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ENGLISH ABSTRACT 

Mitochondria are essential organelles with key roles in metabolism and health; their function is 

influenced by various exogenous and endogenous factors. Dairy cows undergo a negative energy 

balance (EB) and a systemic inflammation around parturition that is interrelated with the metabolism of 

nutrients like fatty acids (FA) and can ultimately affect the productive efficiency of the animals. The 

oxidation of FA is localized in the mitochondria and L-Carnitine (CAR) is required for their transport 

into the mitochondria for generating energy. The objective of this study was to evaluate the effects of a 

controlled inflammation induced by lipopolysaccharide (LPS) in mid lactation when the EB has turned 

positive on pathways related to mitochondrial FA metabolism in the liver of dairy cows receiving a 

dietary CAR supplement or not (CON, control). Holstein cows (n = 43, parity: 2-5) were randomly 

assigned to either CON (n = 21) or CAR (n = 22; 25 g CAR/cow/day) from day - 42 until day +112 

relative to calving. At day +111, all cows were intravenously infused with LPS (0.5 μg/kg body weight). 

To identify potential changes of hepatic FA metabolism, mRNA abundance of genes involved in FA 

metabolism were determined in liver biopsy samples taken at day -42, +100, +112, and +126. The 

Microfluidic qPCR technology was used to quantify the mRNA abundance of 41 genes involved in FA 

metabolism and 8 endogenous reference genes. Besides, the hepatic abundance of 3 target proteins 

related to the FA metabolism was assessed on d +100 and +112 (equal to -11 and +1 days relative to the 

LPS challenge) from 22 cows (n =11 per group) by a capillary Western blotting method. The 

effectiveness of the CAR supplementation was confirmed by elevated CAR concentrations in the CAR 

but not the CON groups. The mRNA and protein data were statistically evaluated by mixed models, 

using time and treatment as well as their interaction as fixed effects. The CAR supplementation at the 

used dosage did not affect the mRNA of genes related to hepatic FA metabolism, with the exception of 

solute carrier family 27 member 2 (SLC27A2) and carnitine palmitoyltransferase 1 (CPT1) that are 

related to the activation of FA to FA-acyl-CoA esters and to mitochondrial FA oxidation, respectively. 

In contrast, LPS affected the mRNA abundance of more genes, among which were enoyl-CoA hydratase 

1 (ECH1) and acyl-CoA oxidase 2 (ACOX2) that are involved in peroxisomal β-oxidation. This may 

point to a shift in hepatic FA metabolism from mitochondrial towards peroxisomal β-oxidation. In 

addition, changes in protein abundance were solely observed with LPS, independent of treatment: 

acetyl-CoA carboxylase alpha (ACACA, mitochondrial FA oxidation pathway) was downregulated 

during inflammation. The results show the effects of inflammation during a balanced energy status on 

hepatic FA metabolism at the level of pathway-selected mRNA and protein. They thus contribute to 

understanding the interplay of energy metabolism and immune reaction in dairy cows.  

Key words: lipopolysaccharide, L-carnitine, inflammatory stress, hepatic fatty acid metabolism, 

mitochondria, mRNA abundance, protein abundance, mid-lactation, dairy cow 
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Deutsche Kurzfassung 

Mitochondrien sind essenzielle Organellen, die für Stoffwechsel und Gesundheit zentrale 

Bedeutung haben. Ihre Funktion wird durch verschiedene exogene und endogene Faktoren beeinflusst. 

Um den Zeitpunkt der Kalbung sinkt die Energiebilanz (EB) von Milchkühen ins Negative; gleichzeitig 

läuft eine systemische Entzündungsreaktion, die auch mit dem Metabolismus von Nährstoffen wie etwa 

Fettsäuren (FA) in Verbindung steht und letztlich auch die Produktionseffizienz der Tiere beeinflussen 

kann. Damit die Oxidation von FA in den Mitochondrien ablaufen kann, müssen diese zunächst über L-

Carnitin (CAR) in die Mitochondrien transportiert werden. Ziel dieser Arbeit war es, die Effekte einer 

kontrollierten Entzündungsreaktion, herbeigeführt durch Infusion von Lipopolysaccharid (LPS), auf 

den mitochondrialen FA-Stoffwechsel in der Mitte der Laktation, wenn die EB wieder ausgeglichen ist, 

von Milchkühen, die entweder CAR als Futterzusatz erhielten (n = 21), oder kein Supplement bekamen 

(CON, n = ), zu untersuchen. Die Gabe von CAR (25 g/Tier/Tag) erfolgte von Tag -42 bis +112 relativ 

zur Kalbung. Am Tag +111 wurde allen Kühen LPS (0.5 μg/kg Körpergewicht) intravenös verabreicht. 

Um potenzielle Veränderungen im Leber-Fettsäurestoffwechsel zu erfassen, wurde die mRNA-Menge 

von Genen, die für Komponenten des FA-Metabolismus kodieren, in Leber-Bioptaten von Tag -42, 

+100, +112, and +126 bestimmt. Die mRNA-Menge von insgesamt 41 Zielgenen aus dem FA-

Stoffwechsel sowie von 8 Referenzgenen wurde mittels der Microfluidic qPCR-Technologie 

quantifiziert. Zudem wurde von 3 Zielgenen auch die Proteinexpression in den Leberbiopsien von Tag 

100 and 112 (N = 11/Gruppe) mittels eines Kapillar-basierten Western Blot-Verfahrens gemessen. Die 

Wirksamkeit der CAR-Supplementierung wurde anhand der erhöhten CAR-Konzentrationen im Blut 

der CAR, nicht aber der CON-Tiere, bestätigt. Die mRNA- und Proteindaten wurden über gemischte 

Modelle mit Zeit, Gruppe und der entsprechenden Interaktion als fixen Faktoren statistisch ausgewertet. 

Von den untersuchten Zielgenen waren lediglich “Solute Carrier Family 27 Member 2“ (SLC27A2) und 

Carnitin-Palmitoyltransferase 1 (CPT1), die an der Aktivierung von FA zu FA-Acyl-CoA-Estern bzw. 

der mitochondrialen FA-Oxidation beteiligt sind, durch die CAR-Supplementierung beeinflusst. 

Dagegen war unter LPS-Stimulation die mRNA-Menge von mehreren Genen verändert, darunter auch 

Enoyl-CoA-Hydratase 1 (ECH1) und Acyl-CoA Oxidase 2 (ACOX2), die an der peroxisomalen ß-

Oxidation beteiligt sind. Dies deutet möglicherweise auf eine Verschiebung des hepatischen FA-

Metabolismus von den Mitochondrien zu den Peroxisomen. Zudem ergaben sich ausschließlich unter 

LPS-Simulation unabhängig von CAR bzw. CON auch Veränderungen bei einem der untersuchten 

Zielproteine: die Acetyl-CoA-Carboxylase-alpha (ACACA) aus dem Stoffwechselpfad der 

mitochondrialen FA-Oxidation war unter LPS reduziert. Die Ergebnisse beschreiben die Wirkung einer 

entzündlichen Reaktion während einer ausgeglichenen EB auf den Leber-FA-Stoffwechsel auf mRNA- 

und Proteinebene ausgewählter Zielgene. Damit liefern sie einen Beitrag zum Verständnis der 

Beziehung zwischen Energiestoffwechsel und Immunreaktion bei der Milchkuh. 
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1 INTRODUCTION 

1.1 Metabolism and inflammation of dairy cows during different stages of lactation 

1.1.1 General overview 

During the past 25 years, energy metabolism research has resolved numerous doubts 

regarding energy use by lactating cows. Tensed metabolic conditions are triggered at all stages 

of lactation by the great lactation performance in cows of modern intensive dairy production 

systems. The energy metabolism of dairy cows in all its complexity is central to performance 

and production as well as animal health. It is particularly evident that in the transition period 

when the energy requirements rapidly increase, and metabolic capacity is challenged. During 

the rest of the lactation cycle, the interaction between metabolism and the relation with the 

immune system are also very important. 

1.1.1.1 Nutrient metabolism and inflammation in transition cows (pre-, peri- and early 
postpartum period) 

The transition period for dairy cows is characterized as about 3 weeks prepartum through 

3 weeks postpartum and is indicated by significant physiological and immunologic adjustments 

as the cow shifts from a gestational non-lactating state to the onset of lactation (Grummer, 

1995). It should be noted that several studies have presented that all cows practice some degree 

of systemic inflammation in the days after parturition (Bradford et al., 2015b). Dairy cows are 

susceptible to increased incidence and severity of diseases during the transition period and 

health disorders occurring at this point which is exceptionally problematic as they extremely 

impact the productive efficiency of cows in the ensuing lactation (Ingvartsen, 2006; Pinedo et 

al., 2010). Indeed, approximately 75% of disease incidence within herds occurs within the first 

month of lactation including disorders of economic significance such as mastitis, metritis, 

ketosis, and displaced abomasum (LeBlanc et al., 2006). Numerous studies have been 

conducted to comprehend the underlying causes of both metabolic and infectious diseases at 

the time of parturition to design more persuasive management practices for reducing transition 

cow health disorders (Burke et al., 2010; Roche et al., 2013). Accordingly, several health 

disorders of dairy cows may be explained by the dramatic diversities in nutrient requirements 

that occur around the time of calving. During late pregnancy, as an example, glucose and amino 

acid are required to increase supporting fetal development (Bell, 1995; Bell et al., 2000). The 

onset of copious milk synthesis and secretion during the periparturient period also requires 

increased demands for energy, protein, and minerals (Bauman and Currie, 1980). Nutrient 
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metabolism must adjust accordingly to meet the rigorous production demands of the early 

lactation of cows. On the other hand, failure to adapt to these nutrient demands, however, it was 

found to be related to the development of many metabolic and inflammatory transition cow 

disorders (Sordillo and Raphael, 2013). Over the past decade, the notion evolved that a link 

might be existed between metabolic and immune pathways during times of altered nutrient 

metabolism that can broaden the risk of disease while the transition period. To acknowledge 

this theory, metabolic and infectious diseases tend to occur in parallel rather than as isolated 

events in cows during early lactation. Increased incidence of any disorder will increase the 

chance that cows will succumb to other health issues (Curtis et al., 1983). For instance, cows 

suffering from ketosis were twice as likely to develop mastitis than healthy cows (Oltenacu and 

Ekesbo, 1994). Epidemiological studies also indicated an association between the development 

of the retained placenta and the incidence of mastitis (Emanuelson et al., 1993). There are 

detailed shreds of evidence to suggest that increase of both metabolic and infectious diseases 

during the transition period points to altered energy metabolism, oxidative stress, and 

dysfunctional host immune defenses (Sordillo and Mavangira, 2014; Sordillo et al., 2009; 

Sordillo and Raphael, 2013). 

It is apparent that inflammatory signaling is elevated in several organs in the postpartum 

cow, with no obvious focal organ. Therefore, this growing body of evidence suggests that the 

processes of parturition and galactopoiesis or infections (and/or LPS absorption) induce 

inflammation (Bradford et al., 2015b). Unlike the inflammation associated with acute infection, 

the postpartum inflammatory state is often low grade without the classical signs of 

inflammation, which is consistent with the notion of metabolic inflammation (Hotamisligil, 

2006). The wide variety of signals that converge to drive inflammatory processes are derived 

from a broad list of systemic stressors, namely social and heat stress which is able to promote 

inflammatory transcription patterns via autonomic catecholamine release and bloodborne heat 

shock proteins, respectively (Kumar et al., 2015; Patki et al., 2015). Consequently, tissue 

damage associated with parturition and subsequent uterine involution, as well as infections 

such as metritis and mastitis, result in leukocyte activation and release of inflammatory 

cytokines and eicosanoids (Contreras et al., 2012). Various dietary and environmental 

conditions can decrease the barrier function of the gut, and allow translocation of LPS into the 

bloodstream (Kvidera et al., 2017a). Accordingly, excess circulating lipids and low antioxidant 

status are associated with oxidative stress, which occurs when free radicals cause chain 
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reactions, thus producing reactive oxygen species (ROS) that promote inflammation (Bradford 

et al., 2015b; Figure 1). 

 

Figure 1. Diverse stressors may contribute to systemic inflammation at different stages of lactation 
(Bradford et al., 2015b). 

Despite the harmful effects of excessive inflammation, a certain degree of inflammation 

seems to be beneficial for normal physiological adaptations in the transition period that can give 

inflammatory signals a central role not only during diseases and disorders but in developmental 

physiology (Bradford et al., 2015b). At parturition, there is a massive flow of macrophages and 

neutrophils into the myometrium; making a proinflammatory environment that promotes 

dilation of the cervix, contraction of the uterus, cleavage of the fetal membranes, and removal 

of the placenta. The other benefit of inflammation is its role in stimulating mechanisms for 

pathogens clearance and resolving infections. Activation of inflammatory pathways may help 

cows to overthrow diseases, knowing that infections increase during early lactation. 

Inflammation was also shown to contribute to wound healing by promoting keratinocyte (the 

main cells in the epidermis) migration to close the wound. Since inflammation of muscle and 

adipose tissue are thought to be tightly linked to insulin resistance, endogenous inflammation 

in early lactation is likely necessary to improve insulin resistance and protect metabolic 

homeostasis as nutrient demands for the mammary gland increase. It has also been suggested 

that inflammation as a likely mechanism for regulating nutrient partitioning and energy balance, 

is involved in the homeorhetic shifts in metabolism required for a successful transition period 

when the shifts in nutrient demand are dramatic. Subsequently, it has been shown that 
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inflammatory signals play identified critical roles in normal tissue development and rebuilt like 

the central role of inflammatory signals in mammary gland development, lactogenesis, 

galactopoiesis, and involution (Bradford et al., 2015b). 

1.1.1.2 Nutrient metabolism and inflammation in mid and late lactation 

During mid to late lactation, energy intake is usually higher than energy requirements for 

maintenance and lactation (Figure 2).  

 

Figure 2. Energy supply and requirements during the lactation cycle in the dairy cow. The green curve 
represents the energy that is needed for the maintenance of vital body functions and milk production. In 
the transition phase from dry off till 3 weeks after calving (black dotted line) a shift happens in the 
balance of energy from positive (the blue area between 2 curves) to negative (the brown area between 2 
curves). The feed intake increases slowly after calving, but the energy demand is also very high that in 
taken energy cannot cover it (red curve). The energy needed for milk production is highest when milk 
production reaches a peak. After that, when the milk production decreases during mid-lactation the 
energy is taken in through food can meet and exceed the energy requirements for milk production till 
the end of lactation and through the dry off period (khaki area) resulting in positive energy balance 
(Strucken et al., 2015). 

During this period, the cow can replenish her body fat stores for the next lactation. Moe 

(1981) estimated that the efficiency of dietary energy utilization to replenish body fat stores 

would be higher during the last two-thirds of lactation (75%) than the dry period (60%). 

Nevertheless, in high producing dairy cows, it is difficult for replenishing body fat stores during 

mid to late lactation. High energy diets fed during mid to late lactation might be required to 

help restore body fat stores for the next lactation. Two approaches to increase the energy content 
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of diets fed to cows not only in early lactation but also in mid to late lactation are to increase 

the grain content of the diet or to supplement the diet with fat. It is worth to mention that these 

two approaches may not influence metabolism in the same manner. By increasing propionate 

production in the rumen (Davis and Brown, 1970), high grain diets can elicit an insulin response 

(Gaynor et al., 1995), resulting in the partitioning of nutrients toward body fat and away from 

the mammary gland (Davis and Brown, 1970). In contrast, moderate fat supplementation should 

not influence rumen fermentation. However, by providing long-chain fatty acids (LCFA) to the 

mammary gland, supplemental fat might spare glucose oxidation for nicotinamide adenine 

dinucleotide phosphate hydrogen (NADPH) production, increase glucose availability for 

lactose synthesis, and increase milk production (Grummer, 1995). There are some 

disadvantages to high energy diets. High grain diets have been associated with acidosis 

(Harmon et al., 1991). Afterward, they switch cattle from a high-forage to a high-starch diet 

results in decreases in rumen pH that are characteristic of subacute ruminal acidosis (SARA) 

because volatile fatty acids (VFA) including acetate, propionate, and butyrate, as well as other 

organic acids such as lactate, accumulate in the rumen (Goad et al., 1998; Iqbal et al., 2009). 

Respectively, the increase in non-structural carbohydrates in the diet of cattle during gradual 

grain adaptation results in microbiological changes in the rumen. The cornerstone among the 

changes is the increase in lactate-utilizing bacteria such as Megasphaera elsdenii (Counotte et 

al., 1981). These are relatively slow-growing bacteria found in low numbers in ruminants fed 

high-forage diets, and they increase in number only when lactate is a major product of rumen 

fermentation. If the rate of concentrate inclusion in the diet is higher than the rate at which 

lactate-utilizing bacteria can increase, then lactic acid accumulates in the rumen and depresses 

rumen pH more drastically than similar amounts of VFA (Owens et al., 1998). Accordingly, a 

survey on 15 dairy farms in Wisconsin, USA showed the presence of SARA in 19% of early-

lactation cows and 26% of mid-lactation cows (Garrett et al., 1997). Furthermore, Oetzel et al. 

(1999) surveyed 14 dairy farms in the same region that detected SARA in 20.1% of early- and 

peak-lactation cows. Additionally, the results from several studies show that feeding 

concentrate increases ruminal LPS (e.g. Gozho et al., 2005, 2006, 2007). It can be stated that 

SARA can result in damage to the rumen epithelium, which leads to pathogen infiltration and 

subsequently to the abscessation of various organs in the body. The presence of pathogens and 

LPS in blood circulation sets off inflammatory responses (Gozho et al., 2007). 

Significantly, high grain diets have been also related to milk fat depression – by the 

reduction of the content of fat, the nutrient, which is the most variable and represents the major 
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energy cost in the milk production – (Gaynor et al., 1995; Schlegel et al., 2012), and lameness 

(Groehn et al., 1992). Long-term fat supplementation may chronically elevate plasma non-

esterified fatty acids (NEFA) (Grummer, 1995), which may increase liver triglyceride, plasma 

ketone bodies concentrations, or both. From early on, it had been assumed that fat 

supplementation is necessary only during the period of lactation when cows are in negative 

energy balance. However, some studies revealed that supplemental fat feeding 

from parturition depressed feed intake (Jerred et al., 1990; Ruegsegger and Schultz, 1985). 

These studies suggest that fat should not be fed until after 6 weeks of lactation. It was doubted 

that perhaps the total supplemental and mobilized fat was greater than the ability of the cow to 

metabolize the fat (Palmquist, 1994). Recent research has shown that in early lactation, 

supplemental fat-fed with high neutral detergent fiber (NDF) diets is deposited in body reserves, 

perhaps via insulin stimulation, whereas supplemental fat-fed with low NDF diets increases 

milk yield (Piantoni et al., 2015; Weiss and Pinos-Rodríguez, 2009). Important in these studies 

is that SFA was supplemented at low levels (< 3% of DM). Even at low levels of fat 

supplementation, fats may depress ruminal fiber digestion, or more likely promote the 

formation of fatty acid isomers that cause milk fat depression (Palmquist and Jenkins, 

2017). Jenkins and Harvatine (2014) conducted a formula to calculate the amount 

of unsaturated fat (UFA) that may be safely added to lactation rations. It considers the total 

UFA in the supplement and the NDF content of the dietary DM as follows: 

Fat include in the ratio (%) = 4 × %NDF ÷ SUM of % UFA in the supplement 

Inflammatory challenges can change the health status of the animal through a dual risk 

factor including altered nutrient metabolism and dysfunctional inflammation (Sordillo and 

Mavangira, 2014). Even though the milk production is the most important consumer of nutrients 

and energy, altered nutrient metabolism at inflammation can be triggered with negative energy 

balance which is a result of a reduction in dry matter intake (DMI) during inflammation and 

increased demand for energy due to increased activity of the immune system. Increased lipid 

mobilization as a consequence of negative energy balance may increase inflammatory 

responses and the generation of reactive oxygen species (ROS; Sordillo and Raphael, 2013). A 

pro-oxidant change in the redox balance can occur due to An imbalance between the ROS 

production and decreased intake of dietary antioxidants because of a decrease in feed intake 

(Sordillo and Aitken, 2009). When excessive ROS can damage cellular macromolecules such 

as lipids, protein, and DNA (Castillo et al., 2005; Celi, 2011), oxidative stress in dairy cattle 
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can cause increased disease susceptibility, longer durations of clinical disease, and slower return 

to peak production (Bertoni et al., 2008; Jóźwik et al., 2012; Sordillo and Raphael, 2013).  

