changes in immune response and oxidative stress in the transition period. However, a clear 

dysfunction of blood leukocytes was not detected. Since the present study was performed 

on healthy animals with no signs of metabolic and infectious diseases, the results rather 

demonstrate the adaptations of the immune cells to the diverse changes in the transition 

period. Primi- and pluriparous cows clearly differ in their equipment in blood immune cells 

and their functional capacity of blood leukocytes and antioxidant parameters during the 

periparturient period. Primiparous cows are furthermore not fully-grown animals and 

presumably differ in hormonal environment that shows subsequent influences on the 

immune blood cells and their functional capacity emphasizing the need to treat these cows 

differently in the periparturient period from pluriparous animals.  
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9. Summary 

Periparturient dairy cows experience vast physiological, metabolic, hormonal and 

immunological changes during the transition from late gestation to early lactation. This 

period is furthermore associated with oxidative stress, inflammation and 

immunosuppression and a high incidence in metabolic and infectious diseases. Since the 

energy intake does not meet the energy requirement that accompanies the needs for foetus 

growth and starting milk production, the animals experience a negative energy balance that 

makes it necessary for the cow to mobilise energy reserves from body tissues. The 

increased lipolysis in adipose tissue leads to increased blood concentrations of NEFA and 

subsequently, since the liver is not able to use up all these fatty acids in energy conversion 

through the Krebs cycle, of increased BHB blood concentrations. Both, NEFA and BHB are 

adversely affecting blood immune cell functions and are thought to play a major part in the 

immunosuppression during the transition period that leaves the animals more susceptible 

to infectious diseases like mastitis and metritis. In particular, NEFA also induces 

inflammatory processes through the TLR4 pathway. Niacin is known to have anti-lipolytic 

effects and has the potential to decrease postpartum NEFA and BHB concentrations but it 

is also described to exert anti-inflammatory and anti-oxidative influences on immune cells. 

Therefore, it seems to be an ideal supplementation to test in the periparturient period. To 

study possible influences of niacin on the functions of blood immune cells and anti-oxidative 

serum parameters in the periparturient dairy cow a feeding experiment was undertaken that 

aimed at inducing different degrees of lipolysis.  

To address this, 29 pluri- and 18 primiparous healthy and pregnant German Holstein-

Friesian dairy cows were allocated homogenously to four different feeding groups 

considering their body weight, BCS as well as number of lactations and milk yield of 

previous lactations. The experiment started 42 days before expected parturition and ended 

at 100 DIM. Before parturition, the cows received either a low concentrate diet (30% 

concentrate and 70% roughage on dry matter (DM) basis; LC) or a high concentrate diet 

(60% concentrate and 40% roughage on DM basis; HC) with or without a supplementation 

of 24 g per day and cow of powdered non-rumen protected NA resulting in the feeding 

groups LC-NA and HC-NA as well as LC-CON and HC-CON. Supplementation was applied 

from 42 days antepartum until 24 DIM. After parturition, all animals received initially a diet 

of 30% concentrate and 70% roughage. This concentrate proportion was increased up to 

50% either within 16 days (LC animals) or 24 days (HC animals) and was maintained at 

50% until the end of the trial. Blood samples were collected from the Vena jugularis externa.  
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Polymorphonuclear leukocytes (PMN) and peripheral blood mononuclear cells (PBMC) 

were examined on a functional level with flow cytometry. Apoptosis was investigated with 

an Annexin V and propidium iodide (PI) based assay and distinguished into early apoptotic 

(annexin V + and PI -) and late apoptotic (annexin V + and PI +) cells. Phagocytosis was 

determined by the ingestion of FITC-labeled opsonized E.coli and the capability of PMN to 

produce reactive oxygen species (ROS) was examined by the intracellular oxidation of the 

non-fluorescent dye dihydrorhodamine 123 (DHR) to the fluorescent rhodamine 123. In 

addition, the expression of apoptotic (BAX, BCL2, BCL-xL, CASP3 and RELA) and oxidative 

stress-related (GPX1, NRF2, PARP1, SOD2 and XDH) genes was quantified with real-time 

PCR in blood leukocytes. Furthermore, serum enzyme activities of glutathione peroxidase 

(GPX) and superoxide dismutase (SOD) were analyzed spectrophotometrically as well as 

serum ferric reducing ability (FRA) by the conversion of Fe3+-tripyridyltriazine to Fe2+-

tripyridyltriazine. 