High-yielding dairy cows are commonly fed concentrate-based diets to meet their energy 

requirements. However, it was shown that feeding excessively high grain diets (21% of the 

DM) increases the concentration of free ruminal and plasma lipopolysaccharides (LPS) 

(Khafipour et al., 2009) attributable to increased lyses of gram-negative bacteria cells, 

developed by a rise in rumen acidity (Plaizier et al., 2012). Several researchers have revealed 

that LPS in the rumen may reach circulation (Bilal et al., 2016; Sato, 2015). Once translocated, 

LPS in blood interacts with lipopolysaccharide-binding protein (LBP) (Plaizier et al., 2012) and 

subsequently, immune activation and systemic inflammatory responses begin, after the LPS-

LBP complex is transferred to a cluster of differentiation 14 (CD14) and recognized by immune 

cells. It has been shown that inflammation can decrease milk yield because of decreased DMI, 

and the increased energy demands of the immune system. Immune system activation is an 

energy-demanding process that necessitates a reallocation of nutrients and energy from 

dispensable functions such as growth and production (Zhao et al., 2018). 

1.1.2 Physiological aspects of inflammation throughout the lactation cycle 

Like all mammals, dairy cattle have a complex network of immune cells and soluble 

factors that interact in a highly coordinated fashion to provide optimal resistance to tissue injury 

and disease (Dänicke et al., 2018). Inflammation is an essential component of the initial immune 

response that often determines if the source of tissue insult is eliminated promptly and affected 

areas are returned to normal function. Acute inflammation can be characterized by a series of 

responses involving vascular tissue including the release of soluble inflammatory mediators, 

vasodilation, increased blood flow, extravasation of serum components, leukocyte influx into 

affected areas, and elevated cellular metabolism. Each of these responses contributes to the 

classical clinical symptoms associated with inflammation including heat, redness, swelling, and 

pain (Chen et al., 2017). The initial step that triggers the inflammatory cascade during microbial 

infections is the recognition of invading pathogens through highly conserved pathogen 

recognition receptors on host cells (Jungi et al., 2011). Pattern recognition receptors can be 

expressed on cell surfaces, within cells, or secreted by cells with the capability to recognize a 

range of microbial factors associated with infectious pathogens. Collectively, this diverse array 

of conserved motifs unique to specific groups of microbes are referred to as pathogen-

associated molecular patterns (PAMP) and including, for example, lipopeptides of Gram-

positive bacteria and lipopolysaccharide of Gram-negative bacteria (Jungi et al., 2011; Kumar 
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et al., 2011). Some examples of pattern recognition receptors found in both immune and non-

immune cells that can differentiate a range of PAMP are CD14, nucleotide-binding 

oligomerization domains, and the family of toll-like receptors (TLR) including TLR2, TLR4, 

TLR5, and TLR9 (Kumar et al., 2011). After binding to their ligand, pattern recognition 

receptors can initiate intracellular signaling through the release of potent pro-inflammatory 

factors including eicosanoids and other oxylipids, nitric oxide, and cytokines. These soluble 

mediators act locally on the vascular endothelium to increase permeability and facilitate 

chemotaxis of leukocytes from the blood to the site of infection. Newly recruited (neutrophils) 

and pre-existing (monocytes) leukocytes eliminate microbial pathogens through phagocytosis 

and intracellular killing mechanisms. Neutrophils destroy internalized microbes by degradative 

enzymes and toxic amounts of ROS. Oxylipids and cytokines can also elicit systemic 

inflammatory responses that include the release of acute-phase proteins from the liver, 

increased body temperature, increased heart rate, and reduced feed intake (Lumeng and Saltiel, 

2011). Inflammation is a finite process that should be self-limiting as soon as the source of 

tissue injury is neutralized, and adequate tissue repair is completed. Processes that self-limit or 

resolve inflammation include the cessation of pro-inflammatory signaling cascades, apoptosis 

and clearance of neutrophils, and the eventual return of tissue mononuclear cells (macrophages 

and lymphocytes) back to normal numbers. Historically, the resolution of inflammation was 

thought to be a passive event that was a consequence of a spent immune reaction. 

Correspondigly, Serhan (2009) discovered that the resolution of inflammation is a tightly 

controlled process of the immune system orchestrated, in part, by novel families of lipid-derived 

mediators that have anti-inflammatory, pro-resolving, and protective properties. In other words, 

metabolites derived from fatty acids (FA) include lipoxins, resolvins, and protectins. To 

emphasize, the timely resolution of inflammation is essential to prevent collateral damage to 

host tissues as a consequence of an overly robust or prolonged inflammatory response. The 

transition period is characterized as a time of dramatic alternations in the efficiency of the 

bovine immune system. Numerous studies have recorded adjustments in several facets of both 

innate and adaptive immunity that can influence the susceptibility to new diseases in the 

transition cow (Aitken et al., 2011). Dysfunctional inflammatory reactions occur at both the 

systemic and the local levels which are especially problematic through the direct impact on 

disease pathogenesis in cows including metritis and mastitis (Contreras and Sordillo, 2011; 

Sordillo et al., 2009). Derangements in inflammatory responses can consist of a hypo-

responsive state characterized by delayed migration of functionally adequate neutrophils and 

other innate immune factors during the early stages of the disease. Conversely, the lack of an 
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appropriate balance between the initiation and resolution of inflammation can result in an overly 

robust or chronic inflammatory response characterized by extensive damage to host tissues 

(Aitken et al., 2011). The underlying causes of dysfunctional inflammation during the transition 

period have been the subject of considerable research, with evidence to support a role for both 

endocrine and metabolic factors. For example, increases in several steroid hormones around the 

time of parturition are at least partially responsible for the altered function of neutrophils 

(Burton et al., 1995). Glucocorticoids are known to have potent immunosuppressive functions 

and plasma concentrations increase around the time of calving. A mechanism by which 

glucocorticoids can impair blood neutrophil function is by inducing downregulation of L-

selectin and CD18 adhesion molecules needed for effective activation and migration to sites of 

tissue injury (Burton et al., 1995). Furthermore, changes in oestradiol and progesterone 

concentrations just before calving were reported to have direct and indirect effects on the 

functional capabilities of immune cell populations (Roth et al., 1982). Changes in these steroid 

hormones do not overlap with the entire transition period; it is clear, therefore, that other factors 

like several homeorhetic hormones including prolactin, growth hormone, IGF, and insulin 

associated with the transition period also contribute to inflammatory dysfunction (Kelley et al., 

2007; Sordillo, 2016). 

1.1.3 Interactions between metabolism and inflammation 

The conversion of nutrients into an energy source needed to fuel normal physiological 

functions occurs through a series of metabolic reactions collectively referred to as cellular 

respiration. Oxygen is required for aerobic cellular respiration and ROS are metabolites formed 

in the mitochondria during this as by-products of the electron transport chain. Molecular oxygen 

is required as an electron acceptor for efficient energy production and ROS are formed as 

normal end products of cellular metabolism. Superoxide anion is a major free radical produced 

within mitochondria during cellular respiration that can interact with other molecules to 

generate other ROS, including hydrogen peroxide and hydroxyl radicals (Valko et al., 2007). 

Although the majority of ROS present in tissues follow increased cellular metabolism and 

energy generation, other potential sources include oxidizing enzyme pathways associated with 

host inflammatory responses. To point out, phagocytosis is an essential part of the inflammatory 

response that involves the generation of toxic ROS needed to kill microbes through an oxygen-

dependent mechanism. Hence, the NADPH oxidase system localized within the phagosomal 

membranes of neutrophils and macrophages generates ROS needed to destroy engulfed 

pathogens (Babior, 1999). Oxygenation of FA substrates during oxylipid biosynthesis is another 
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significant source of ROS associated with inflammation. Following the release of poly-

unsaturated FA from membrane phospholipids, the initial oxygenation step through either the 

cyclooxygenase or lipoxygenase (LOX) enzymatic pathways results in the generation of highly 

reactive ROS. For example, enzymatic oxidization of free arachidonic acid through the 15-LOX 

enzymatic pathway generates not only the FA hydroperoxide but also superoxide anion as a by-

product of the reaction (Sordillo and Raphael, 2013). The production of low to moderate 

amounts of ROS is essential for the regulation of normal cellular processes including those that 

regulate inflammation. The production of ROS by NADPH oxidase during phagocytosis is an 

essential host defense mechanism needed to kill infectious pathogens. The ROS also plays a 

critical role in a variety of redox-regulated signal transduction pathways that lead to the 

production of cytokines, oxylipids, and other immunoregulatory factors essential for normal 

inflammatory responses (Finkel, 2011). For example, hydrogen peroxide as a result of 

autoxidation of the reduced components in the mitochondrial electron transport chain (Nulton-

Persson and Szweda, 2001), can diffuse out of mitochondria and into the cytoplasm where it 

can react with nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Bolisetty 

and Jaimes, 2013). Normally localized in the cytoplasm, NF-kB will become activated and 

translocate to the nucleus in response to ROS accumulation where it can interact with gene 

promoters that regulate the expression of pro-inflammatory genes (Mittal et al., 2013). Another 

significant inflammatory signaling pathway that is responsive to ROS activation is the mitogen-

activated protein kinases (MAPK) pathway. Elements of the MAPK pathways become 

phosphorylated when the kinase apoptosis-signal kinase-1 is activated through ROS-mediated 

oxidation (Mittal et al. 2014). Thus, the moderate production of intracellular ROS is essential 

to elicit normal inflammatory responses during infection or other tissue injuries. As mentioned 

before, some ROS production is optimal for normal cellular functions, but the overproduction 

of ROS can cause cell and tissue injury and lead to a condition referred to as oxidative stress 

(Sordillo and Aitken, 2009). The amount of ROS is kept to nontoxic levels by a complex series 

of antioxidant mechanisms that have the capability to quench oxidants directly or form part of 

enzymatic redox couples (the pair of an oxidizing and reducing agent that are involved in a 

particular reaction) that covert ROS to less reactive metabolites. Some examples of antioxidants 

that act as radical scavengers include tocopherols, ascorbic acid, carotenoids, alpha-lipoic acid 

(ALA), and glutathione. Important ROS detoxifying enzyme systems include catalase, 

superoxide dismutase, and the selenium-dependent antioxidant enzymes glutathione peroxidase 

and thioredoxin reductase (Sordillo and Aitken, 2009). During the transition period, however, 

the total antioxidant potential in the sera of dairy cows is diminished and ROS accumulation 



 
 

11 
 

occurs resulting in oxidative stress (Bernabucci et al., 2002). Cellular FA is the primary target 

of ROS oxidation, and oxidative stress is often measured by the formation of plasma lipid 

hydroperoxides that are also highly reactive metabolites. Studies in both humans and cows 

suggest that increased plasma NEFA concentrations can contribute to enhanced ROS 

production and further increase the formation of lipid hydroperoxides that exacerbate oxidative 

stress (Bernabucci et al., 2005; Hotamisligil and Erbay, 2008). Enhanced oxidative stress may 

then cause additional lipolysis and that can contribute to higher plasma NEFA concentrations 

in cows (Sordillo and Raphael, 2013). Both increased plasma NEFA concentrations and lipid 

hydroperoxide formation are hallmarks of metabolic stress and represent important risk factors 

for health disorders in cows, such as ketosis, fatty liver, mastitis, and retained placenta (Herdt, 

2000; Sordillo and Raphael, 2013). Oxidative stress in dairy cattle is also thought to be a 

contributing factor to dysfunctional inflammatory responses especially during the transition 

period (Sordillo and Aitken, 2009). Oxidative stress increases inflammation by constantly 

activating redox-sensitive transcription factors such as NF-kB, which leads to increased 

expression of pro-inflammatory mediators that can cause damage to host tissues (Sordillo and 

Mavangira, 2014). Thus, oxidative stress forms a common link between increased lipolysis 

during negative energy balance and dysfunctional inflammatory responses that together form 

destructive feedback loops resulting in metabolic stress. 

1.1.4 Fatty acid metabolism, mitochondria, and related pathways 

White adipose tissue represents the body's predominant energy reserve and consists of 

triglyceride-filled cells known as adipocytes (Bell, 1995). These cells contain lipid droplets 

which are lipid-rich cellular organelles that regulate the storage of lipids and are involved in 

energy homeostasis (Olzmann and Carvalho, 2019). Mainly within adipocytes, and in 

hepatocytes, two metabolic processes, lipolysis, and lipogenesis are continuously occurring, 

resulting in intracellular triglycerides constantly being degraded and resynthesized (Figure 3). 
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Figure 3. Schematic representation of lipid metabolism in the transition dairy cow. Positive signs (+) 
indicate stimulation and negative signs (–) indicate inhibition. Dashed lines are processes that occur at 
low rates or only during certain physiological states. CPT1 = carnitine palmitoyltransferase 1, EPI = 
epinephrine, GH = growth hormone, TG = triglycerides, TAG = triacylglycerol, and VLDL = very-low-
density lipoproteins (Drackley, 1999b).  

1.1.4.1  FA synthesis 

FA synthesis occurs in ruminant adipocytes and hepatocytes via two pathways: de novo 

synthesis and the uptake of preformed FA from circulation (Bauman and Currie, 1980). 

Compared with monogastric animals, that use glucose, ruminants use acetate (derived from 

rumen fermentation) as the predominant carbon source for de novo FA synthesis. Acetyl CoA 

carboxylase (ACC), the rate-limiting enzyme in de novo FA synthesis (Bauman et al., 1988), 

catalyzes the formation of malonyl-CoA, the first committed step in FA synthesis. Malonyl-

CoA is then condensed with acetyl-CoA by fatty acid synthetase (FAS) to produce the first 4-

carbon acyl unit, butyrate. Acetate is the primary carbon source for FA elongation, and 

additional malonyl-CoAs (produced by ACC) is condensed with the growing acyl chain (via 

FAS) to produce longer chain FA (LCFA), with the primary product being palmitate 

(C16:0; Bauman and Davis, 1974). 

In the case of FA uptake from circulating lipids, lipoprotein lipase (LPL) hydrolyses 

plasma triacylglycerides (TAG), producing NEFA and monoacylglycerides (Fielding and 

Frayn, 1998). Uptake and intracellular transport of both NEFA and monoglycerides in 

hepatocyte and adipocyte are thought to be mediated by FA binding protein 1 (FABP1) and 4 

(FABP4) respectively (Elis et al., 2016; Zhu et al., 2019). Adipose TAG is synthesized through 



 
 

13 
 

either the phosphatidic pathway or the monoacylglycerol pathway, depending upon the 

availability of glycerol-3-phosphate and monoacylglycerides (Lehner and Kuksis, 1996). In the 

phosphatidic pathway, the initial step is the formation of lysophosphatidic acid catalyzed by 

glycerol-3-phosphate acyltransferase (GPAT) which occurs in both the endoplasmic reticulum 

(ER) and mitochondria. Lysophosphatidic acid is further esterified and converted into 

phosphatidic acid in the reaction catalyzed by lysophosphatidate acyltransferase, an enzyme 

mainly present in the ER. Phosphatidic acid is then shunted into the synthesis of various 

phospholipids or the synthesis of TAG (Ahmadian et al., 2007). In the monoacylglycerol 

pathway, the monoacylglycerol is first acylated by an acyl CoA: monoacylglycerol 

acyltransferase with the formation of sn-1,2-diacylglycerols mainly as the first intermediate in 

the process, and sn-2,3-diacylglycerols. Finally, the acyl CoA: diacylglycerol acyltransferase 

(DGAT1) reacts with the sn-1,2-diacylglycerols to form triacylglycerols (Yang and Kuksis, 

1991). 

1.1.4.2  Lipolysis 

During lipolysis, hormone-sensitive lipase (HSL) acts as a catalyst at the lipid droplet 

surface in the adipocyte to hydrolyze FA at the stereospecific position number 1 (sn-1) and sn-

3. Control of HSL by lipolytic hormones like insulin and endothelin-1 is mediated by reversible 

phosphorylation via cyclic AMP (cAMP)-dependent protein kinase A (PKA) (Lan et al., 2019). 

Additional regulation occurs via perilipin, a hydrophobic protein associated with the lipid 

droplet. Perilipin phosphorylation (via cAMP-dependent PKA) is believed to be essential for 

HSL translocation from the cytosol to the surface of the lipid droplet, enabling FA hydrolysis 

to occur (Yeaman, 2004). Monoacylglycerol lipase then hydrolyses the remaining FA at the sn-

2 position generating 3 NEFA and a glycerol backbone which are taken up by the liver for re-

synthesis of TAGs (Herrera and Desoye, 2016; Stipanuk, 2000). Consistent with the increased 

lipolysis in early lactation, as Sumner and McNamara (2007) reported upregulation in HSL and 

perilipin mRNA in adipose tissue in lactating cows relative to cows prepartum. However, these 

data do not reflect a downregulation of these lipolytic factors through mid-lactation (Roche et 

al., 2009). 

Once mobilized, NEFA quickly attaches to serum albumin for transport to various tissues. 

During high rates of lipolysis, the ratio of NEFA to albumin increases, and NEFA occupy the 

lower affinity binding sites on the albumin molecule. This weak connection favors the delivery 

and uptake of NEFA by energy and lipid requiring tissues (Stipanuk, 2000). 



 
 

14 
 

1.1.4.3  Metabolism of NEFA 

Circulating NEFA is metabolized via three pathways: they can be oxidized by many 

tissues, including the liver and skeletal muscle as an energy source; re-esterified to triglyceride 

in the liver; or used by the mammary gland as a source of milk fat (Figure 3; Drackley, 1999). 

1.1.4.3.1 Mitochondrial β-oxidation 

The β-oxidation of FA in the liver is localized in the mitochondrial compartment of 

hepatic cells and produces acetyl-CoA and reduced forms of NADH and flavin adenine 

dinucleotide (FADH); these generate energy via ATP production in the citric acid cycle and 

electron transport chain respectively (Stipanuk, 2000). The CPT1 is the rate-limiting enzyme 

responsible for transporting cytosolic FA to the mitochondria for β-oxidation (McGarry and 

Brown, 1997). Activity of CPT1 and subsequent FA β-oxidation rates increase during negative 

energy balance, probably because of decreased concentrations of, and reduced sensitivity to, 

malonyl-CoA, a potent allosteric CPT1 inhibitor (Brindle et al., 1985; Jesse et al., 1986). 

Malonyl Co-A is a FA synthesis intermediate and concentrations decrease during periods of 

negative energy balance, when the insulin to glucagon ratio (anabolic and catabolic hormones 

in the order given involved in the metabolism of glucose and FA) is low and lipogenesis is 

limited (McGarry and Brown, 1997). 

Also, FA oxidation in the mitochondrial matrix is a major source of energy and not only 

fuels the TCA cycle and oxidative phosphorylation but also stimulates hepatic synthesis of the 

ketone bodies [ß-hydroxybutyrate (BHB), acetone, and acetoacetate] especially when 

physiological energy demand is increased and exceeds what can be provided via feed, through 

glycolysis and glycogenolysis (Ciapaite et al., 2011; Liang and Nishino, 2010). A series of 

enzymes, transporters, and other facilitating proteins are involved in FA oxidation. To be more 

specific, approximately 20 different proteins play specific roles in FA oxidation (van Houten 

et al., 2016). This system requires L-carnitine and is composed of two acyltransferases, 

carnitine palmitoyltransferases 1 and 2 (CPT1 and CPT2), and carnitine acylcarnitine 

translocase (CACT), which is a member of the mitochondrial carrier family of proteins. To 

explain, CACT carries out the transport of acylcarnitines across the inner mitochondrial 

membrane in exchange for a free carnitine molecule (van Houten et al., 2016). Likewise, 

carnitine behaves as a carrier of fatty acyl groups from the cytoplasm to the mitochondrion. 

Long-chain acyl-CoA derivatives do not penetrate the inner mitochondrial membrane. CPT1 

which is located on the external surface of the mitochondrial inner membrane catalyzes the 
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conversion of cytoplasmic long-chain acyl-CoA and carnitine into acylcarnitine followed by 

transport of this complex into the mitochondrial matrix in exchange for free carnitine as 

mediated by the inner mitochondrial membrane protein CACT. The acylcarnitine is re-

converted to intramitochondrial acyl-CoA by the action of CPT2 located in the inner membrane. 

Thereby the acyl-CoA is available for β-oxidation in the matrix. In the liver, malonyl-CoA, the 

first committed intermediate produced during FA synthesis, is proposed to regulate the activity 

of CPT1 (Bartlett and Eaton, 2004; Drackley et al., 2001; Hoppel, 1982; van Houten 

et al. 2016). Besides, Malonyl-CoA decreases in response to lowered blood concentrations of 

insulin and glucagon/adrenalin and increases in line with enhanced blood insulin concentration 

in ruminants (Bell, 1995; Brindle et al., 1985; Knapp and Baldwin Jr, 1990). The most 

pronounced effects of various hormones like insulin, glucagon, and somatotropin (involved in 

growth stimulation, cell reproduction and metabolism of glucose and FA) are on the supply of 

NEFA to the liver rather than on its intracellular disposal (Adewuyi et al., 2005; Drackley et 

al., 2001). 