Although the feeding experiment achieved no differences in lipolysis as seen by 

uninfluenced NEFA and BHB values, all measured variables exhibited a time dependency 

which was mainly related to parturition. PBMC were characterized by a more pronounced 

apoptosis than PMN and early apoptosis in PBMC was significantly influenced by 

concentrate level. The HC groups showed higher numbers of apoptotic cells than the LC 

groups. LC animals exhibited a decrease in the expression of the anti-apoptotic gene BCL2 

before parturition, whereas the HC animals showed a continuous increase. Additionally, 

apoptosis in blood leukocytes correlated to energy variables. Serum GPX activity was 

higher in HC animals. Oxidation variables were strongly influenced by parity. Pluriparous 

cows exhibited higher expression levels for the oxidative stress related genes GPX1, SOD2 

and XDH, higher serum GPX activity, increased percentages of phagocytizing PBMC and 

a greater proportion of basal ROS production in PMN. Whereas, primiparous animals 

showed higher RELA gene expression and SOD serum activity. Nicotinic acid 

supplementation did exhibit some influence in increasing numbers of early apoptotic PMN 

and late apoptotic PBMC between 42 and 100 DIM and increased the percentage of basal 

ROS producing PMN at 84 DIM. It furthermore tended to increase PBMC phagocytosis and 

decreased FRA values in the 2 weeks after parturition.   

The present study confirmed that parturition is a period of multifold changes with 

considerable impact on blood immune cell functional activity and gene expression as well 

as on antioxidant serum parameters. Parity in this context plays an important role, since 

animals differing in age had different prerequisites and functional abilities in blood 

leukocytes to respond to the stressful period of parturition. However, the changes in 

functional activity and capability of blood leukocytes can not be interpreted as dysfunctional 
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responses. They rather represent the adaptation to the challenges during the transition 

phase. Energy availability however seems to play a major role in this respect.  
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10. Zusammenfassung 

Peripartale Milchkühe durchleben große physiologische, metabolische, hormonelle und 

immunologische Veränderungen während des Übergangs von der späten Trächtigkeit in 

die frühe Laktation. Zudem ist diese Periode mit oxidativem Stress, Entzündungen, 

Immunsuppression und einer hohen Inzidenz an Stoffwechsel- und Infektionskrankheiten 

verbunden. Da die Energieaufnahme den Energiebedarf nicht deckt, der mit dem 

Wachstum des Fötus und der Milchproduktion einhergeht, erleben die Tiere eine negative 

Energiebilanz, welche es notwendig macht, dass die Kuh Energiereserven aus dem 

Körpergewebe mobilisiert. Die erhöhte Lipolyse des Fettgewebes führt zu erhöhten 

Blutkonzentrationen von NEFA und, da die Leber nicht in der Lage ist, all diese Fettsäuren 

bei der Energieumwandlung durch den Krebs-Zyklus zu verbrauchen, folglich auch zu 

erhöhten BHB Konzentrationen im Blut. NEFA als auch BHB beeinträchtigen Funktionen 

von Immunzellen des Blutes und spielen eine wichtige Rolle bei der Immunsuppression 

während der Übergangszeit, welche die Tiere anfälliger für Infektionskrankheiten wie 

Mastitis und Metritis macht. Im Besonderen induziert NEFA auch Entzündungsprozesse 

über den TLR4-Weg. Es ist bekannt, dass Niacin anti-lipolytische Wirkung und das Potential 

besitzt, postnatale NEFA- und BHB-Konzentrationen zu verringern, aber es wird auch 

beschrieben, dass Niacin entzündungshemmende und anti-oxidative Einflüsse auf 

Immunzellen ausübt. Niacin schein daher ein ideales Futterergänzungsmittel zu sein, um 

es in der peripartalen Periode zu testen. Um mögliche Einflüsse von Niacin auf die Funktion 

von Blutimmunzellen und anti-oxidative Serumparameter in der peripartalen Milchkuh zu 

untersuchen, wurde ein Fütterungsversuch unternommen, der verschiedene Ausprägungen 

von Lipolyse induzieren sollte. 

Hierzu wurden 29 pluri- und 18 primipare gesunde und trächtige Milchkühe der Rasse 

Deutsche Holstein gleichmäßig in vier verschiedene Fütterungsgruppen hinsichtlich ihres 

Körpergewichts, BCS, der Laktationszahl sowie der Milchleistung vorangegangener 

Laktationen eingeteilt. Das Experiment begann 42 Tage vor der erwarteten Kalbung und 

endete 100 Tage nach dem Abkalben. Vor der Kalbung erhielten die Kühe entweder eine 

Diät mit niedrigerem Kraftfutteranteil (30% Kraftfutter und 70% Raufutter auf 

Trockenmassebasis; LC) oder eine Diät mit höherem Kraftfutteranteil (60% Kraftfutter und 

40% Raufutter auf Trockenmassebasis; HC) mit oder ohne eine Supplementierung von 24 g 

pulverförmiger nicht Pansen-geschützter NA pro Tag und Kuh, was zu den 

Fütterungsgruppen LC-NA und HC-NA sowie LC-CON und HC-CON führte. Die 

Supplementierung wurde von 42 Tagen antepartum bis zum 24. Laktationstag appliziert. 

Nach dem Abkalben erhielten alle Tiere zunächst eine Diät mit 30% Kraftfutter und 70% 

Raufutter. Dieser Kraftfutteranteil wurde bei den LC-Tieren innerhalb von 16 Tagen und bei 
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den HC-Tieren innerhalb von 24 Tagen auf 50% erhöht und bis zum Ende des Versuchs 

beibehalten. Blutproben wurden von der Vena jugularis externa gesammelt. 

Polymorphkernige Leukozyten (PMN) und periphere mononukleäre Blutzellen (PBMC) 

wurden auf funktioneller Ebene mittels Durchflusszytometrie untersucht. Die Apoptose 

wurde mit einem auf Annexin V und Propidiumiodid (PI) basierenden Test untersucht und 

in früh-apoptotische (Annexin V + und PI -) und spät-apoptotische (Annexin V + und PI +) 

Zellen unterschieden. Die Phagozytose wurde durch die Aufnahme von FITC-markierten 

opsonisierten E.coli Bakterien bestimmt und die Fähigkeit von PMN, reaktive 

Sauerstoffspezies (ROS) zu produzieren, wurde durch die intrazelluläre Oxidation des 

nicht-fluoreszierenden Farbstoffs Dihydrorhodamin 123 (DHR) zum fluoreszierenden 

Rhodamin 123 untersucht. Zusätzlich wurde die Expression von apoptotischen (BAX, 

BCL2, BCL-xL, CASP3 und RELA) und oxidativem Stress assoziierten (GPX1, NRF2, 

PARP1, SOD2 und XDH) Genen in Blutleukozyten mittels Real-Time PCR quantifiziert. 

Darüber hinaus wurden die Serum-Enzym-Aktivitäten von Glutathionperoxidase (GPX) und 

Superoxiddismutase (SOD) spektrophotometrisch analysiert sowie die Eisen-

Reduktionsfähigkeit (FRA) des Serums durch die Umwandlung von Fe3+ -Tripyridyltriazin 

zu Fe2+ -Tripyridyltriazin bestimmt. 

Obwohl das Fütterungsexperiment keine Unterschiede in der Lipolyse hervorrief, wie die 

unbeeinflussten NEFA- und BHB-Werte zeigten, wiesen alle gemessenen Variablen eine 

Zeitabhängigkeit auf, die hauptsächlich auf die Abkalbung zurückzuführen war. PBMC 

waren durch eine ausgeprägtere Apoptose als PMN gekennzeichnet, und die frühe 

Apoptose in PBMC wurde signifikant durch den Kraftfutteranteil der Diät beeinflusst. Die 

HC-Gruppen zeigten eine höhere Anzahl an apoptotischen Zellen als die LC-Gruppen. LC-

Tiere zeigten vor der Geburt eine Abnahme der Expression des anti-apoptotischen Gens 

BCL2, während die HC-Tiere einen kontinuierlichen Anstieg zeigten. Zusätzlich korrelierte 

Apoptose in Blutleukozyten mit Energievariablen. Die Serum-GPX-Aktivität war bei HC-

Tieren höher. Die Oxidationsvariablen wurden stark von der Parität beeinflusst. Pluripare 

Kühe zeigten höhere Expressionsniveaus für die mit oxidativem Stress in Zusammenhang 

stehenden Gene GPX1, SOD2 und XDH, höhere Serum-GPX-Aktivität, erhöhte 

Prozentsätze an phagozytierenden PBMC und einen größeren Anteil an basaler ROS-

Produktion in PMN. Primipare Tiere zeigten eine höhere RELA-Genexpression und SOD-

Serumaktivität. Die Supplementierung mit Nicotinsäure zeigte einen gewissen Einfluss auf 

die Zunahme der früh-apoptotischen PMN und der spät-apoptotischen PBMC zwischen 42 

und 100 Tage nach der Abkalbung und erhöhte den Anteil an basal ROS produzierenden 

PMN am 84. Laktationstag. Die NA Supplementierung tendierte außerdem dazu, die 
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PBMC-Phagozytose zu erhöhen und die Eisen-Reduktionsfähigkeit des Serums (FRA) in 

den 2 Wochen nach der Abkalbung zu verringern.   

Die Studie bestätigte, dass die Kalbung ein Zeitraum von vielfachen Veränderungen mit 

beträchtlichen Auswirkungen auf die funktionelle Aktivität und Genexpression von 

Immunzellen des Blutes sowie auf anti-oxidative Parameter des Serums ist. Parität spielt in 

diesem Zusammenhang eine wichtige Rolle, da Tiere mit unterschiedlichem Alter 

unterschiedliche Voraussetzungen und Funktionsfähigkeiten in Blutleukozyten haben, um 

auf die stressreiche Zeit des Gebärens zu reagieren. Die Veränderungen in der 

funktionellen Aktivität und Fähigkeit von Blutleukozyten können jedoch nicht als 

dysfunktionale Reaktionen interpretiert werden. Sie repräsentieren vielmehr die Anpassung 

an die Herausforderungen in der Übergangsphase. Die Verfügbarkeit von Energie scheint 

jedoch in dieser Hinsicht eine wichtige Rolle zu spielen.   
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