Acyl-CoA dehydrogenases are a class of at least 11 enzymes most of which perform a 

function in FA oxidation or amino acid catabolism in the mitochondria of cells (Swigoňová et 

al., 2009; van Houten et al. 2016). Their action appears in the introduction of a trans double 

bond between C2 (α) and C3 (β) of the acyl-CoA thioester substrate (Thorpe and Kim, 1995). 

Acyl-CoA dehydrogenases have been identified in animals (nine major eukaryotic classes) with 

five of these nine classes involved in FA β-oxidation (ACADS, ACADM, ACADL, ACADVL, 

and ACADVL2), and the other four involved in branched-chain amino acid metabolism 

(iso(3)valeryl-CoA dehydrogenase (i3VD), iso(2)valeryl-CoA dehydrogenase (i2VD), 

glutaryl-CoA dehydrogenase (GD), and isobutyryl-CoA dehydrogenase (iBD) (Wipperman et 

al., 2013). They can be categorized into three distinct groups based on their specificity for short-

, medium-, or long-chain FA acyl-CoA substrates (Kim et al., 1993). 

Inside the mitochondrion, acyl-CoAs are degraded via β-oxidation, a cyclic process 

consisting of four enzymatic steps. Each cycle shortens the acyl-CoA by releasing the two 

carboxy-terminal carbon atoms as acetyl-CoA. The cycle is initiated by dehydrogenation of the 

acyl-CoA to trans-2-enoyl-CoA by an acyl-CoA dehydrogenase. This step is followed by 

hydration catalyzed by an enoyl-CoA hydratase, generating (S)−3-hydroxy acyl-CoA, which is 

subsequently dehydrogenated to 3-ketoacyl-CoA in a reaction performed by (S)−3-hydroxy 

acyl-CoA dehydrogenase. Finally, a thiolase cleaves the 3-ketoacyl-CoA into a two-carbon 

chain–shortened acyl-CoA and an acetyl-CoA (van Houten et al., 2016) (Figure 4). 
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Figure 4. Fatty acid β-oxidation stages (R indicates the alkyl group; the FA has been activated by 
binding CoA-SH). The four stages render acetyl-CoA and acyl-CoA that are 2C residues shorter than 
the starting compound. The process is repeated as many times as required until the acyl chain is degraded 
in 2C segments. On the last step, a 4-carbon acyl substrate undergoes the stages of β-oxidation, 
producing 2 acetyl-CoA (Blanco and Blanco, 2017). 

Based on the various substrate specificities of the individual FA oxidation enzymes, it is 

assumed that the long-chain acyl-CoAs first undergo two to three β-oxidation cycles by the 

membrane-bound enzymes VLCAD and mitochondrial trifunctional protein (MTP). The 

resulting medium-chain acyl-CoAs are then handled by the matrix-localized enzymes ACADM, 

crotonase, short-chain 3-hydroxy acyl-CoA dehydrogenase (SCHAD), and medium-chain 3-

ketoacyl-CoA thiolase (MCKAT). In the end, the short-chain acyl-CoAs are metabolized by 

ACADS, crotonase, SCHAD, and MCKAT (van Houten et al., 2016). ACADS is a 

mitochondrial enzyme that catalyzes the dehydrogenation of short-chain FA (SCFA, up to six 

carbons in length (den Besten et al., 2013)) thereby initiating the cycle of β-oxidation. This 

process creates acetyl-CoA, the key substrate for hepatic ketogenesis, or ATP production by 

the TCA acid cycle (Turpin and Tobias, 2005). MTP harbors enoyl-CoA hydratase, (S)−3-

hydroxy acyl-CoA dehydrogenase, and 3-ketothiolase activities that are specific for long-chain 

intermediates (van Houten et al., 2016). 

Facilitation of β-oxidation of NEFA, by ‘sparing’ glucose for oxaloacetate formation in 

the major peripheral tissues, increases the diversion of pyruvate to oxaloacetate formation 

which facilitates the entry of acetyl-CoA derived from FA β-oxidation into the TCA cycle 
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through citrate formation (Eaton et al., 1996; Sugden et al., 2001). However, if the TCA cycle 

gets overloaded (e.g. by capacious drainage of oxaloacetate for gluconeogenesis), the acetyl-

CoA is shunted off to produce ketone bodies (acetoacetic acid, acetone, and BHB) to prevent 

cessation of the TCA cycle and accumulation of acetyl-CoA (Sato et al., 1999; Sugden et al., 

2001). 

When FA mobilization from adipocytes is accelerated, hepatic cells convert excess acetyl 

CoA generated from β-oxidation into ketone bodies (Herdt, 2000). Rate of ketone body 

formation is directly proportional to FA oxidation rates, and although acetyl-CoA conversion 

to ketone bodies, rather than complete β-oxidation, is less energetically efficient (Stipanuk, 

2000), ketosis is an important energy-providing mechanism for dairy cows in early lactation. 

The reason behind this is due to lactation, the majority (more than 80%) of available glucose is 

partitioned to the mammary gland (Bell, 1995), and vital organs that cannot metabolize FA as 

an energy source (e.g., the brain cells and erythrocytes) rely on ketone oxidation for survival 

(van Wijk and van Solinge, 2005; Stipanuk, 2000). 

1.1.4.3.2 Peroxisomal β-oxidation 

An alternative pathway to hepatic mitochondrial NEFA oxidation is via peroxisomes, 

subcellular organelles present in most organs of the body (Singh, 1997). However, compared 

with mitochondrial β-oxidation which generates energy in the form of reduced NADH in 

addition to acetyl CoA, peroxisomal β-oxidation produces hydrogen peroxide and heat; 

peroxisomes do not contain a respiratory chain linked to ATP formation. It is, therefore, 

proposed that the less energy efficient peroxisomal β-oxidation may play a role as an overflow 

pathway to oxidize FA only during extensive NEFA mobilization (Figure 3; Drackley, 1999b). 

Peroxisomes are subcellular organelles that are present in virtually every eukaryotic cell 

and catalyse many metabolic functions. These metabolic functions include (1) FA β-oxidation; 

(2) ether phospholipid biosynthesis; (3) FA α-oxidation (occurs in those fatty acids that have a 

methyl group (CH3) at the beta-carbon, which blocks β-oxidation), and (4) glyoxylate 

detoxification. Since peroxisomes lack a TCA cycle and a respiratory chain, peroxisomes are 

relatively helpless organelles that rely heavily on their cross-talk with other subcellular 

organelles to metabolize the end products of metabolism as generated in peroxisomes 

(Wanders, 2013, 2014; Hunt et al., 2014). Many of the metabolites which require peroxisomes 

for their homeostasic regulation are involved in signal transduction pathways (Wanders, 2013). 
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It has been asserted that peroxisomal β-oxidation in the liver of dairy cows may be a part 

of the hepatic adaptations to negative energy balance (Grum et al., 2002). As an illustration in 

a study, peroxisomal β-oxidation capacity and the ratio of peroxisomal to total β-oxidation in 

Holstein cows declined from week 3 to 12 after parturition when the mammals were in the 

positive energy balance and then increased at week 42 postpartum (Grum et al., 2002). When 

hepatic peroxisomal β-oxidation rates were compared in liver homogenates from cows and rats 

during different nutritional and physiological states, peroxisomal oxidation in liver 

homogenates from cows represented 50% and 77% of the total capacity for the initial cycle of 

β-oxidation of palmitate (16:0) and octanoate (8:0), respectively, but only 26% and 65% for 

rats, whereas lactation or food deprivation did not alter rates of hepatic peroxisomal β-oxidation 

of palmitate or octanoate in cows (Grum et al., 1994). 

LCFA regulate energy metabolism as ligands of PPARs. The PPAR-α that is expressed 

primarily in the liver is essential for metabolic adaptation to starvation by inducing genes for 

β-oxidation and ketogenesis and by downregulating energy expenditure through fibroblast 

growth factor 21 (FGF21) (Inagaki et al., 2007). PPAR-δ is highly expressed in skeletal muscle 

and induces genes for LCFA oxidation during fasting and endurance exercise. PPAR-δ also 

regulates glucose metabolism and mitochondrial biogenesis by inducing forkhead box protein 

O1 (FOXO1) and peroxisome proliferator-activated receptor-gamma coactivator 1-alpha 

(PGC1-α) (Furuyama et al., 2003; Tanaka et al., 2003). Genes targeted by PPAR-γ in adipocytes 

suggest that PPAR-γ senses incoming non-esterified LCFA and induces the pathways to store 

LCFA as triglycerides (Rosen and MacDougald, 2006). Adiponectin, another important target 

of PPAR-γ may act as a spacer between adipocytes to maintain their metabolic activity and 

insulin sensitivity (Nakamura et al., 2014). 

NEFA that do not undergo hepatic β-oxidation are re-esterified to triglyceride and 

released into the circulation as very low-density lipoproteins (VLDL; Figure 3). During periods 

of negative energy balance, hepatic capacity for FA re-esterification increases (White, 2015). 

However, the VLDL export rate from the liver remains low (Bauchart, 1993), possibly because 

of the reduced capacity to generate apoprotein B in cattle; Apoprotein A is the key component 

believed to control the overall rate of VLDL synthesis and secretion (Avramoglu and Adeli, 

2004; Drackley, 1999a). Thus, during periods of negative energy balance, increased hepatic 

NEFA uptake and re-esterification combined with inefficient VLDL release can result in 

hepatocyte triglyceride accumulation, a phenomenon often referred to as “fatty liver” (Roche 

et al., 2009).  
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1.1.5 Strategies for improving mitochondrial function 

To perform their key roles in cellular energy production, mitochondria use an intricate 

system that encompasses the breakdown of FA and glucose, which is coupled to oxidative 

phosphorylation. Mitochondria are highly dynamic structures that undergo rapid remodeling 

through fusion and fission to adapt to changes in the cellular context (Westermann, 2010). 

When mitochondria are damaged, mitophagy (a specific autophagic response confined to 

mitochondria) regulates their controlled degradation (Youle and Narendra, 2011); furthermore, 

following extensive damage or specific triggers, mitochondria are central to the initiation of 

apoptosis (Nunnari and Suomalainen, 2012). 

Given the complex balance between the nuclear and mitochondrial genome, and the fact 

that mitochondria are the site of metabolic transformation and hence a hotspot of metabolic 

stress, it is not surprising that mitochondrial dysfunction is involved in a broad spectrum of 

diseases, both inherited and acquired. Prototypical inherited mitochondrial diseases can be 

caused by mutations in either mitochondrial DNA (mtDNA) or nuclear DNA (nDNA), and 

typically result in very severe multisystem disease from birth. Conversely, mitochondrial 

dysfunction is important, or at least implicated, in a diverse range of acquired diseases, 

including cancer, metabolic diseases, and neurodegenerative disorders, which are often 

associated with aging (Andreux et al., 2013). 

Mitochondrial dysfunction results from a combination of factors, including the 

quantitative contribution of several genes and environmental factors such as exercise, stress and 

diet (Andreux et al., 2012). Deregulation of various signalling pathways, such as the insulin–

IGF1 (insulin-like growth factor 1) pathway (Kenyon, 2010), the mammalian target of 

rapamycin (mTOR) pathway (Laplante and Sabatini, 2012), the AMP-activated protein kinase 

(AMPK) pathway (Hardie et al., 2012) and the sirtuin pathways, can induce mitochondrial 

dysfunction (Houtkooper et al., 2012; Houtkooper, et al., 2010). The treatment of mitochondrial 

dysfunction typically involves general measures, such as the optimization of nutrition and 

administration of vitamins and food supplements (Andreux et al., 2013). 

With the growing understanding of mitochondrial function, it has become clear that 

several aspects could be targeted to improve it. There are main pathways that have been 

demonstrated to maintain and/or restore proper mitochondrial function, such as mitochondrial 

biogenesis and metabolic flexibility; mitochondrial dynamics, including fusion and fission; and 
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mitochondrial quality control through proteostasis, mitophagy, and apoptosis (Fulda et al., 

2010; Green et al., 2011). 

The following section focuses at mitochondrial biogenesis and metabolic flexibility in 

restoring proper mitochondrial function in 3 sections including: 

Upstream sensors: 

o Caloric restriction, AMPK, mTOR, NAD+ boosters, and sirtuins 

Downstream effectors: 

o Nuclear receptors, NRF1 and TFAM 

o Co-factors 

 Mitochondrial biogenesis is a complex process, driven by a set of nuclear-encoded 

transcription factors and assisted by transcriptional co-factors, through which the cell 

equilibrates its energy-harvesting capacity to meet its energy demands. Considering this 

transcriptional network, one can distinguish two approaches to induce mitochondrial 

biogenesis: targeting the upstream regulators (for example, sensors), or targeting their 

downstream effector pathways, for example, transcription factors and co-factors (Andreux et 

al., 2013). 

o Upstream sensors; caloric restriction, AMPK, mTOR, NAD+ boosters, and sirtuins: Caloric 

restriction does improve metabolic health and prevent pathological decline associated with 

aging (Colman et al., 2009; Mattison et al., 2012). The molecular network underlying the 

effects of caloric restriction comprises the key nutrient-sensing pathways, such as those 

involving insulin–IGF1, mTOR, AMPK, and the sirtuins (Houtkooper et al., 2010b). The 

sirtuin family of histone deacetylases has emerged as a prime target to mimic caloric 

restriction (Houtkooper et al., 2012). This was based on the critical dependence of sirtuins 

on the metabolic cofactor NAD+ (Imai et al., 2000), and on the fact that sirtuin 1 (SIRT1) 

controls the activity of various transcription factors and co-factors which are known to 

govern mitochondrial biogenesis and function. The best-characterized sirtuin-activating 

compound is resveratrol. Resveratrol is a polyphenol compound that has long been used as 

a SIRT1 agonist. Resveratrol increases lifespan in a number of lower eukaryotes (Cantó and 

Auwerx, 2009). In higher eukaryotes, resveratrol increases muscle mitochondrial content 
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and enhances endurance performance (Baur et al., 2006). This increased ability to oxidize 

lipids confers the mice with protection against metabolic disease upon high-fat feeding 

(Baur et al., 2006; Lagouge et al., 2006). Resveratrol, however, does not directly activate 

SIRT1; rather, it acts indirectly via the activation of AMPK and the subsequent induction 

of NAD+ levels, which stimulate the activity of SIRT1 (Canto et al., 2010; Um et al., 2010). 

Regardless of its mechanism of action, resveratrol enhances mitochondrial biogenesis and 

oxidative capacity in rodent models of diet-induced obesity, which translates into improved 

muscle function and protection against obesity and insulin resistance (Baur et al., 2006; 

Laguna et al., 2017).  

Considering the crucial dependence of sirtuins on the enzymatic co-factor NAD+ 

(Houtkooper et al., 2010a), modulation of NAD+ levels should activate SIRT1 signaling and 

promote mitochondrial biogenesis and function. NAD+ levels can be increased by directly 

stimulating NAD+ synthesis or by inhibiting NAD+-consuming enzymes (Houtkooper and 

Auwerx, 2012). Indeed, dietary supplementation with the NAD+ precursors' nicotinamide 

mononucleotide (NMN) or nicotinamide riboside increased NAD+ levels in several tissues in 

mice (Yoshino et al., 2011; Canto et al., 2012). In dairy cows, Niacin is a precursor for NAD+ 

is involved in intermediary metabolism (including oxidative stress and inflammatory processes) 

and because of its potential to exert anti-lipolytic effects, it is a supplementation to examine in 

dairy cows especially during the transition period (Bühler et al., 2018; Ringseis et al., 2019).  

The activation of AMPK, which enhances mitochondrial energy production following an 

increase in the AMP/ATP ratio (Canto and Auwerx, 2010), also mimics caloric restriction 

(Hardie et al., 2012). In healthy animals, the AMPK agonist 5-aminoimidazole4-carboxamide 

riboside (AICAR) increases exercise endurance by activating a gene program that is normally 

induced after exercise (Narkar et al., 2008). The activation of AMPK by AICAR also rescued 

mitochondrial dysfunction and the limited exercise capacity of mice deficient in cytochrome C 

oxidase (Viscomi et al., 2011). Alternatively, inhibition of mTOR, a conserved kinase that 

promotes cell growth and anabolism in the presence of nutrients and growth factors (Zoncu et 

al., 2011), simulates a state of the energy crisis and thereby activates AMPK and boosts 

mitochondrial activity (Harrison et al., 2009). 

o Downstream effectors; nuclear receptors, NRF1, and TFAM: Nuclear receptors are popular 

targets for drug discovery as many nuclear receptors can be activated by small-molecule 

ligands. Ligand binding changes the conformation of nuclear receptors, facilitating the 
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exchange of transcriptional co-repressors for co-activators and inducing the transcription of 

their target genes (Andreux et al., 2013). The PPAR constitutes a small subfamily of the 

large nuclear receptor gene family (Michalik et al., 2006). The FA are natural PPAR 

ligands; PPARα has a crucial role in the adaptive response to fasting, by inducing the 

expression of genes that are involved in FA oxidation (Kersten et al., 1999). Nuclear 

respiratory factor 1 (NRF1) and mitochondrial transcription factor A (TFAM) are two 

nDNA-encoded transcription factors that have a crucial impact on mitochondrial function. 

NRF1 promotes, among others, the transcription of electron transport chain (ETC) subunits 

and nDNA-encoded mitochondrial transcription factors, including TFAM (Kelly and 

Scarpulla, 2004). A recombinant form of human TFAM was designed, in which an 

exogenous amino-terminal domain allows rapid translocation across cell membranes, 

whereas its mitochondrial targeting signal stimulates mitochondrial uptake. Treatment of 

aged mice with recombinant human TFAM stimulated oxidative metabolism. A 

mitochondrial targeting signal of TFAM in a study in mice could stimulate mitochondrial 

uptake (Kelly and Scarpulla, 2004) and treatment of aged mice with TFAM stimulated 

oxidative metabolism and in another study in human, it restored mitochondrial biogenesis 

and respiration (Iyer et al., 2012). These studies indicate that one of the strategies to amend 

mitochondrial dysfunctionality could be the activation of TFAM. 

o Downstream effectors; co-factors: The induction of PGC1α levels has been explored as a 

strategy to boost mitochondrial biogenesis in mice. It was shown in the mouse that irisin (a 

hormone that is secreted by muscle tissue) stimulated a broad PGC1α-mediated gene 

expression program leading to the browning of white fat (Boström et al., 2012). Bile acids 

can also stimulate oxidative metabolism in adipose tissue and skeletal muscle through 

subsequent induction of PGC1α (Andreux et al., 2013). 

1.1.5.1 Carnitine 

L-carnitine (4-N-trimethylammonium-3-hydroxybutyric acid, Figure 5) occurs naturally 

as an essential cofactor of FA metabolism which is synthesized endogenously or obtained from 

dietary sources. L-Carnitine is a cofactor of several enzymes (carnitine translocase, 

acylcarnitine transferases I and II) necessary for the transformation of free LCFA to 

acylcarnitines, and their transport into the mitochondrial matrix. β-Oxidation of these 

compounds precedes their entry into the Krebs cycle, where energy production occurs. In the 

absence of L-carnitine, the accumulation of free FA in the cytoplasm produces a toxic effect on 
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the cell, and an energy deficit arises from the unavailability of FA within the mitochondria 

(Longo et al., 2016; Nelson et al., 2017). 

 

 

Figure 5. Chemical structure of L-carnitine (Virmani and Diedenhofen, 2015) 

It has been shown that PPARα has a central role in the inflammatory response and 

oxidative stress and also in FA oxidation, lipid, and lipoprotein metabolism (Burri et al., 2010). 

The L-carnitine treatment can elevate PPARα activation in renal tubular cells and plays a crucial 

role in the L-carnitine anti-apoptosis effect. Therefore, PPARα may mediate the 

hepatoprotective effect of L-carnitine (Li et al., 2012). In rodents and pigs, it has been shown 

that carnitine synthesis and uptake of carnitine into cells are also regulated by PPARα, a 

transcription factor that is physiologically activated during fasting or energy deprivation 

(Schlegel et al., 2012). Feed restriction downregulated gamma-butyrobetaine hydroxylase 1 

(BBOX), a key enzyme involved in L-carnitine biosynthesis in cows (Akbar et al., 2013). 

Schlegel et al. (2012) showed that the expression of hepatic genes of carnitine synthesis and 

cellular uptake of carnitine is enhanced in dairy cows during early lactation. These changes 

might explain increased hepatic carnitine concentrations observed in the first postpartum period 

and might be regarded as a physiologic means to provide liver cells with sufficient carnitine 

required for transport of excessive amounts of NEFA during a negative energy balance 

(Schlegel et al., 2012). 

L-carnitine is synthesized endogenously from lysine (carbon backbone) and methionine 

(methyl group donor) in four enzymatic steps, namely hydroxylation at carbon 3, aldol 

cleavage, oxidation of the aldehyde to 4-butyrobetaine and hydroxylation of 4-butyrobetaine at 

carbon 3 (Adeva‐Andany et al., 2017). The last enzymatic step is catalyzed by the enzyme 4-

butyrobetaine dioxygenase to yield carnitine. It is generally recognized that the first three 

reactions of carnitine synthesis are widely distributed in the body but the final reaction is only 
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present in the liver, kidney, and brain (Flanagan et al., 2010). Thus, other tissues depend on 

carnitine uptake from the circulation (Gnoni et al., 2020). L-carnitine is taken up by the cells 

through the action of a carnitine transporter (Solute Carrier Family 22 Member 5 [SLC22A5]) 

located on the cell membrane, and has an important role in energy metabolism in mitochondria 

since the mitochondrial membrane is impermeable to acyl-CoA on its own so carnitine is a 

required cofactor for carnitine palmitoyltransferase-1 (CPT-1; present in the mitochondrial 

outer membrane) and 2 (CPT-2; located on the matrix side of the inner membrane), which 

condense carnitine with activated LCFA for transport from the cytosol into mitochondria 

(Goselinket al., 2013; Yang et al., 2019); closely related to mitochondrial membrane carrier 

proteins, SLC25A20 mediates both imports of carnitine-FA complexes and export of carnitine 

across the inner mitochondrial membrane (Longo et al., 2016). Therefore, carnitine is essential 

for the normal function of all tissues containing mitochondria because the primary function of 

carnitine is to facilitate the shuttling of activated LCFA from the cytosol into the mitochondrial 

matrix, where fatty acid β-oxidation takes place (Ringseis et al., 2018). Hepatic β-oxidation of 

LCFA is stimulated by exogenous carnitine in several species (Drackley et al., 1991a, 1991b; 

Owen et al., 2001; Spaniol et al., 2003). Additionally, carnitine supports β-oxidation by 

transporting short- and medium-chain FA (MCFA) from peroxisomes to mitochondria and by 

altering the intramitochondrial ratio of acetyl-coenzyme A (CoA): CoA (Carlson et al., 2007). 

Carnitine also regulates CoA concentration and removal of the produced acyl groups. 

Acyl-CoA acts as a restraining factor for several enzymes participating in intermediary 

metabolism. Transformation of acyl-CoA into acylcarnitine is an important system also for 

removing the toxic acyl groups (Evangeliou and Vlassopoulos, 2003; Hoppel, 1982). 

1.1.6 Experimental models for inducing inflammation 

Inflammatory condition is associated with the activated immune system, including 

activated immune cells and bio-molecules (Kulkarni et al., 2006). Inflammation is a defensive 

response of an organism against invasion by foreign bodies like bacteria, parasites, and viruses. 

An acute inflammatory response is manifested as redness, heat, swelling, pain, and the loss of 

function. Increased vascular permeability, accelerated blood flow, and nerve fiber sensitization 

is associated with swelling, redness, and pain respectively (Calixto et al., 2003). The protective 

effects of the inflammatory cascade and the potential for tissue destruction are usually balanced 

in a normal state. Whereas, chronic inflammation is usually characterized by substantial 

destruction and recovery of injured tissues from an inflammatory response (Chung et al., 2010). 
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If uncontrolled, inflammation may give rise to numerous diseased states. Furthermore, chronic 

inflammation is also linked with various steps of tumorigenesis (Patil et al., 2019). 

To mimic the course of sepsis, for the development of new therapeutic options and 

identification of the biological mechanism of inflammations and the effect of potential drugs 

and supplements on them, various models have been evolved. These models can be classified 

into three major types: exogenous administration of pathogens [inoculation with Escherichia 

coli], disruption of the endogenous protective barrier [caecal ligation and puncture model 

(CLP)], and exogenous administration of endotoxin [lipopolysaccharide (LPS) treatment], 

(Seemann et al., 2017). All three models have advantages and disadvantages and it is still 

controversial as to which of these animal models is most suitable.  

The LPS animal model has several essential advantages, including technical ease and high 

reproducibility, particularly in the inflammatory response elicited. Shortly after LPS 

administration, high levels of pro-inflammatory cytokines are released and can be measured in 

the circulation (Remick and Ward, 2005) that leads to the rapid development of systemic 

inflammatory response syndrome (SIRS) (Recknagel et al., 2013; Stortz et al., 2017). In this 

method, the inflammatory response to gram-negative bacteria invasion is caused by the host 

reaction to the LPS which is a component in the cell wall of gram-negative bacteria (Lüderitz 

et al., 1984). As mentioned earlier, purified LPS administered to animals mimics the clinical 

symptoms caused by a bacterial infection (Memon et al., 1992; Steiger et al., 1999). It has been 

shown that LPS administration in dairy cows decreases milk yield as a result of decreased DMI 

and the increased energy demands of the immune system (Zhao et al., 2018). The immune 

system is an energy-demanding process preferentially obtains most of its energy supply 

quantitatively from glucose and glutamine. Besides, other fuels were reported to be utilized by 

lymphocytes, such as ketone bodies and fatty acids. The activation of the immune system 

necessitates a reallocation of nutrients and energy from dispensable functions such as growth 

and production (Calder et al., 2007). 

1.2 From DNA to protein 

Genes in DNA encode protein molecules involved in all the functions necessary for life. 

For example, enzymes like DNA polymerases and other enzymes that make copies of DNA 

during cell division, as well as hormones, receptors, etc. Expressing a gene is a process in which 

the corresponding protein is manufactured. This multi-layered process has two major steps. The 

first step is transcription, a process in which the information in DNA is transferred to a 
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messenger RNA (mRNA) molecule. During transcription, the DNA of a gene serves as a 

template for complementary base-pairing, and RNA polymerase II catalyzes the formation of a 

pre-mRNA molecule, which is then processed to form mature mRNA. The resulting mRNA is 

a single-stranded copy of the gene, which next must be translated into a protein molecule 

(Clancy et al., 2009). The translation of the nucleotide sequence of 

an mRNA molecule into protein which is the second major step in gene expression takes place 

in the cytoplasm on a large ribonucleoprotein assembly called a ribosome. The transfer RNA 

(tRNA) molecules get attached to the amino acids that are used for protein synthesis. Each 

amino acid is recognized by specific tRNA based on complementary base-pair interactions, 

particular sets of three nucleotides in the mRNA (codons). The sequence of nucleotides in the 

mRNA is then read from one end to the other in sets of three according to the genetic code. The 

process of gene expression is not finished by creating the sequence of amino acids that 

constitutes a protein so this new polypeptide chain must fold up into its unique three-

dimensional conformation, bind to small-molecule cofactors required for its activity, get 

appropriately modified by protein kinases and finally be assembled correctly with the other 

protein subunits with which it functions. Many of these proteins are involved in the functions 

necessary for life, for example, enzymes, including those that metabolize nutrients in different 

parts of metabolism or those that form the membrane channels (Alberts et al., 2002). 

Metabolism refers to the chemical reactions that occur within an organism to sustain life 

and studying about it, involves investigating different levels of measurements from mRNA, 

proteins, or metabolites. As mRNA is eventually translated into protein, we might assume that 

there should be some sort of correlation between the level of mRNA and that of a related 

protein, but we need to consider that there are many processes between transcription and 

translation.  

Even with the significant developments in the technologies used to quantify protein 

abundance during the past years, protein identification and quantification is still behind the 

high-throughput experimental techniques used to determine mRNA expression levels. Yet, 

while mRNA expression values have shown their usefulness in a broad range of applications, 

these results are only correlative, rather than causative. It is probably the concentration of 

proteins and their interactions that are the true causative forces in the cell, and we ought to be 

studying the corresponding protein quantities but researchers have widely used mRNA 

abundance data in cell metabolism studies because of a more limited ability to measure protein 

abundances, in compare with more repeatable and technically easier mRNA experiments. 

Anyways, measurements taken from mRNA and protein levels are complementary and both are 
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necessary for a complete understanding of how the cell works (Hatzimanikatis et al., 1999, 

Greenbaum et al., 2003).  

1.3 Assessment of mRNA abundance via microfluidics technology 

To analyse the mRNA abundance in a biological experiment, reverse-transcription 

quantitative PCR (RT-qPCR) is a technique commonly used (Bustin, 2002). The abundance of 

mRNA can inform us about changes in protein expression and enables us to infer changes in 

cell function (Vandesompele et al., 2002). A platform available for RT-qPCR analysis is the 

BioMark HD (Fluidigm, San Francisco, CA), which utilizes microfluidics technology. In 

contrast to standard RT-qPCR using 96-well plates, the integrated fluidic circuits (IFC) used in 

the current study (96.96 Dynamic Array IFC; Fluidigm) generate 96 times the number of data 

points. Furthermore, the 96.96 IFCs allow quantification of 96 genes and 96 samples per chip 

using fewer reagents and starting material than standard RT-qPCR reactions. This platform was 

used in this study to investigate the abundance of genes of interest and in the following chapters 

will be discussed in detail. 

1.4 Reference genes 

Quantitative PCR (qPCR) is an excellent method for measuring mRNA abundance but 

relies on the use of a suitable uniformly expressed reference gene or genes to control for the 

amount of RNA in each sample. Many researchers select commonly used reference genes that 

may not be suitable for their system. It is necessary to test whether differences in organisms, 

conditions, or treatments affect the uniform expression of potential reference genes. 

1.4.1 Why we use reference genes? 

As mentioned above, qPCR is an excellent method for measuring mRNA abundance but 

has some complicating factors like quality of RNA, the efficiency of reverse transcription, the 

efficiency of PCR reaction, variation in extractions and purifications, and also amount of RNA 

per sample. To be able to differentiate actual differences in gene expression from simple 

variation in starting material is the reason why we would use a reference gene. So, we normalize 

the target gene to a reference gene that is expressed at a uniform level in all samples in a given 

experiment. This method is called a normalized gene expression or ΔΔCt analysis method. 
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1.4.2 Selection of good reference genes 

To find a gene that is expressed uniformly is difficult because of individual differences 

between organisms, differences due to culture conditions, differences due to experimental 

treatments, etc. So, it is not always enough to use reference genes that other studies have used, 

and reference genes should be verified for the specific experimental conditions. 
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2 Objectives 

Although a plethora of studies has outlined potential causes and consequences of systemic 

oxidative stress in dairy cattle (Sordillo and Aitken, 2009), few have addressed the effect of 

systemic inflammatory stress on mitochondrial function. Since there is a growing interest in the 

use of additives as effective sources of nutrients or supplements that complement the diet, and 

considering the role of L-carnitine in the transport of FA for β-oxidation and production of ATP 

and as an antioxidant that reduces metabolic stress in the cell (Citil et al., 2009), we 

hypothesized that L-carnitine supplementation could improve the FA metabolism and relieve 

inflammatory stress in mid-lactating dairy cows challenged by an experimentally intravenous 

LPS administration. Thus, we aimed to compare L-carnitine supplementation with control fat 

supplementation to address potential changes in capacity for hepatic FA metabolism in the liver 

in the context of a systemic inflammatory challenge by LPS using liver biopsies to determine 

changes in abundance of 41 key genes and selected proteins involved in hepatic FA metabolism. 

In this study, by investigating the expression of key genes and selected proteins involved in FA 

uptake, activation, translocation, β-oxidation, synthesis and ketogenesis in mitochondria, 

presented in Figure 6 (e.g., PPARα, SREBF1, CPT1, CPT2, SLC25A20, SLC22A5, FABP1, 

ACACA, COX4I1, MUT) we tried to extend our understanding about the molecular mechanisms 

of lipid metabolism and development of nutritional and management approaches to prevent 

metabolic disorders. Concerning the aforementioned factors, the objectives of this study were: 

1. To characterize the changes of either mRNA or protein abundance of the 
aforementioned factors in mid-lactation period of dairy cows challenged by LPS. 

2. To investigate the effects of dietary supplementation with L-carnitine during mid-
lactation on mRNA and protein abundance of some genes involved in hepatic 
metabolism of FA. 

3. To relate the findings to the metabolic profiles and performance data.  
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Figure 6. An overview of fatty acid uptake and oxidation in a hepatocyte. Fatty acids are transported into the cell 
by the action of fatty acid transport proteins (FATP), and plasma membrane fatty acid binding proteins (FABP). 
Inside the cell, FAs are activated to acyl-CoA by acyl-CoA synthases (ACS), that traps them in the cytoplasm. 
Longer chain fatty acids (C17–C26) are preferentially oxidized in the peroxisomes rather than in mitochondria. 
Acyl-CoA is then transported into the mitochondria by CPT1 and 2 and subject to β-oxidation. Acetyl-CoA then 
enters the TCA cycle followed by the electron transport chain to produce ATP or it can go through ketogenesis or 
will be used for resynthesise of FA. 
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3 MATERIALS AND METHODS 

The animal experiment was carried out at the experimental station of the Institute of Animal 

Nutrition, Friedrich-Loeffler-Institute (FLI) in Braunschweig, Germany. The experiment was 

conducted according to the European Community regulations concerning the protection of 

experimental animals and was approved by the LAVES (Lower Saxony State Office for 

Consumer Protection and Food Safety, Germany) (AZ33.19-42502-04-16/2378). 

3.1 Animals, treatment, and experimental design 

A detailed description of the animals, treatment, and experimental design comprising the 

peripartal phase has already been reported (Meyer et al., 2020). Briefly, 59 multiparous Holstein 

cows at day 42 ante partum (ap) were assigned to two groups: control (CON, n = 30) and 

carnitine (CAR, n = 29), balanced for numbers of lactation (2-5 lactations), body weight (568-

1008 kg), body condition score (2.5 - 4.75) and fat-corrected milk yield of the previous 

lactation. Both groups were fed a partial mixed ration (PMR) from late gestation to mid-

lactation. The composition of roughage remained unchanged during the whole trial composed 

of 70% maize silage and 30% grass silage (dry matter (DM) based). Following the 

recommendation of nutrient and energy supply of the Society of Nutrition Physiology (GfE, 

2009) the proportion of roughage to concentrate was variable. During the dry period until day 

1 ap, diets of 80% roughage and 20% concentrate were fed. The concentrate portion was then 

increased from 30% to 50% over 14 days pp. From then on, 50% concentrate was continuously 

fed until the end of the study on day 126 pp. The PMR was offered ad libitum in feed weighing 

troughs (RIC, System Insentec B.V., Marknesse, The Netherlands) and the supplementary, 

restricted, pelleted concentrate was provided by concentrate feeding stations (System Insentec 

B.V.). 

 In the CAR group, 25 g L-carnitine (per cow and day) from a rumen-protected L-carnitine 

product (Carneon 20 Rumen-Pro, Lohmann Animal Nutrition GmbH, Cuxhaven, Germany) 

were included in the concentrate. Since fat was used for the rumen protection of the L-carnitine, 

to balance the fat content of the L-carnitine product, the concentrate for the CON group was 

supplemented with an equivalent amount of fat product (Berga Fat F-100 HP, Berg+Schmidt 

GmbH and Co. KG, Hamburg, Germany). All animals were kept in a free-stall barn, with free 

access to water. At day111 pp, the cows of both groups were challenged with a single 

intravenous injection of 0.5 μg/kg body weight LPS (Escherichia coli O111: B4, Sigma-

Aldrich, St. Louis, Missouri, USA) (Figure 7). Before calving, the body weight (BW) was 
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recorded once a week, and during the lactation period, twice a day with a scale situated between 

the milking parlor and barn. Each cow was equipped with an ear transponder to enable the 

recording of feed and water intake individually. Cows were housed in free stall barns. From 

day 110 pp until day 126 pp each cow was housed in a calving pen to be supervised closely 

during the LPS challenge. 

Figure 7. Experimental design and blood sampling and liver biopsy plan of the study. Days are shown 
relative to calving and hours are shown relative to calving and LPS challenge respectively and each one 
represents a blood sampling timepoint. The liver biopsies were taken at day 42 ap and days 100 pp, 112 
pp (24 h LPS), and 126 pp, shown in red squares. 

3.2 Sample collection 

Blood samples were collected from Vena jugularis externa by needle puncture or for 

frequent sampling, after calving and after LPS challenge, by indwelling catheters (from 0.5 h 

until 12 h after calving and after LPS challenge). Before blood collection, 20 mL of blood was 

aspirated and discarded from a catheter which was flushed with 20 mL of 0.9% saline solution 

after the collection. Blood samples were taken at the following time points: day 42, 14, 7, 3 and 

1 ap, 0.5, 1, 2, 3, 4, 6, 9, 12, 24, 48, 72 h pp, day 7, 14, 21, 28, 42, 56, 100 and 110 pp, and then 

0.5, 1, 2, 3, 4, 6, 9, 12, 24, 48, 72 h after LPS challenge and day 118 and 126 pp (Figure 7). 

The liver biopsies were taken at day 42 ap and days 100, 112 and 126 pp (to avoid increasing 

the stress at the time when there are immunological and metabolic stresses after calving, no 

liver biopsy was collected during the short period after calving) under local anesthesia (Isocain 

ad us. vet.; Selectavet, Weyarn/Holzolling, Germany) with a Bard Magnum Biopsy instrument 

(Bard Magnum, Covington, GA, USA). The liver tissues were obtained by performing a small 

incision through the skin at the intercostal space, 20 cm laterally from the backline. Tissue 
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samples were immediately snap-frozen in liquid nitrogen and stored at -80 °C until further 

processed. 

The cows were milked twice a day at 5:30 am and 3:30 pm. The milk yield was recorded 

by a milk counter (Lemmer Fullwood GmbH, Lohmar, Germany). To analyse milk ingredients, 

milk samples were taken two times per week during morning and evening milking. 

3.3 Parameters for performance, health status, and energy metabolism 

The methods for the analysis of dry matter intake (DMI), net energy balance (net EB), 

NEFA, BHB, rectal temperature (RT), free carnitine in plasma and glucose concentrations in 

blood of the cows in this study have been reported before elsewhere (Meyer et al., 2020) and 

will be mentioned below: 

3.3.1 Analyses 

Samples from the PMR were taken daily, and the concentrate part was sampled once a 

week. The feed samples were pooled over four-week periods. Following the methods of the 

Association of German Agricultural Analytic and Research Institutes (VDLUFA, 2007), the 

pooled feed samples were analysed for dry matter (method number 3.1). For NEFA and BHB 

in serum, analyses were performed by a photometric method using the Eurolyser CCA 180 

(Eurolyser Diagnostica GmbH, Salzburg, Austria). The concentrations of free carnitine (CA) 

were analysed in ethylenediaminetetraacetic acid (EDTA) plasma by a tandem mass 

spectrometry method according to Hirche et al. (2009). Automated blood gas and electrolyte 

analyser (GEM Premier 4000, Werfen, Kirchheim, Germany) were used for the determination 

of glucose concentration in fresh whole blood samples. 

3.3.2 Clinical checks 
For rectal temperature, each cow was clinically examined right before LPS administration 

and from 0.5 up to 72 h after LPS according to the methods of Dirksen et al. (1990). 

3.3.3 Calculations 

To calculate energy balance (EB) we used this equation: 

EB (MJ NEL/d) = NEI (MJ NEL/d) – ΔNE (MJ NEL/d) – NEL (MJ NEL/d) – NEM (MJ 

NEL/d) 



 
 

34 
 

Where NEI is daily net energy intake, ΔNE is an adjustment of daily net energy intake 

for the proportion of concentrates in the diet, NEL is daily net energy requirements for lactation 

and NEM is daily net energy for maintenance. 

So net energy balance (net EB) was calculated by using the following equation: 

net EB (MJ NEL/d) = total NEL intake (MJ NEL/d) − (NEM (MJ NEL/d) + NEL (MJ 

NEL/d)) 

Milk energy, NEM, and NEL were calculated according to the Society of Nutrition 

Physiology (GfE, 2001): 

Milk energy (MJ NEL/kg) = 0.38 × milk fat (%) + 0.21 × milk protein (%) + 0.95 

NEM (MJ NEL/d) = 0.293 × body weight0.75 (kg) 

NEL (MJ NEL/d) = (milk energy (MJ NEL/kg) + 0.086) × milk yield (kg/d) 

3.4 Laboratory analyses 

3.4.1 Quantification of the mRNA abundance of target genes related to fatty acid 
metabolism in liver tissue 

3.4.1.1 RNA extraction 

43 cows that could continue the trial to the end of the study were selected from both 

groups (CON, n = 21 and CAR, n = 22) and the liver homogenates were made for them from 

liver biopsies using the Qiagen reagent (Qiagen N.V., Hilden, Germany) and homogenization 

tubes with ceramic beads (1.4 mm) and a Precellys 24 homogenizer (PEQLAB Biotechnology 

GmbH, Darmstadt, Germany) from 20 mg of the liver samples according to the manufacturer’s 

instructions. The total RNA extraction and purification were done using the miRNeasy Mini 

Kit (Qiagen) including the On-Column DNase I treatment to remove residual genomic DNA 

from the RNA samples. The quantity and purity of RNA were evaluated by measuring the 

absorbance at 260 and 280 nm by the NanoDrop 1000 spectrophotometer (VWR/Peqlab 

Biotechnologie, Erlangen, Germany) and only samples with a 260/280 ratio of ≥ 1.8 were used 

for downstream applications. The extraction was repeated for the samples with a ratio of less 

than 1.8. The RNA quality was assessed by checking the 18S and 28S ribosomal RNA bands 

(28S:18S rRNA ratio of 2:1) on gel electrophoresis. The RNA integrity number (RIN) was 

evaluated in 10 randomly selected samples (CON, n = 5 and CAR, n = 5) for each time point 

using RNA 6000 nano kit (part number 5067-1511, Agilent Technologies, Santa Clara, CA, 

USA) on a Bioanalyzer 2100 (Agilent Technologies). In a scale ranges from 1 to 10 when 1 is 
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the most degraded profile and 10 indicating maximum RNA integrity, the average RIN ± SD 

(7.73 ± 0.34) was around 8 and passed the commonly accepted threshold of 7 which is 

recommended for qPCR analysis (Brenaut et al., 2012). Complementary DNA (cDNA) was 

generated by reverse transcribing 250 ng of total RNA/20 µL. The abundance of mRNA from 

the target and reference genes was assayed by RT-qPCR on a 96.96 gene expression (GE) chip 

for use in the BioMark HD instruments (Fluidigm, San Francisco, USA). 

3.4.1.2 Microfluidics Fluidigm arrays 
In contrast to the classical RT-qPCR, the use of microfluidic-based qPCR chips, utilizing 

regular qPCR primers with a DNA-binding dye, is highly cost-effective, and enables parallel 

analysis of a large number of samples across many probes, with relatively low effort. 

The 96.96 Dynamic Array™ IFC for Gene Expression (Figure 8) used in the current study 

allowed for the quantitative analysis of the mRNA abundance of 41 key genes involved in FA 

metabolism (Table 1, the rest of the genes is related to other pathways and will not be presented 

in this thesis) by the BioMark HD real-time PCR system at the Leibniz-Institute for Farm 

Animal Biology, Institute for Genome Biology, Dummerstorf, Germany. The analysis involved 

sequence-specific preamplification and quantitation of gene expression using real-time PCR on 

the BioMark HD system (Fluidigm). 

 

Figure 8. 96.96 Dynamic Array™ IFC for Gene Expression. Each assay is pipetted into one of the inlets 
on the left side and each sample mixture is pipetted into one of the inlets on the right side of the chip. 
Then the IFCs are placed into an IFC controller HX device where the precise pneumatic pressure is used 
to load the reaction chambers in the middle by assays and samples. 

The primer design for 41 target genes was undertaken using publicly online available 

bovine gene sequences from the National Center for Biotechnology Information gene database 

(NCBI, http://www.ncbi.nlm.nih.gov) and its online specific primer design tool 
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(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) according to conditions suggested by 

Biomark for designing primers: 

 GC% primer range of 30-70% (50% optimal) 

 Last 5 bases better to have 2 to 4 Gs or Cs 

 Last base better to be G or C (3’ end) 

 Span a lengthy intron (greater than 1000 bp) or design a primer to overlap an exon-exon 
boundary 

 Primer melting temperature (Tm) within 56 – 62 °C (optimal 59 °C) 

 Primer length within 18 - 21 base pairs 

 Blast the primers against the appropriate species genome to look for any significant off-
target products 

 Ideal amplicon length within 60-150 base pairs (optimal 80 base pair) 

 Standard desalted oligos are sufficient. No need for further purification like high-
performance liquid chromatography (HPLC) 

The designed primers had been tested using the conditions of a BioMark HD real-time PCR 

system in an Mx3000P cycler, (Agilent, Santa Clara, CA, USA) with pooled samples [95 °C 

for 10 min (95 °C for 30 s, 59 °C for 60 s, and 72 °C for 60 s) × 40 cycles]. Cycle threshold 

values (Ct) were checked to be at 29 at the highest (indicating high amounts of the target 

sequence) and the melting curves were checked to be without any pre or post peaks. Non-

working primers were taken out according to their Ct and melting curve and were replaced with 

repeatedly designed primers. Primer sequences and the real-time PCR conditions are provided 

in Table 1.  

The reverse transcription was performed in triplicate for each sample following by the 

original Minimum Information for Publication of qPCR Experiments (MIQE) guidelines 

(Bustin et al., 2009). A preamplification of cDNA was done to create specific target amplified 

reactions by multiplexing forward and reverse primers (500 nM) of the assays with 2x 

concentration PreAmp Master Mix (Fluidigm): preamp master mix 1.0 μL, pooled delta gene 

assay mix (500 nM) 0.5 μL, DNase free water 2.25 μL and cDNA 1.25 μL. Thermal cycling 

conditions for the reaction using this master mix were 95 °C for 2 min, and 10 cycles of 95 °C 

for 15 s, 60 °C for 4 min and keeping the products in 4 °C for later use. 

Assay mixtures, including combined forward and reverse primers (100 µM) 0.25 μL, 1x 

DNA suspension buffer (10 mM Tris, pH 8.0, 0.1 mM EDTA) 2.25 μL, and 2x assay loading 

reagent (Fluidigm) 2.5 μL, made the final concentration of each primer as 5 µM in the IFC inlet 

and 500 nM in the final chamber reaction. Sample mixtures involved 2X SsoFast EvaGreen 

Supermix (BioRad) 2.5 μL, 20X DNA binding dye (Fluidigm) 0.25 μL, and 2.25 μL of 
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preamplified and exonuclease treated samples. Samples were exonuclease treated by DNase-

free water 1.4 μL, exonuclease I reaction buffer (New England BioLabs, PN M0293S) 0.2 μL, 

exonuclease I, 20 U/μL (Fluidigm) and the thermal cycle condition was 37 °C for 30 min, 80 

°C for 15 min and 4 °C for later use. 

On a 96.96 gene expression chip (Fluidigm, Figure 8) 5.0 μL of each assay and 5.0 μL of 

each sample mixture were pipetted into the IFC inlets. To load the chambers by assays and 

samples, the IFCs were placed into an IFC controller HX (Fluidigm, Figure 9). The IFC 

controller is a compact single-bay instrument that employs pneumatic pressure to precisely 

meter samples and reagents and to control valves within IFCs. The IFCs were transferred to 

Biomark™ HD System (Fluidigm, Figure 9) for real-time fluorescence detection afterward. 

 
Figure 9. Fluidigm IFC controller HX machine and Biomark™ HD System 

The gene expression thermal cycling protocol “GE Fast 96X96 PCR+Melt v2.pcl” (Biomark 

HD Data Collection software v3.0.2), 70 °C for 40 min, 60 °C for 30 s, 95 °C for 1 min, followed 

by 30 cycles of 96 °C for 5 s, and 60 °C for 20 s, was used to generate crossing point (Ct) 

values1. Then, 60 °C for 3 s followed by increasing temperature gradually up to 95 as 1 cycle 

in each 3 s to create the melting curve. To correct run-to-run variation, 3 inter-run calibrators 

 
1Ct values were calculated from the system's software (BioMark Real-time PCR Analysis; Fluidigm) 
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from pooled samples were used for each IFC. All the reactions were performed in triplicates 

(Figure 10). 

Figure 10. Diagram depicting the Microfluidics Fluidigm gene expression workflow that was employed 
for reverse-transcription quantitative PCR (RT-qPCR) analysis including primer design through to gene 
expression results.  

The analysis software (Fluidigm Real-Time PCR Analysis Software, v4.5.2) gave cycle 

threshold (Ct) values and calculated ΔCt values, as well as the quality score for each 

amplification. Out of these ΔCt values calculated from the Ct value of the gene of interest minus 

the average Ct value of the reference genes (a set of 3 most stable reference genes selected for 

this study out of 8 reference genes suggested by previous studies. Look at section 3.5.1.3, under 

the title of evaluating reference genes) for every single sample. The relative abundance (ΔΔCt) 

was calculated out of the ΔCt values for target genes for each unknown sample minus the 

average ΔCt values for reference genes. The fold change of ΔΔCt was calculated as shown 

in equation: 

ΔΔCt = ΔCt reagent of test gene for unknown sample - (average ΔCt 

reagent of a reference gene for reference sample) 

Fold change = 2−(ΔΔCt) 

The quality threshold in the Biomark system analysis software (Fluidigm) is a qualitative 

tool to measure the quality of each amplification curve. In this method, each amplification curve 

is compared to an ideal exponential curve and is given a quality score between 0 and 1, where 

0 is a flat line and 1 is a perfect sigmoid. To build this quality scores, factors include the linearity 

of the baseline, the delta normalized reporter value (Rn) of the final product or signal that is 

produced, the slope of the amplification plot, and the return to linearity after exponential growth 

are taken into account. A default arbitrary cut-off value of 0.65 for the quality threshold in the 

Real-Time PCR Analysis software was used for this study. The amplification with quality 

scores less than the threshold was automatically removed by the software from two next 

calculations including the Ct threshold calculation and a reference normalization calculation. 

For example, if the reference gene Ct has a failed quality score, it was not used in a ΔCt 
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calculation. The means of quality scores reported by the Fluidigm Real-Time PCR Analysis 

Software are presented in Table 1. 

Data mining on the list of 41 genes significantly changed by group, time, and their 

interaction was performed using the Kyoto Encyclopedia of Genes and Genomes pathways 

(KEGG; http://www.genome.jp/kegg/) with the Database for Annotation, Visualization and the 

Integrated Discovery tool (DAVID; http://david.abcc.ncifcrf.gov; Hosack et al., 2003). 
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Table 1. Characteristics of the primers and the real-time PCR conditions 

Gene1 Sequence (5′–3′) NCBI accession no. 
Product length 

(bp) 

Melting 
temp. 
(°C) 

GC 
content 

% 

Mean 
quality 
score 

MTTP 
Forward TGGAGCTGAAAACCACGGAA 

NM_001101834.1 138 
60 50 

0.99 
Reverse GGCATCCTTTGCACTTGCTC 60 55 

SLC27A3 
Forward CTTCACCTGTGGACTGTGGG 

XM_024989955.1 134 
60 60 

0.99 
Reverse AGGCATGTGTCCGTCATGTT 60 50 

SLC27A4 
Forward TTCCCTACTCTGCTACAGCC 

XM_024998569.1 147 
59 55 

0.85 
Reverse CTTGGGTCCAGGGCAGTTT 60 58 

MLYCD 
Forward GAACGGGGTGCTGAAAAACA 

NM_001098946.1 142 
59 50 

0.99 
Reverse CATCCAGGTTTTCACGGGGT 60 55 

ACOX3 
Forward GACCACCCGAATGGCATAGT 

XM_024993139.1 105 
60 55 

0.98 
Reverse CCTTTGGAAACACTTCTTTGATGGA 60 40 

ECH1 
Forward GGAGGTGGACGTAGGTTTGG 

XM_024979072.1 110 
60 60 

0.99 
Reverse TCATCTTGCGGGCAGTGTAG 60 55 

ECHDC2 
Forward CCCATGTCTTCCGGTTTCCTA 

XM_015465413.2 71 
59 52 

0.99 
Reverse CAAACTGCTCCTCCTACGGG 60 60 

ALDH3A1 
Forward CAGCATCCGGTAGGGTGATAG 

NM_001046423.1 82 
60 57 

0.99 
Reverse GCAGCCTTTGCATCCTGAAC 60 55 

TMLHE 
Forward GGGGTTGGGCCAGTCTTAAA 

NM_001076064.1 81 
60 55 

0.99 
Reverse GACAGCCCGGTCATAGTTGT 60 55 

CRAT 
Forward CGACCTGCCTCTGTCAACAT 

XM_024998525.1 108 
60 55 

0.99 
Reverse AGGCGTCCACAAACTGTAGG 60 55 

CROT 
Forward CCGTGGTGGTGCTTCGTTA 

NM_177494.2 71 
60 58 

0.99 
Reverse AAAGCAAAGGTAGCTCCGCA 60 50 

ACACA 
Forward ACGGCTGACTGGAGTTGAAG 

NM_174224.2 186 
60 55 

0.99 
Reverse AACGTCTGCTTGTCCGTCTT 60 50 

COX4I1 
Forward AAACACCCGGGACGACTAAG 

NM_001001439.3 196 
60 55 

0.80 
Reverse CGTCCTGGCTAGAAGGTCAG 60 60 

SLC27A2 
Forward ATGGCGTGCCTCAACTACAA 

NM_001192863.1 188 
60 50 

0.99 
Reverse GAGTTGACCCCATCCGTGTT 60 55 

SLC25A20 
Forward GTTCCTTAACTGGGCTGTGC 

NM_001077936.2 172 
59 55 

0.99 
Reverse ACAATGGTCTCGACAGGTCC 59 55 

ACADS 
Forward GTTCAAGTTGGCGGACATGG 

NM_001034401.2 199 
60 55 

0.93 
Reverse TGGCATCTCCTTCACGTAGC 60 55 
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PCCB 
Forward CCTGTATCGGTTAACGAACGC 

NM_001038548.2 155 
59 52 

0.99 
Reverse TCGCTCTCAACAAAACTGCC 59 50 

MUT 
Forward CCTTTGCACTTGCTTGGTCC 

NM_173939.2 134 
60 55 

0.99 
Reverse AGGTGCACGGTCTTACTCAC 60 55 

ACOX1 
Forward AGGAAGTTTGGCATCGCAGA 

NM_001035289.3 89 
60 50 

0.99 
Reverse TAATTGAGGCCCACAGGTTCC 60 52 

SLC22A5 
Forward GTGCTGTTTGTGACGATGGG 

NM_001046502.2 143 
60 55 

0.99 
Reverse GTTCCCAGGACAAATGCTGC 60 55 

HMGCL 
Forward GCTTTGGAAGCTGGGCG 

NM_001075132.1 99 
59 65 

0.99 
Reverse CCACAGATGAGGTGCTGACA 60 55 

HMGCS2 
Forward GGAAGCGTGTGTCTCCTGA 

XM_010803104.3 183 
59 58 

0.98 
Reverse CCACATATCTTTAAACGGGACGC 60 48 

ACAT1 
Forward CGGAGAGAGAGGTCGGAGAT 

NM_001046075.1 103 
60 60 

0.99 
Reverse AACTTCGCTCCGCATACCTT 60 50 

FGF21 
Forward GATGTTTCGGGGCGTGAATG 

XM_005219486.4 208 
60 55 

0.99 
Reverse TGGCTAACTGAGGCAGATCG 60 55 

RPS6KB1 
Forward ATTTGCCTCCCTACCTCACG 

NM_205816.1 80 
59 55 

0.99 
Reverse TCCAAGACGAGAAGCAGCAT 59 50 

ACOX2 
Forward TGCTGCACACAGGTTCTCA 

XM_024982656.1 205 
59 53 

0.99 
Reverse TGTTGGTGAGTTCCTCCACG 60 55 

PCCA 
Forward ACCGCAGAAGCTGCTACATA 

NM_001083509.1 199 
59 50 

0.99 
Reverse GAGGATACGCACCTTGTACACT 60 50 

CPT1 
Forward AGCTCAGAGACAAATGCCCA 

NM_001034349.2 90 
59 50 

0.99 
Reverse ATCAGCCTTGGGAACTTGGAA 60 48 

CPT2 
Forward CGGCCTGATCTCCATACACC 

NM_001045889.2 205 
60 60 

0.99 
Reverse CTGGTAGTGCATAGTGGGCA 59 55 

mTOR 
Forward TTCCGACCTTCTGCCTTCAC 

XM_002694043.6 128 
60 55 

0.99 
Reverse ACAGCCACAGAAAGTAGCCC 60 55 

APOB 
Forward TTGGGCTTACCGACAATGCT 

XM_024999521.1 216 
60 50 

0.94 
Reverse GTGCCTTTGCTTTCTGTGGG 60 55 

PRKAG1 
Forward GATGAGAAAGGGCGTGTGGT 

NM_174586.2 70 
60 55 

0.99 
Reverse AGGTCTTTTCTGCTGCCAGG 60 55 

ECHDC3 
Forward TGGCAAGTGACAAGTCCTCC 

NM_001193156.1 109 
60 55 

0.99 
Reverse TCTAAGGCCACCTTTCTCGG 59 55 

FABP1 Forward AGTCCAGACCCAGGAGAACT NM_175817.3 178 60 55 0.91 
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Reverse CTCCCCCAAGGTGAACTCAT 59 55 

HADHA 
Forward TTCTACCAATGAGCAGGCCC 

NM_174335.2 185 
60 55 

0.99 
Reverse ACTTGCTGGGAGGGAGAGAT 60 55 

ACADVL 
Forward CTGGAAAGTGACAGATGAGTGC 

NM_174494.2 117 
59 50 

0.98 
Reverse TTTGTCCCCTCGAAGATCCG 59 55 

ACADM 
Forward CGTGAGCCAGGATCAGGATT 

NM_001075235.1 164 
60 55 

0.97 
Reverse CCAAGCTCCCAGGCTCTTTTA 60 52 

ECHS1 
Forward CCTGGCTCTTCTGCCCG 

NM_001025206.2 109 
60 71 

0.99 
Reverse TTCAGCTGGATCAACCCCAC 60 55 

ACAD10 
Forward GTTTGCTTGGAGGTGAACCC 

NM_001192292.1 113 
59 55 

0.99 
Reverse GCCAAGGCGATCCTCCTAAA 60 55 

PPARGC1A 
Forward TGCAGTACACATCAGCCTCA 

NM_177945.3 95 
59 50 

0.99 
Reverse TGCCAGGAGTTTGGTTGTGATA 59 45 

YWHAZ 
Forward CCTACTCCGGACACAGAACAT 

NM_174814.2 198 
59 52 

0.99 
Reverse TGACCTACGGGCTCCTACAA 60 55 

EIF3K 
Forward CCAGGCCCACCAAGAAGAA 

NM_001034489 125 
59 55 

0.99 
Reverse TTATACCTTCCAGGAGGTCCATGT 60 57 

HPCAL1 
Forward CCATCGACTTCAGGGAGTTC 

NM001098964 99 
60 58 

0.98 
Reverse CGTCGAGGTCATACATGCTG 60 55 

POLR2A 
Forward CTATCGCAGAACCCACTCACC 

NM_001206313.2 91 
60 57 

0.99 
Reverse CACAGCGGGAAGGATGTCTG 61 60 

GAPDH 
Forward CCGCATCCCTGAGACAAGAT 

NM_001034034.2 218 
60 55 

0.99 
Reverse ATGACGAGCTTCCCGTTCTC 60 55 

MARVELD1 
Forward TCGGTGCTTTGATGTCTTGC 

NM_001101262.1 71 
59 50 

0.99 
Reverse CAATCCACGGGCACTTCCTA 60 55 

LRP10 
Forward TTTTCCCGAATCCTGCCTGT 

NM_001100371.1 73 
60 50 

0.99 
Reverse ACAGGCCTCTGTAAGGTGC 59 58 

EMD 
Forward GACTTAGATTCGGCGTCCGT 

NM_203361.1 140 
60 55 

0.99 
Reverse TCAGGTTCCCCGTAAGTCCT 60 55 

1Target genes: MTTP = microsomal triglyceride transfer protein; SLC27A3 = solute carrier family 27 
member 3; SLC27A4 = solute carrier family 27 member 4; MLYCD = malonyl-CoA decarboxylase; 
ACOX3 = acyl-CoA oxidase 3, pristanoyl; ECH1 = enoyl-CoA hydratase 1; ECHDC2 = enoyl-CoA 
hydratase domain containing 2; ALDH3A1 = aldehyde dehydrogenase 9 family member A1; TMLHE = 
trimethyllysine hydroxylase; CRAT = carnitine O-acetyltransferase; CROT = carnitine O-
octanoyltransferase; ACACA = acetyl-CoA carboxylase alpha; COX4I1 = cytochrome c oxidase subunit 
4I1; SLC27A2 = solute carrier family 27 member 2; SLC25A20 = solute carrier family 25 member 20; 
ACADS = acyl-CoA dehydrogenase short-chain; PCCB = propionyl-CoA carboxylase subunit beta; 
MUT = methylmalonyl-CoA mutase; ACOX1 = acyl-CoA oxidase 1; SLC22A5 = solute carrier family 
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22 member 5; HMGCL = 3-hydroxy-3-methylglutaryl-CoA lyase; HMGCS2 = 3-hydroxy-3-
methylglutaryl-CoA synthase 2; ACAT1 = acetyl-CoA acetyltransferase 1; FGF21 = fibroblast growth 
factor 21; RPS6KB1 = ribosomal protein S6 kinase B1; ACOX2 = acyl-CoA oxidase 2; PCCA = 
propionyl-CoA carboxylase subunit alpha; CPT1 = carnitine palmitoyltransferase 1; CPT2 = carnitine 
palmitoyltransferase 2; MTOR = mechanistic target of rapamycin kinase; APOB = apolipoprotein B; 
PRKAG1 = protein kinase AMP-activated non-catalytic subunit gamma 1; ECHDC3 = enoyl-CoA 
hydratase domain containing 3; FABP1 = FA binding protein 1; HADHA = hydroxyacyl-CoA 
dehydrogenase trifunctional multienzyme complex subunit alpha; ACADVL = acyl-CoA dehydrogenase 
very long-chain; ACADM = acyl-CoA dehydrogenase medium-chain; ECHS1 = enoyl-CoA hydratase, 
short-chain 1; ACAD10 = acyl-CoA dehydrogenase family, member 10;PPARGC1A = peroxisome 
proliferator-activated receptor gamma coactivator. 
Reference genes: YWHAZ = tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein 
zeta; EIF3K = Eukaryotic Translation Initiation Factor 3 Subunit K; HPCAL1 = Hippocalcin like 1; 
POLR2A = RNA polymerase II subunit A; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; 
MARVELD1 = MARVEL domain containing 1; LRP10 = LDL receptor related protein 10, EMD = 
emerin.  
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3.4.2 Quantification of target proteins 

3.4.2.1 ELISA for bovine haptoglobin (bHp) 

Haptoglobin was measured in serum samples from 14-time points starting at 110 days 

after calving until 114 days after calving (1 day before LPS, 0.5, 1, 2, 3, 4, 6, 9, 12 h after LPS 

and 1, 2 and 3 days after LPS) in 30 cows from CON and 29 cows from CAR using an in-house 

developed ELISA according to Hiss et al. (2004). In brief, microtiter plates (EIA plate 9018, 

Corning Costar, Cambridge, MA, USA) were coated with serum sample (dilution 1/3,000) at 4 

°C for an overnight period. After blocking with 200 μL of 2.5% casein in 0.05 M NaCl, pH 7.4, 

at room temperature for 2 h, the plates were washed 5 times and then stored in storage buffer at 

+4 °C. Before use, the storage buffer was decanted, and the plates were tapped against a tissue 

paper to remove the remaining buffer. To each well, 50 μL of test or control (dilution at least 

1/100) were added in duplicate. Calibration curves were created using serum samples at 

dilutions from 9 μg/mL to 0.012 μg/mL in duplicate. Fifty μL of the rabbit anti-bovine Hp (lab 

production, code 49, dilution 1/50,000) were then added and incubated on a shaker for 2 h at 

room temperature. After 3 washes, 100 μL of the second antibody (mouse anti-rabbit IgG 

peroxidase, #A1949, Sigma-Aldrich, St. Louis, MO, USA, 1/800,000 dilution) were added and 

incubated for 30 min. After 5 washes, the wells were filled with 140 μL of a freshly prepared 

substrate solution containing 0.05 M citric acid, 0.055 M Na2HPO4, 0.05% urea hydrogen 

peroxide, 2% ProClin 150, and 2% of a tetramethylbenzidine solution (12.5 mg/mL in 

dimethylsulfoxide). The reaction was stopped after 30 min with 50 μL of 1 M oxalic acid, and 

the optical density (OD) was determined at 450 nm with a microtiter plate reader (SynergyH1, 

Bio-Tec Instruments, Inc., Winooski, VT). The Hp concentrations in unknown samples were 

then calculated from the calibration curve. Outlier detection was done for the results with 

producing a box-plot by SPSS (version 26; SPSS Inc., Chicago, IL, USA). Values more than 

three interquartile ranges (IQR) from the end of a box were labeled as outliers and removed 

from the analysis (Hoaglin and Iglewicz, 1986). 

3.4.2.2 Capillary Western Blotting for target proteins related to fatty acid metabolism 

20 mg of liver samples from 2-time points (100 days after calving (11 days before LPS) 

and 112 days after calving (24 h after LPS)) from 22 cows (11 from CON and 11 from CAR, 

randomly selected from the animals with the most complete set of liver biopsy samples) were 

homogenized in ice-cold Tris/HCl lysis buffer (pH 7.4) containing protease inhibitors 

cOmpleteTM, Mini Protease Inhibitor Cocktail, 1 tablet per 10 mL; Roche Diagnostics, 

Mannheim, Germany; Pefabloc SC [4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 
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1 mM, Sigma Aldrich, St. Louis, MO] for inhibiting serine protease, cysteine protease, and 

metalloproteases in a tissue-to-buffer ratio of 1:8 using the Precellys 24 system (VWR/Peqlab 

Biotechnologie, Erlangen, Germany). Total protein concentration was measured via Bradford 

assay (Roti Nanoquant K880, Carl Roth, Karlsruhe, Germany) by generating a standard curve 

using bovine serum albumin. 

Protein quantification was performed by Simple Western size-based protein assay (WES, 

ProteinSimple, San Jose, CA), an automated capillary-based electrophoretic immunoassay, as 

per the manufacturer's instructions (https://www.proteinsimple.com/technical_library.html). In 

brief, samples were first diluted with 0.1× sample buffer to adjust the protein concentration to 

dilution within the linear range (between 0.3125 and 0.9375 μg/μL) and then diluted 4:1 by 

adding 3 μL of the 5× master mix. The final samples were heated for 5 min at 95 °C, placed on 

ice for 5 min, briefly centrifuged twice (2,500 × g, 5 s, 20 °C) with short vortex spins in 

between, and applied to the wells in duplicate. A control sample was also loaded on every plate 

to correct for inter-run variations (accepted interassay CV <20%, intra-assay CV <15%). 

Primary antibodies against total AMPK (#2532; Cell signaling technology, Danvers, MA, 

USA), total ACACA (#3662S; Cell signaling technology) and total SLC25A20 (#PA5-42411; 

ThermoFisher Scientific, Waltham, MA USA) were diluted 1:150, 1:100 and 1:30, respectively. 

All other reagents (antibody diluent, secondary antibodies, streptavidin-HRP, luminol-S, 

hydrogen peroxide) loaded on the plate were obtained from ProteinSimple and used according 

to the recommendations. Simple Western analysis was performed with multi-image exposures 

and otherwise instrument default settings at room temperature (RT). Using Compass Software 

(ProteinSimple), the area under the curve, which represents the signal intensity of the 

chemiluminescent immunoreaction, and which directly correlates with the abundance of the 

target protein, was assessed for each sample and normalized to the control. To normalize the 

data, first the sample and control mean (Meanx) were corrected (MeanPx) based on the amount 

of protein loaded (Px): 

MeanPX = MeanX/PX 

Subsequently, the sample mean value (MeanPx) corrected for the protein amount was 

divided into the control mean value corrected for the protein amount of the respective plate 

(MeanIRC plate) and to the mean of the controls across all plates (MeanIRC Ʃ plates) related: 

Corrected protein = MeanPx / [(MeanIRC plate + MeanIRC Ʃ plates) × 0.5] 
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3.5 Statistical analyses 

3.5.1.1 Evaluating reference genes 

In this study, we examine the use of 8 reference genes commonly used in many other 

studies namely YWHAZ, EIF3K, HPCAL1, POLR2A, GAPDH, MARVELD1, LRP10 and EMD 

versus a selection of 3 most stable reference genes to normalize the mRNA data of the study. 

To determine the most stably expressed genes for mRNA data normalization, a set of 8 genes 

(Crookenden et al., 2017; Saremi et al., 2012) was tested using the conditions of a BioMark HD 

real-time PCR system (mentioned above) and their stability was evaluated using qBasePLUS 2.0 

software (Biogazelle, Ghent, Belgium, Figure 17) to determine average expression stability (M) 

value for each gene to rank the stable level of the candidate reference genes based on their 

expression stability (Vandesompele et al., 2002). It has been shown that M value and gene 

stability have a negative correlation (Hu et al., 2016). Genes with the highest M value are 

considered to be the least stable ones, while those with the lowest M value have the most stable 

expression. 

3.5.2 Target genes and proteins 

Outlier detection was done for the results by producing a box-plot by SPSS (version 26; 

SPSS Inc.). Values more than three interquartile ranges (IQR) from the end of a box were 

labeled as outliers and removed from the analysis (Hoaglin and Iglewicz, 1986). The data from 

target mRNA and protein in liver and Hp in serum were analysed using the MIXED procedure 

of SAS (version 9.2; SAS Institute Inc., Cary, NC, USA). Before analysis, the data were 

screened for normality using the UNIVARIATE procedure of SAS, and any parameter that was 

not normally distributed was transformed using a log10 transformation before analysis. The 

model included the random effect of cow and the fixed effects of group, time, and their 

interaction (group × time). Data from initial mRNA abundance (at day 42 ap) were considered 

as covariates. The Tukey-Kramer adjustment was applied to account for multiple comparisons. 

The threshold of significance was set at P ≤ 0.05; trends were declared at 0.05 < P ≤ 0.10. 

3.5.3 Correlations 

The relationships between the abundance of different mRNA were tested with the Spearman 

correlation test using the statistics program JMP Pro (version 15, SAS Institute Inc., Cary, NC, 

USA). A Spearman's rank correlation coefficient (RS) of RS ≥ 0.9 was rated as very high, RS = 

0.68 to 1.0 as strong or high, RS = 0.36 to 0.67 as modest or moderate, and RS ≤ 0.35 as low or 

weak correlation (Taylor, 1990). 
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4 RESULTS 

4.1 Performance and treatment responses 

The measurements of dry matter intake, energy balance, milk yield, milk composition, clinical 

findings and concentrations of carnitine, NEFA, BHB, and glucose were performed by the 

project partners of the MitoCow consortium at the FLI in Braunschweig and the respective 

manuscript is published elsewhere (Meyer et al., 2021). 

4.1.1 Dry matter intake 

As reported by Meyer et al. (2021), dry matter intake (DMI) was similar in both CAR and CON 

(P Group = 0.80) and was not affected by L-carnitine supplementation over time (P Group × Time = 

0.19). For DMI, a time-dependent variation was found (P Time < 0.001). The DMI dropped by 

35% from day 3 before LPS and reached a nadir on the day of LPS in both CAR and CON. 

Afterward, there was a continuous increase until the second day after LPS when it almost 

reached the starting levels (Figure 11). 

 

Figure 11. Dry matter intake of cows fed a non-supplemented (CON) or an L-carnitine-supplemented 
diet (CAR). Data are given as LS-Means ± SE (Meyer et al., 2021). 

4.1.2 Milk 

Milk production per day was similar in CAR and CON (P Group = 0.66) from 3 days before 

until 3 days after LPS with a slight trend of difference over time (P Group × Time = 0.09). Daily 

milk yield changed with time (P Time < 0.001) as there was a sudden decrease to 13% less milk 

yield on the day of LPS which continued to decrease in CAR the following day. Milk yield 
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started to increase in CON from the day after LPS and in CAR from day 2 after LPS till the last 

sampling time point (3 days after LPS) (Figure 12). 

 

Figure 12. Milk yield of cows fed a non-supplemented (CON) or an L-carnitine-supplemented diet 

(CAR). Data are given as LS-Means ± SE (Meyer et al., 2021).  

4.1.3 Clinical findings 
The rectal temperature (Figure 13) was alike in CAR and CON (P Group = 0.25) but it was 

affected by time (P Time < 0.001). The rectal temperature increased continuously in both groups 

by 3.7% until 4 h to a maximum level of 39.4 ± 0.1 °C after LPS administration, and it decreased 

afterward to the initial level at 24 h after LPS and then observed unchanged till the end of the 

trial. 

 

Figure 13. Rectal temperature of cows fed a non-supplemented (CON) or an L-carnitine-supplemented 
diet (CAR). Data are given as LS-means ± SE (Meyer et al., 2021). 
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4.1.4 Blood parameters 

4.1.4.1 Carnitine 
The concentration of free carnitine in the blood (Figure 14) was different between CAR 

and CON (P Group < 0.001) and was differently affected by L-carnitine supplementation over 

time (P Group × Time < 0.001). The initial level of the mean of carnitine concentration in CAR was 

on average 9 times higher than CON. The concentration of the carnitine level in CON was 

almost unchanged over the whole experiment. In CAR, carnitine concentration dropped by 

about 50% until 12 h after LPS to increase afterward by about 50% until 48 h after LPS. 

Thereafter, it was unchanged until the end of the experiment. 

 

Figure 14. L-carnitine in plasma of cows fed a non-supplemented (CON) or an L-carnitine-
supplemented diet (CAR). Data are given as LS-means ± SE (Meyer et al., 2021). 

4.1.4.2 Haptoglobin 

Jugular injection of LPS led to an increase of Hp concentrations both in CAR and CON 

(Figure 15). The difference in Hp levels in the serum of the CON and CAR groups was not 

significant (P Group = 0.94) but the effect of time was (P Time < 0.001). The first increase was 

observed 2 h after injection of LPS (P = 0.004) when compared with the initial basal 

concentration. Maximal Hp concentrations of more than 8-fold above basal concentrations were 

maintained until 48 h after LPS injection in both CAR and CON. 
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Figure 15. Haptoglobin concentration (mean ± SE) in serum before and after jugular LPS application. 
Asterisks indicate differences (*P < 0.05) between each time point compared with -24 h. 

4.1.4.3 Serum Parameters with Relevance for Energy Metabolism 

The results from net EB, NEFA, BHB, and glucose are summarized in Figure 16. As 

presented, the net EB was similar in CAR and CON (P Group = 0.13) but it was affected by time 

(P Time < 0.001) reaching a negative value in both the CAR and CON at the week of LPS 

challenge and the amounts of it were higher for the CAR. Net EB started changing from a 

negative to a positive from the week 1 after LPS. In a shorter period from a day before till 14 

days after the LPS challenge, the NEFA concentration in plasma was lower in the CAR 

compared with CON (P Group = 0.04) and the effect of time was significant (P Time < 0.001). 

Also, irrespective of treatment (P Group = 0.25), there was an increase in BHB concentration at 

the first time point after LPS and then decreased till 3 hours after LPS. After that, there was a 

steady increase of BHB concentration till 48 hours post LPS administration when the BHB 

reached its maximum concentration in the serum in CON followed by another decrease which 

went on till 7 days after LPS and then increased slightly at the last sampling time point (P Time 

< 0.001). For glucose concentration, a time-dependent variation was found (P Time < 0.001), its 

level increased at the first time point after LPS and then decreased to its starting value and 

remained almost unchanged during the rest of the time points. 
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Figure 16. (A) Net energy balance (EB), (B) Serum concentrations of non-esterified fatty acids (NEFA), 
and (C) ß-hydroxybutyrate (BHB), and (D) whole blood concentrations of Glucose in cows fed a non-
supplemented (CON) or an L-carnitine-supplemented diet (CAR). Data are given as LS-means ± SE 
(Meyer et al., 2021). 

4.2 Most stable reference genes 

In this study, the stability of the mRNA abundance of the candidate reference genes were 

evaluated by qbase+ software and the three most stable genes were HPCAL, EIF3K, and LRP10. 

To compare the results of analysis by 8 vs. 3 reference genes, target genes were normalized 

using the Fluidigm real-time PCR Analysis Software 4.5.2 (Fluidigm) once with 8 and once 

with the 3 most stable reference genes identified by qbase+ software and then compared (Figure 

17).  

 
Figure 17. Ranking of the reference genes in hepatocytes. The transcriptional stability of the candidate 
reference genes was evaluated by qbase+ software. A total of three genes were identified to have high 
transcriptional stability (HPCAL, EIF3K, and LRP10). X-axes, internal reference genes. 
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The results from the mRNA abundance of 41 targeted genes in this study normalized by 

8 versus 3 most stable reference genes are presented in table 2. As shown, the large difference 

between these 2 sets of data is considerable that shows selecting 8 genes for normalization of 

the mRNA results was not optimal and emphasizes the selection of proper stable endogenous 

control genes as an important step of any RT-qPCR study. 

Table 2. Comparison of results for fixed effects of group, time, and their interaction (group × time) for 
mRNA abundance of 41 targeted genes normalized by 8 or 3 most stable reference genes. 

 P-value with 8 references genes1 P-value with 3 references genes1 

Pathway Gene name Group Time G × T Group Time G × T 

AMPK/mTOR 

PRKAG1 
(AMPK) 

0.36 0.33 0.85 0.51 0.01 <.0001 

mTOR 0.39 0.09 0.15 0.52 <.0001 0.89 

RPS6KB1 0.59 0.28 0.10 0.91 <.0001 <.0001 

PPARGC1A 0.05 0.79 0.25 0.65 <.0001 <.0001 

SREBF1 0.37 0.16 0.74 0.98 <.0001 0.19 

Carnitine metabolism 

SLC22A5 0.48 0.84 0.37 0.16 <.0001 <.0001 

TMLHE 0.42 0.53 0.44 0.56 <.0001 <.0001 

CRAT 0.09 0.82 0.06 0.9 0.02 0.03 

CROT 0.11 0.28 0.16 0.43 0.47 0.03 

FA uptake 

SLC25A20 0.17 0.28 0.01 0.36 0.39 0.07 

SLC27A2 0.10 0.79 0.83 0.04 <.0001 0.43 

SLC27A3 0.22 0.41 0.39 0.37 0.08 0.31 

SLC27A4 0.16 0.63 0.43 0.29 <.0001 0.91 

Ketogenesis 

HMGCL 0.46 0.74 0.39 0.53 0.45 0.18 

ACAT1 0.02 0.71 0.10 0.27 0.04 0.08 

FGF21 0.76 0.81 0.05 0.45 <.0001 0.55 

HMGCS2 0.16 0.25 0.84 0.51 0.09 0.03 

Lipoprotein synthesis 
APOB 0.20 0.48 0.02 0.25 0.02 0.83 

MTTP 0.03 0.09 0.08 0.50 <.0001 <.0001 

Mitochondrial FA 
oxidation 

FABP1 0.14 0.92 0.86 0.52 <.0001 <.0001 

ACACA 0.92 0.06 0.68 0.95 <.0001 <.0001 

COX4I1 0.98 0.92 0.81 0.73 0.03 0.03 

ACAD10 0.14 0.92 0.86 0.15 0.05 0.03 

ACADM 0.15 0.22 0.71 0.98 0.53 <.0001 

ACADVL 0.22 0.45 0.35 0.94 0.15 <.0001 

HADHA 0.32 0.55 0.45 0.95 <.0001 <.0001 

CPT2 0.19 0.84 0.29 0.53 0.16 0.01 

CPT1 0.48 0.27 0.30 <.0001 <.0001 <.0001 

PCCA 0.88 0.87 0.38 0.25 <.0001 0.01 

PCCB 0.01 0.05 0.07 0.70 <.0001 0.04 

MUT 0.27 0.64 0.97 0.50 <.0001 <.0001 

ACADS 0.39 0.35 0.52 0.24 <.0001 0.01 

MLYCD 0.43 0.75 0.19 0.06 <.0001 <.0001 
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Peroxisomal FA oxidation 

ECH1 0.72 0.58 0.44 0.42 <.0001 <.0001 

ECHDC2 0.14 0.63 0.05 0.12 <.0001 <.0001 

ECHS1 0.14 0.92 0.86 0.25 <.0001 0.11 

ECHDC3 0.02 0.88 0.42 0.81 <.0001 0.77 

ACOX2 0.46 0.19 0.05 0.29 <.0001 0.89 

ACOX3 0.60 0.55 0.16 0.20 <.0001 0.16 

ALDH3A1 0.10 0.56 0.09 0.45 <.0001 0.25 

ACOX1 0.80 0.95 0.04 0.17 <.0001 <.0001 
1Significant P values (≤ 0.05) are highlighted by bold numbers. 

4.3 Hepatic mRNA abundance of the target genes related to fatty acid metabolism 

The mRNA abundance of 41 genes involved in FA metabolism in liver tissue is presented 

in Table 3. From the 5 genes involved in the AMPK-mTOR signaling pathway, i.e., PRKAG1, 

mTOR, RPS6KB1, PPARGC1A, and SREBF1 changes in abundance of genes over time were 

observed. Interaction between group and time was observed for PRKAG1, RPS6KB1, and 

PPARGC1A. The comparison between groups within time points yielded higher mRNA 

abundances in the CAR group at d 112 pp for PRKAG1, RPS6KB1, and PPARGC1A and higher 

mRNA abundance in the CON group at d 100 pp for RPS6KB1. 

Out of the 4 genes associated with L-carnitine metabolism, SLC22A5, TMLHE, and CRAT 

were affected by time. For SLC22A5 and TMLHE an interaction of group and time was observed 

that the mRNA abundance was higher in the CON at d112 and 100 pp respectively. 

Concerning the genes related to FA uptake, the mRNA abundance of gene SLC27A2 was 

lower in the CAR group than in the CON group. Except for the SLC25A20, time was significant 

for 3 other genes in this pathway including SLC27A2 and A4 and a trend of that for SLC27A3. 

Besides, there was no interaction between group and time. 

From the genes associated with ketogenesis, 2 were affected by time including ACAT1 

and FGF21. The mRNA abundance of HMGCL was neither affected by group nor by time, and 

there was no group × time interaction. A trend for a time effect was observed for HMGCS2. 

Both genes of the lipoprotein synthesis pathways including APOB and MTTP changed 

over time; for MTTP there was also a group x time interaction, whereby the mRNA abundance 

in the CAR group was lower at d 100 pp and higher at d 112 pp when compared to the CON 

group. 

Regarding genes from the mitochondrial FA oxidation pathway, the hepatic mRNA 

abundance of gene CPT1 was different between the 2 groups. Changes with time were found 
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for FABP1, ACACA, COX4I1, ACAD10, HADHA, PCCA, PCCB, MUT, ACADS, MLYCD and 

CPT1 and the effect of the interaction of supplement and time was observed for ACADM, 

ACADVL, CPT2, PCCA, MUT, ACADS, MLYCD, FABP1, ACACA, ACAD10, HADHA, and 

CPT1. The mRNA abundance in the CON was higher at d 100 pp for FABP1, HADHA, 

ACADM, and PCCA and at the same time point, the mRNA abundance of ACADVL was higher 

in CAR. At d 112 pp, the mRNA values were higher in the CON for CPT1 and 2, ACADS and 

MLYCD, and higher in the CAR for ACACA, ACADM, and MUT. Values for mRNA abundance 

at d 126 pp was lower in the CAR for ACAD10. 

The mRNA abundance of all genes from the peroxisomal FA oxidation pathway was 

affected by time including ECH1, ECHS1, ECHDC2, ECHDC3, ACOX1, ACOX2, ACOX3, and 

ALDH3A1. From these 8 genes, a time x group interaction was observed for ECH1, ECHDC2, 

and ACOX1). The mRNA abundance was lower in the CAR than in the CON at d 100 pp for 

ECH, at d 112 pp and d 126 pp for ECHDC2 and d 112 pp for ACOX1. 
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Table 3. mRNA abundance of genes involved in hepatic FA oxidation  

Pathway Gene name Days relative to calving (LSM) SEM3 P-value 
100 112 126 Group Time G × T 

CAR2 CON2 CAR CON CAR CON 
AMPK/mTOR PRKAG1 

(AMPK) 
0.90 1.11 1.36a 0.93b 1.06 1.11 0.018 0.51 0.01 <.0001 

mTOR 0.98 0.97 0.87 0.87 1.03 1.01 0.008 0.52 <.0001 0.89 
RPS6KB1 1.02b 1.12a 1.06a 0.94b 1.13 1.15 0.010 0.91 <.0001 <.0001 

PPARGC1A 0.80 0.79 1.36a 1.01b 0.83 0.80 0.035 0.65 <.0001 <.0001 
SREBF1 2.10 2.22 2.38 2.00 2.62 3.12 0.075 0.98 <.0001 0.19 

Carnitine 
metabolism 

SLC22A5 0.85 0.81 0.81b 1.08a 0.79 0.82 0.034 0.16 <.0001 <.0001 
TMLHE 0.91b 1.09a 0.97 0.81 1.07 1.12 0.014 0.56 <.0001 <.0001 
CRAT 1.14 1.10 1.07 1.16 1.09 1.01 0.013 0.90 0.02 0.03 
CROT 0.88 0.99 0.93 0.92 0.93 0.91 0.014 0.43 0.47 0.03 

FA uptake SLC25A20 0.85 0.93 0.86 0.95 0.97 0.91 0.012 0.36 0.39 0.07 
SLC27A2 0.76 0.97 1.05 1.29 0.76 0.88 0.016 0.04 <.0001 0.43 
SLC27A3 1.61 0.97 1.40 1.03 1.29 1.02 0.087 0.37 0.08 0.31 
SLC27A4 2.03 2.19 3.11 4.26 2.56 3.26 0.137 0.29 <.0001 0.91 

Ketogenesis HMGCL 1.37 1.25 1.19 1.37 1.36 1.28 0.028 0.53 0.45 0.18 
ACAT1 0.90 0.97 0.88 0.93 0.95 0.95 0.008 0.27 0.04 0.08 
FGF21 1.56 1.96 0.95 1.08 1.72 1.79 0.054 0.45 <.0001 0.55 

HMGCS2 1.14 1.45 0.96 1.11 1.26 1.52 0.075 0.51 0.09 0.03 
Lipoprotein 

synthesis 
APOB 1.04 1.16 1.04 1.26 0.98 1.14 0.015 0.25 0.02 0.83 
MTTP 0.83b 1.09a 1.52a 1.20b 0.83 0.85 0.023 0.50 <.0001 <.0001 

Mitochondrial 
FA oxidation 

FABP1 1.01b 1.49a 0.93 0.74 1.57 1.62 0.038 0.52 <.0001 <.0001 
ACACA 1.30 1.58 1.18a 0.62b 2.73 2.87 0.069 0.95 <.0001 <.0001 
COX4I1 1.26 0.79 0.74 1.14 0.99 1.45 0.062 0.73 0.03 0.03 
ACAD10 1.09 1.15 1.10 1.09 1.10b 1.27a 0.014 0.15 0.05 0.03 
ACADM 2.29b 3.52a 3.17a 2.15b 3.10 2.82 0.074 0.98 0.53 <.0001 
ACADVL 1.90a 0.32b 0.51 1.03 0.95 0.92 0.072 0.94 0.15 <.0001 
HADHA 0.82b 1.09a 1.27 1.02 0.96 0.94 0.018 0.95 <.0001 <.0001 

CPT2 2.01 1.53 1.63b 2.86a 1.78 1.70 0.068 0.53 0.16 0.01 
CPT1 0.43 0.59 0.71b 1.05a 0.44 0.49 0.019 <.0001 <.0001 <.0001 
PCCA 0.67b 0.87a 0.88 0.91 0.86 0.92 0.015 0.25 <.0001 0.01 
PCCB 0.98 0.94 0.62 0.70 1.06 1.04 0.015 0.70 <.0001 0.04 
MUT 0.84 0.95 1.18a 0.95b 0.90 0.90 0.012 0.50 <.0001 <.0001 

ACADS 1.86 1.56 0.93b 1.65a 1.65 2.00 0.048 0.24 <.0001 0.01 
MLYCD 0.88 0.90 0.94b 1.25a 0.93 1.00 0.014 0.06 <.0001 <.0001 

Peroxisomal 
FA oxidation 

ECH1 0.83b 1.00a 1.17 1.05 0.84 0.91 0.014 0.42 <.0001 <.0001 
ECHDC2 1.11 1.03 0.88b 1.16a 1.07b 1.32a 0.020 0.12 <.0001 <.0001 
ECHS1 0.83 0.83 0.61 0.71 0.89 0.96 0.012 0.25 <.0001 0.11 

ECHDC3 0.97 0.97 0.88 0.87 1.02 1.03 0.013 0.81 <.0001 0.77 
ACOX2 0.86 0.99 0.99 1.16 0.88 0.96 0.025 0.29 <.0001 0.89 
ACOX3 0.95 1.10 0.76 0.78 1.04 1.11 0.014 0.20 <.0001 0.16 

ALDH3A1 0.92 0.99 0.83 0.81 0.99 1.02 0.012 0.45 <.0001 0.25 
ACOX1 0.97b 1.28a 1.19 1.08 1.19 1.32 0.017 0.17 <.0001 <.0001 

a–b Different superscripts indicate differences between the LS mean values of treatment groups for the 
same gene at each time point (P < 0.05). 
1Abundance is presented as Least square means over time in arbitrary units normalized to 3 endogenous 
control genes (LPR10, EIF3K, and HPCAL; ΔCp). 
2CAR = L-carnitine group; CON = control group 
3SEM = standard error of the mean
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4.4 The abundance of selected proteins related to fatty acid metabolism in the liver 
tissue 

 No differences related to the L-carnitine supplementation were observed for the protein 
abundance of the ACACA (P Group = 0.83). Total ACACA protein abundance was affected by 
time (P Time = 0.002), but not by the interaction of time × treatment (P Group × Time = 0.45; 
Figure 18, A). 

Differences related to the L-carnitine supplementation were not significant for the protein 
abundance of the AMPK nor SLC25A20 (P Group = 0.13 and P Group = 0.15 respectively). Total 
AMPK protein abundance nor total SLC25A20 protein abundance were not affected by time (P 

Time = 0.77 for AMPK and P Time = 0.61 for SLC25A20). The interaction of time × treatment 
was not significant for AMPK or SLC25A20 (P Group × Time for AMPK= 0.49, P Group × Time for 
SLC25A20= 0.59; Figure 18, B and C). 
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 P-Value  

Group Time Group × Time 
ACACA 0.83 0.002 0.45 
AMPK 0.13 0.33 0.25 

SLC25A20 0.15 0.61 0.59 
(D) 

Figure 18. Protein abundance [arbitrary units (AU)/μg of protein] of the ACACA (A), AMPK (B) and 
SLC25A20 (C) in the liver of dairy cows on 100 days after calving (11 days before LPS administration), 
and 112 days after calving (24 hours after LPS administration). (D) Data statistics. Data are given as 
means ± SE. Different lowercase letters indicate differences (P < 0.05) between time points (a and b) or 
between treatments (c and d). 
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4.5 Genes function and correlation 

4.5.1 KEGG pathway analysis 
The most relevant KEGG pathways in hepatic FA metabolism and their related genes 

in this study are shown in Figure 19. 

 

Figure 19. Presented pathways of target genes. Metabolic pathways = ACOX2, ACOX1, ACADM, 
ACADS, ACACA, ECHS1, COX4I1, ACAT1, HADHA, ACOX3, ALDH3A1, ACADVL, MUT, HMGCS2, 
MLYCD, PCCB, PCCA, HMGCL; PPAR signaling pathway = ACOX2, ACOX1, ACADM, CPT2, 
FABP1, SLC27A2, ACOX3, SLC27A4; FA metabolism = ACADVL, ACOX1, ACADM, CPT2, ACADS, 
ACACA, ECHS1, ACAT1, HADHA, ACOX3; Valine, leucine and isoleucine degradation = MUT, 
ACADM, HMGCS2, ACADS, ECHS1, ACAT1, PCCB, HADHA, PCCA; Propanoate metabolism = MUT, 
ACADM, MLYCD, ACACA, ECHS1, ACAT1, PCCB, HADHA, PCCA; FA degradation = ACADVL, 
ACOX1, ACADM, CPT2, ACADS, ECHS1, ACAT1, HADHA, ACOX3; Peroxisome metabolism = 
ACOX2, ACOX1, ECH1, MLYCD, CRAT, SLC27A2, HMGCL, CROT, ACOX3; AMPK signaling 
pathway = SREBF1, MLYCD, PRKAG1, ACACA, RPS6KB1, mTOR, PPARGC1A; Insulin signaling 
pathway = SREBF1, PRKAG1, ACACA, RPS6KB1, mTOR, PPARGC1A; Lysine degradation = TMLHE, 
ECHS1, ACAT1, HADHA; Synthesis and degradation of ketone bodies = HMGCS2, ACAT1, HMGCL; 
Biosynthesis of unsaturated FA = ACOX1, HADHA, ACOX3; Fat digestion and absorption = APOB, 
FABP1, MTTP 

The DAVID software and KEGG functional enrichment analysis indicated that the 

abundance of mRNAs modified by group, time, and their interaction was mainly related to 

metabolic pathways (KEGG ID: bta01100) and also PPAR signaling pathway (KEGG ID: 

bta03320), propanoate metabolism (KEGG ID: bta00640), FA metabolism (KEGG ID: 

bta01212), valine, leucine and isoleucine degradation (KEGG ID: bta00280), FA degradation 
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(KEGG ID: bta00071), peroxisome metabolism (KEGG ID: bta04146), AMPK signaling 

pathway (KEGG ID: bta04152), insulin signaling pathway (KEGG ID: bta04910), lysine 

degradation (KEGG ID: bta00310), synthesis and degradation of ketone bodies (KEGG ID: 

bta00072), biosynthesis of unsaturated FA (KEGG ID: bta01040), and fat digestion and 

absorption (KEGG ID: bta04975). Notably, the PPAR signaling pathway was particularly 

affected. The pathways are summarized in Table 4. 
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Table 4. The most relevant Kyoto Encyclopedia of Genes and Genomes (KEGG) terms in the 
metabolism of FA from the list of 41 genes [DESeq2 (Love et al., 2014; P. BH < 0.051)] in the liver 
samples 

KEGG pathways No.2 P-value 
Metabolic pathways 18 <0.001 
ACOX2, ACOX1, ACADM, ACADS, ACACA, ECHS1, COX4I1, ACAT1, 
HADHA, ACOX3, ALDH3A1, ACADVL, MUT, HMGCS2, MLYCD, 
PCCB, PCCA, HMGCL 
Valine, leucine and isoleucine degradation 10 <0.001 

MUT, ACADM, HMGCS2, ACADS, ECHS1, ACAT1, PCCB, 
HMGCL, HADHA, PCCA 

FA metabolism 10 <0.001 
ACADVL, ACOX1, ACADM, CPT2, ACADS, ACACA, ECHS1, 
ACAT1, HADHA, ACOX3 

PPAR signaling pathway 8 <0.001 
ACOX2, ACOX1, ACADM, CPT2, FABP1, SLC27A2, ACOX3, 
SLC27A4 

Propanoate metabolism 9 <0.001 
MUT, ACADM, MLYCD, ACACA, ECHS1, ACAT1, PCCB, 
HADHA, PCCA 

FA degradation 9 <0.001 
ACADVL, ACOX1, ACADM, CPT2, ACADS, ECHS1, ACAT1, 
HADHA, ACOX3 

Peroxisome metabolism 9 <0.001 
ACOX2, ACOX1, ECH1, MLYCD, CRAT, SLC27A2, HMGCL, 
CROT, ACOX3 

AMPK signaling pathway 7 <0.001 
SREBF1, MLYCD, PRKAG1, ACACA, RPS6KB1, mTOR, 
PPARGC1A 

Insulin signaling pathway 6 0.003 
SREBF1, PRKAG1, ACACA, RPS6KB1, mTOR, PPARGC1A 

Lysine degradation 4 0.012 
TMLHE, ECHS1, ACAT1, HADHA 

Synthesis and degradation of ketone bodies 3 0.006 
HMGCS2, ACAT1, HMGCL 

Biosynthesis of unsaturated FA 3 0.027 
ACOX1, HADHA, ACOX3 

Fat digestion and absorption 3 0.085 
APOB, FABP1, MTTP 

1P. BH < 0.05 = P-value, adjusted for multiple testing using the Benjamini and Hochberg method 
(false discovery rate), was less than 0.05 (Benjamini and Hochberg, 1995). 
2Number of differentially expressed genes involved in the KEGG term. 
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According to the different functions of each gene in the different pathways, the related 

genes were classified in 7 bigger functional pathways which are presented in Table 5. 

Table 5. Classification of the 41 genes of interest in relevant KEGG pathway 

Gene name KEGG pathway1 Classification 
PRKAG1 AMPK signaling pathway AMPK /mTOR 

mTOR AMPK signaling pathway 
RPS6KB1 AMPK signaling pathway 
PPARGC1A AMPK signaling pathway 
SLC22A5 nkpr2 Carnitine metabolism 
TMLHE Lysine degradation 
CRAT Peroxisome 
CROT Peroxisome 
SLC25A20 Nkpr FA uptake 
SLC27A2 PPAR signaling pathway 
SLC27A3 Insulin resistance 
SLC27A4 PPAR signaling pathway 
HMGCL Synthesis and degradation of ketone bodies Ketogenesis 
ACAT1 Synthesis and degradation of ketone bodies 
FGF21 Nkpr 
HMGCS2 Synthesis and degradation of ketone bodies 
APOB Fat digestion and absorption Lipoprotein synthesis 
MTTP Fat digestion and absorption 
FABP1 Fat digestion and absorption Mitochondrial FA oxidation 
ACACA FA metabolism 
COX4I1 Metabolic pathways 
ACAD10 Nkpr 
ACADM FA metabolism 
ACADVL FA metabolism 
HADHA FA metabolism 
CPT2 FA metabolism 
CPT1 Nkpr 
PCCA Propanoate metabolism 
PCCB Propanoate metabolism 
MUT Propanoate metabolism 
ACADS FA metabolism 
MLYCD Propanoate metabolism 
ECH1 Peroxisome Peroxisomal FA oxidation 
ECHDC2 Nkpr 
ECHS1 Metabolic pathways 
ECHDC3 Nkpr 
ACOX2 Peroxisome 
ACOX3 Peroxisome 
ALDH3A1 Metabolic pathways 
ACOX1 Peroxisome 

1The most relevant pathway is mentioned. 
2No KEGG pathway was reported. 
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4.5.2 Correlations results 

Figure 20. Heat map visualizing the correlation coefficients between levels of hepatic mRNA 
abundance from 41 genes related to hepatic FA metabolism. Red-colored cells represent positive 
correlations, and green-colored cells represent negative correlations. Gene names are provided at Table 
1. Clusters of genes are put into 7 blocks of A, B, C, D, E, F and G for the ease of understanding. 

Correlation coefficients between mRNA abundance of 41 target genes regarding 

treatment and across time were calculated (Figure 20). The figure shows clusters of genes with 

correlated expression. For the ease of understanding, these clusters were numbered from block 

A to block G. In block A, the transcript abundance of 8 genes belonging to the carnitine 

metabolism pathway (TMLHE and CROT), mitochondrial FA oxidation pathway (HADHA, 

FABP1, and ACADM) AMPK/mTOR pathway (PRKAG1 and RPS6KB1) and peroxisomal FA 

oxidation pathway (ACOX1) were positively correlated with the genes from the same block and 

negatively correlated with block F with 6 genes, four from the mitochondrial FA oxidation 

pathway (CPT2, COX4I1, ACADS, and ACADVL), one from AMPK/mTOR pathway (SREBF1) 

and one from FA uptake pathway (SLC27A4) (for a detailed list of specific r and P-value, 



 
 

64 
 

see Supplemental File S1). The small-block B consisted of two genes that belong to the 

Ketogenesis pathway (ACAT1) and peroxisomal FA oxidation pathway (ALDH3A1) which 

were in a negative correlation with genes from block G (SLC22A5 and CRAT from carnitine 

metabolism pathway and SLC27A3 from FA uptake pathway). In block C, the mitochondrial 

FA oxidation pathway genes (ACAD10 and MUT), and the AMPK/mTOR pathway 

gene (PPARGC1A) were negatively correlated with genes from block F. Block D is a group of 

genes from mitochondrial FA oxidation pathway (PCCA), FA uptake pathway (SLC27A2), 

lipoprotein synthesis pathway (MTTP) and peroxisomal FA oxidation pathway (ECH1) with 

positive correlations to genes from the same block. The block E contains four genes from two 

different functional pathways, with positive correlations between genes from the same block: 

the peroxisomal FA oxidation pathway (ECHS1, ECHDC3, and ACOX3) and mitochondrial FA 

oxidation pathway (PCCB). In addition to the negative correlation of genes from block F with 

the genes from blocks A and C, the genes in this block were in positive correlation with the 

genes from the same Block. As mentioned, we observed a negative correlation between genes 

from block G with genes from block B and C, meanwhile the genes from block G positively 

correlated with themselves. As several blocks contain co-regulated genes that belong to 

different functional pathways, there is clear evidence for crosstalk between these pathways. 
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5 DISCUSSION 

L-carnitine is required for mitochondrial FA oxidation. In one study, abomasal infusion 

of L-carnitine could elevate in vitro hepatic FA oxidation and reduce lipid accumulation in the 

liver of dairy cows. It also induced higher fat-corrected milk yield in feed-restricted lactating 

Holstein cows (Carlson et al., 2006; Akbar et al., 2013), whereas, in another study, infusion of 

up to 12 g/day of carnitine into the abomasum did not improve milk yield or digestibility of 

nutrient (LaCount et al., 1996). More specifically, abomasal infusion of L-carnitine (from day 

-25 relative to expected calving date until 56 days in milk at 6, 50, or 100 g/day) decreased total 

lipid in liver and triacylglycerol accumulation on day 10 after calving (Carlson, et al., 2007). 

Also, carnitine-supplemented cows had higher liver glycogen during early lactation. In general, 

carnitine supplementation increased in vitro palmitate (C16:0) β-oxidation by liver slices, with 

medium and high treatments affecting in vitro palmitate metabolism more potently than did the 

lower treatment, whereas the concentration of NEFA in serum was not affected by carnitine 

and as a result of greater hepatic FA β-oxidation, plasma BHB was higher for the medium and 

high treatments (Carlson, et al., 2007). By reduction in the accumulation of lipid in the liver 

and stimulating hepatic glucose output, supplementation of carnitine might improve glucose 

status and decline the risk of metabolic disorders during early lactation (Carlson, et al., 2007). 

Similarly, in liver slices obtained from cows during early lactation, carnitine increased 

oxidation and total utilization of palmitate and decreased palmitate esterification (Drackley et 

al., 1991b). Abomasal L-carnitine infusion (at 20 g/day during nine days in mid-lactation) 

showed to increase total carnitine in plasma, liver, muscle, and milk during feed restriction, 

whereas feed restriction alone could increase concentrations of carnitine in muscle and milk but 

not in the liver (Carlson, et al., 2007). Carnitine infusion raised the concentration of carnitine 

fraction in milk as well as milk carnitine output on days five to six after the start of the infusion. 

In the same study, on the last two days of the nine-day infusion period, all carnitine fractions 

were increased in carnitine-infused, feed-restricted cows, whereas all acylcarnitine except 

short-chain acylcarnitines were increased in milk from water-infused, feed-restricted cows. 

Therefore, it has been concluded that liver carnitine concentrations might limit hepatic FA 

oxidation capacity in dairy cows during the periparturient period. Therefore, L-carnitine 

supplementation has been used to decrease lipid accumulation in the liver of periparturient cows 

(Carlson, et al., 2007). 

The present study aimed at investigating the effect of L-carnitine supplementation on 

hepatic metabolism of FA in lactating dairy cows during LPS triggered inflammatory stress. 
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We herein characterized the changes in mRNA abundance of 41 key genes and 3 selected 

proteins involved in different pathways from the hepatic metabolism of FA in dairy cows. Cows 

were assigned in 2 groups of L-carnitine dietary supplemented and control-fat supplemented 

and they were studied before and after an LPS administration using the Fluidigm integrated 

fluidic circuit arrays (IFC, Fluidigm) that have been previously used successfully for large-scale 

gene expression analysis studies like Citri et al., 2012; Crookenden et al., 2017; Guo et al., 

2010; Viturro et al., 2014; and Wehner et al., 2016.  

5.1 Interaction between metabolism and inflammation 

It has been shown that FA concentration in blood is a good indicator of the magnitude of 

fat mobilization from adipose tissue (Bauman et al., 1988). A negative energy balance is 

compensated by the mobilization of FA from adipose tissue. FA are transported by binding with 

serum albumin and are taken up by FA transporters into tissues, mainly the liver (Meyer et al., 

2020; Schlegel et al., 2012; Zhao et al., 2018). In the present study, the administration of LPS 

increased concentrations of FA in plasma, which was associated with a slightly negative energy 

balance that was confirmed by the net EB observed in both the CON and CAR, similar to 

previous experiments that negative EB in dairy cows was associated with metabolic disorders 

and reproductive failures (Schlegel et al., 2012). High NEFA in the blood is reflecting adipose 

tissue mobilization during the period of negative energy balance (Dänicke et al., 2014). In 

several studies, increased levels of NEFA were reported at inflammation (Contreras et al., 2012; 

Gessner et al., 2013; Grum et al., 1996; Locher et al., 2015; Nightingale et al., 2015; Sordillo 

and Mavangira, 2014), that is due to the increased energy demands of the immune system 

(Bradford et al., 2015b) and decreased DMI at inflammation (Locher et al., 2015). In phases of 

energy deficit, NEFA is only incompletely oxidized to acetyl-CoA and serve ketogenesis 

including the production of BHB. However, NEFA as well as ketone bodies provide energy for 

tissues, (Drackley et al., 2001). Even though the production of BHB as an indicator of 

ketogenesis increased after LPS in both CAR and CON, hyperketonaemia (BHB > 1.2 mmol/L, 

Schuh et al., 2019) was not observed in any of the treatment groups during the study. These 

observations seem to be in line with the less DMI after LPS as the BHB concentration started 

to decrease at 48 hours after LPS when the DMI had reached its pre-LPS challenge values 

(decreased DMI observed from one day before LPS challenge might be due to the rehousing of 

the cows to the calving pen the day before LPS). In the present experiment, the maximum NEFA 

concentration was reached from 12 h till 72 h after LPS, at the same weekly period when the 

net EB was most negative. From day 7 to 14 after LPS, the initial NEFA concentration was 
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reached again, which coincided with increased levels of DMI to the levels before the LPS 

administration and when the net EB was changing from negative to positive that according to 

the results from aforementioned studies shows the animals in this study could meet their energy 

demands again since it is probable that increased hepatic fatty acid oxidation, as a consequence 

of plasma NEFA and hepatic fatty acid uptake, created a satiety signal in these cows (Allen et 

al., 2009). 

Carlson et al. (2007) found lower milk yields in the first 6 weeks of lactation (when cows 

are more prone for oxidative stress) for cows dietary supplemented with 100 g L-carnitine per 

day, which might be due to the lower DMI as discussed above, whereas supplementation with 

6 or 50 g per day had no impact on milk yield. The results for milk yield in the present study 

are in support of the previous one when we observed no effect of supplementation with L-

carnitine on milk production but reduced milk yield in the cows under the immune stressed state 

concurrent with the decline in DMI. 

The intravenous infusion of LPS rapidly induces an inflammatory response in the body 

characterized by activation of the immune system (Bradford et al., 2015). Systemic 

consequences are observed as the acute phase response (APR) phenomena such as altered 

plasma concentration of acute-phase proteins (APP) such as serum amyloid A, C-reactive 

protein, and Hp (Jiang et al., 2008). Haptoglobin is a major acute-phase protein in cattle with 

serum concentrations < 20 μg/mL in healthy animals and 100 to 1000-fold increases in response 

to immune stimulation (Godson et al., 1996). In this study the serum concentrations of Hp in 

CAR and CON was not significantly different but systemic LPS challenge could rise up its 

concentration from 2 hours after systemic LPS and reached its maximum level at 48 hours after 

LPS which is similar to the results of Eckersall et al. (2006) that hypothesizes induced systemic 

cytokine followed by APP production in the liver after inflammation. 

Glucose is the primary fuel of immune cells (Kvidera et al., 2017b). Reduction in milk 

synthesis is one of the signs of infection or inflammation in dairy cows, and this can be a 

strategy to save glucose for the immune system (Kvidera et al., 2017b). To ensure further that 

the adequate supply of fuel is available for the immune system, the body increases glucose 

output from the liver via both glycogenolysis and gluconeogenesis (Waldron et al., 2003). At 

the same time, peripheral insulin resistance may also occur which leads to a reduction in uptake 

of glucose by skeletal muscle and adipose tissue (Song et al., 2006). In this study, greater 

(~32%) circulating concentrations of glucose were observed after LPS (P < 0.001) which is in 

line with our observation that with the administration of LPS the production of milk dropped 
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significantly which means less demand on glucose for lactose production (Bell, 1995) 

suggesting that less glucose was used for milk production.  

In this study, rations were designed on an isoenergetic basis and DMI remained 

unaffected by the L-carnitine supplementation. Carlson et al. (2007) reported that DMI did not 

differ between non-supplemented cows and cows receiving 6 or 50 g of non-rumen-protected 

L-carnitine per day, whereas, at a dosage of 100 g dietary L-carnitine per day, DMI was lower 

during the first two weeks of lactation. Based on these findings and the present results, we 

conclude that a moderate L-carnitine supplementation neither stimulates nor depressed feed 

intake of the cows but the LPS challenge could significantly decrease the DMI in both CAR 

and CON at the day of administration. In previous studies, the increase in rectal temperature of 

cows reported being detectable 2 to 4 h after the challenge (Hoeben et al., 2000; Lehtolainen et 

al., 2003). In this study, we observed that the LPS injection could raise the rectal temperature 

above the normal range till 4 h after the administration reflecting the response of the body to an 

immune stressed state. 

According to these observations, we concluded that after LPS the cows were experiencing 

a negative energy balance due to increased activity of the immune system and reduction in DMI 

which could not be compensated by a reduction in milk yield. Consequently, the lipolysis 

escalated and a load of FA to hepatocytes increased for the generation of energy. From day 7 

to 14 after LPS, the initial NEFA concentration was reached again, which coincided with 

increased levels of DMI to the levels before the LPS administration and when the net EB was 

changing from negative to positive. According to the results from aforementioned studies this 

observation shows the animals in this study could meet their energy demands again since it is 

probable that increased hepatic fatty acid oxidation, as a consequence of plasma NEFA and 

hepatic fatty acid uptake, created a satiety signal in these cows. 

5.2 Characterization of hepatic mitochondrial metabolism of fatty acids at 
inflammation 

In contrast to our hypothesis, the mRNA abundance of the selected genes (except SLC27A2 

and CPT1) for characterizing carnitine’s metabolic effect, was not altered with L-carnitine 

treatment. However, the abundance of these genes indicates changes to the inflammatory 

response as expected. The reasons for the lack of the L-carnitine response in the abundance of 

the examined genes are not known but are likely related to the availability of the L-carnitine in 
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the intermediary metabolisms or the moderate dosage of supplementation which was used in 

this study. 

5.3 AMPK/mTOR pathway 

Cellular energy homeostasis depends on the availability of nutrients and it is regulated by 

hormones and intracellular regulatory pathways. A major player promoting fat oxidation is 

AMPK. At the period of energy deficiency, phosphorylated AMPK signals the inhibition of 

acetyl-CoA carboxylase and suppressing malonyl-CoA synthesis. Malonyl CoA inhibits CPT1, 

which is a rate-limiting step for the entry of FA into mitochondria for oxidation and thus its 

suppression enables FA transport via CPT1 (Kahn et al., 2005). AMPK is the principal regulator 

of cellular energy, which senses the ratio of AMP: ATP in the cytosol (Zoncu et al., 2011; 

Hardie et al., 2012). In addition to the metabolic energy that the animal needs for lactation, the 

requirement for cellular energy to defeat infections and repair tissues elevates the ratio of AMP: 

ATP that leads to AMPK activation by phosphorylation (Hardie et al., 2012). With this 

background, we hypothesized that the alteration in this pathway could serve as a possible link 

between energy status and inflammation so we investigated the response of the liver cells to 

LPS induced inflammation and inconsistent with the above-mentioned studies we observed 

higher mRNA abundance of PRKAG1 (coding gene for AMPK) in hepatic cells at 24 h post 

LPS in comparison with results from 2 other time points in the CAR that reinforces the fact that 

these cells are undergoing a period of high energy demand. However, albeit the pattern of 

changes from the time point before to the time point after LPS were similar in mRNA and 

protein abundance of AMPK in both CAR and CON, we found no differences in AMPK 

abundance between the time points at the protein level (levels of Phosphorylated AMP-

activated protein kinase (pAMPK) was not investigated in this study), suggesting that during 

this time, the liver is sufficiently supplied with ATP, either via glycolysis or FA oxidation 

(FAO). The switch in fuel selection of the liver indicates the great metabolic flexibility of the 

liver that integrates this organ into homeorhesis, which has been defined as the orchestrated and 

coordinated control of body tissue metabolism aligned to partition nutrients and energy to the 

dominant process of inflammatory challenge (Bauman and Currie, 1980).  

Activated AMPK helps energy balance by inhibiting anabolic pathways that use ATP while 

stimulating glycolysis, mitochondrial biogenesis, and increasing the expression of glucose and 

glutamine transporters. The mammalian target of rapamycin (mTOR) is a less specific sensor 

of cellular energy status than AMPK (Hotamisligil and Erbay, 2008). The mTOR integrates 

multiple signals of satiety from amino acid abundance, growth factors, hormones, and AMPK 
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(Saxton and Sabatini, 2017; Zoncu et al., 2011). When nutrients are abundant, activation of 

mTOR stimulates anabolic pathways and cell growth; but, when cellular energy is limited, 

phosphorylated AMPK inhibits mTOR to save energy and reduce protein synthesis (Sheldon et 

al., 2018). The inhibition of mTOR boosts FA oxidation and ketogenesis and constricts 

lipogenesis (Li et al., 2014; Liu et al., 2016; Musso et al., 2016). In this study, we confirmed 

that the downregulation of mRNA abundance of mTOR by LPS can be associated with the 

increase in expression of AMPK at the time when energy demand is high. 

Among the key features of mTOR signaling is the activation of RPS6KB1 which 

constitutes a well-known mechanism for controlling protein synthesis and initiation of mRNA 

translation (Cant et al., 2018; Laplante and Sabatini, 2009). In non-ruminants, the upregulation 

of the mTOR/RPS6KB1 pathway at higher uptakes of AA and glucose decreases the 

phosphorylation of insulin receptor substrate 1 (IRS-1), and consequently the action of insulin 

on nutrient uptake by cells (Bell and Bauman, 1997; Um et al., 2006). In this study, the 

reduction of expression of RPS6KB1 after LPS in the CON seems to indicate the existence of a 

similar feedback system to increase the availability of glucose, AA, and FA to the hepatocytes 

at the state of high energy demand which is confirmed by the positive correlation of this gene 

observed with PRKAG1 in the CON group. 

Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PPARGC1A) has 

been defined as an important regulator of mitochondrial biogenesis (see Cantó and Auwerx, 

2009 for review). PPARGC1A increases mitochondrial biogenesis and respiration rates, and 

the uptake and utilization of substrates for the production of energy (Liang and Ward, 

2006). AMPK has been described to directly affect PPARGC1A activity through 

phosphorylation (Cantó et al., 2009). We speculated that the upregulation of PPARGC1A after 

LPS in this study might promote ATP production in the liver cells. This observation is in 

support of Cantó et al., (2009) and of the increased abundance of gene PRKAG1 after LPS 

which could show higher mitochondrial biogenesis and respiration rate in this period. 

SREBF1 is a key lipogenic transcription factor that regulates the lipogenic process by 

activating genes involved in FA and triglyceride synthesis in the liver (Brown and Goldstein, 

2008; Horton et al., 2002). Previous studies have shown an inverse correlation between AMPK 

and SREBF1 activities in hepatocytes of mice (Foretz et al., 2005; Yang et al., 2009; You et al., 

2004; Zhou et al., 2001). AMPK interacts with SREBF1 and directly phosphorylates it. The 

phosphorylation of SREBF1 by AMPK is enough and necessary for inhibition of proteolytic 
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processing and transcriptional activity of SREBF1 (Li et al., 2011) which is confirmed in this 

study due to the negative correlation results observed between abundance of gene SREBF1 and 

abundance of genes RPS6KB1, PRKAG1 and PPARGC1A. However, we found that the 

SREBF1 mRNA abundance measured in our study did not change according to previous 

findings of suppression of SREBF1 by AMPK since these genes were changing similarly at 

LPS. Since SREBF1 is one component of a more complex system that regulates the overall rate 

of lipogenesis in cells (Horton et al., 2002), it remains to be determined whether other lipogenic 

transcription factors cooperate with SREBF1 to regulate lipogenesis in hepatocytes downstream 

of AMPK.  

5.4 Carnitine metabolism 

Carnitine is an unavoidable cofactor in β-oxidation of FA that enables the transport of FA 

as acylcarnitine esters across the inner mitochondrial membrane (Ramsay and Arduini, 1993). 

Carnitine is collected from dietary sources or endogenously synthesized from trimethyllysine 

(TML), which is released at protein degradation. The released TML is then oxidized to γ-

butyrobetaine (BB) by trimethyllysine dioxygenase (TMLHE), 3-hydroxy-N-TML aldolase and 

4-N-trimethylaminobutyraldehyde dehydrogenase (ALDH9A1). In the final biosynthetic step, 

BB is hydroxylated by γ-butyrobetaine dioxygenase (BBOX1) to form carnitine. In cows, the 

last step occurs in the kidney and liver only (Vaz and Wanders, 2002). The decrease in hepatic 

expression of TMLHE after LPS observed in the CON in the present data could indicate less de 

novo synthesis of carnitine in this group suggesting that hepatic synthesis of carnitine is an 

important adaptation of the tissue to cope with the inflammatory situation in not supplied group, 

the adaptation which was not observed in the CAR after LPS. 

Tissues which are not capable of carnitine production are depended on the uptake of 

carnitine by organic cation transporters (OCTN) from the blood, particularly SLC22A5 which 

is the most important carnitine transporter physiologically (Lahjouji et al., 2001; Schlegel et al., 

2012; Tein, 2003). In this study, we found that SLC22A5 mRNA abundance was higher after 

LPS in CON. As a plasma membrane transporter, SLC22A5 helps the uptake of carnitine and 

other organic cations into the hepatocyte (Koepsell et al., 2007). Choline-

induced SLC22A5 expression was shown to result in an increased intracellular carnitine 

concentration in cows liver (Bremer, 1983; Carter and Frenkel, 1978). Increased carnitine 

availability has been found to reduce the liver TAG accumulation in dairy cattle through 

stimulation of FA oxidation, as well as an improved gluconeogenesis (Carlson et al., 2007). 

The increased expression of SLC22A5 after LPS in CON, therefore, suggests an extra need for 
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organic cation transport into hepatocytes in the CON which was not observed in the CAR. The 

decrease in TMLHE mRNA abundance in CON with a concomitant increase of SLC22A5 after 

the LPS injection may indicate that those cows relied more on carnitine uptake rather than de 

novo synthesis, which is affirmed by a positive correlation between downregulation of TMLHE 

in the CON group with downregulation of RPS6KB1 (RS = 0.64, P < 0.001) and PRKAG1 (RS 

= 0.46, P < 0.001) in the same treatment group. 

Carnitine O-octanoyl transferase (CROT) encodes one of the members of the 

carnitine/choline acetyltransferase family. The encoded protein converts 4,8-

dimethylnonanoyl-CoA to its corresponding carnitine ester (Houten and Wanders, 2010). This 

transesterification occurs in the peroxisomes and is necessary for the transport of medium- and 

long-chain acyl-CoA molecules out of the peroxisome to the cytosol and uptake into the 

mitochondria via the carnitine acylcarnitine carrier (Wanders and Waterham, 2006). Carnitine 

O-acetyl transferase (CRAT) encodes carnitine O-acetyltransferase which is a member of the 

carnitine acyltransferase family, and an important metabolic pathway enzyme which is found 

in both the mitochondria and the peroxisome and is important in energy homeostasis and fat 

metabolism (Houten and Wanders, 2010). This enzyme catalyzes the reversible transfer of acyl 

groups from a short-chain acyl-CoA thioester to carnitine and regulates the ratio of acyl-

CoA/CoA (Goldberg and Dixit, 2017; Pieklik and Guynn, 1975). In this study, the hepatic 

mRNA abundance of CRAT in the CAR was downregulated after LPS while the opposite has 

been found for CON. Considering that the mRNA abundance of CROT was not altered by LPS 

in both groups, CAR, and CON, the inflammatory reaction could have changed the metabolism 

of short-chain acylcarnitines in mitochondria which are in parallel with the observed positive 

correlation between the mRNA abundance of this gene with the unchanged mRNA abundance 

of TMLHE (RS = 0.48, P < 0.001) and RPS6KB1 (RS = 0.74, P < 0.001) in the CAR group at 

LPS. The upregulation of CRAT in CON as opposed to downregulation in CAR could indicate 

the facilitated transfer of short-chain acyl-CoA to mitochondria via carnitine shuttle system that 

led to a higher ratio of acyl-CoA/CoA in the supplemented group.  

5.5 Fatty acid uptake pathway 

FA is inert chemically and they need to be activated to form acyl-CoA outside the 

mitochondrion before they enter a metabolic pathway (Yan et al., 2015). The uptake of LCFA 

from plasma into a cell is mediated by FA transport proteins (FATP) which are also called 

SLC27 proteins (Bonen et al., 2007; Doege and Stahl, 2006; Nafikov et al., 2013; Stahl, 2004). 

FATP2, FATP3, and FATP4 are highly expressed in the liver (Gimeno, 2007); they act as 
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hepatic transporters for LCFA, transporting them into the cytosol. Hepatic FATP2 has two other 

functions: activating LCFA to acyl-CoA (Kazantzis and Stahl, 2012) and a minor fraction of it 

is localized in the liver peroxisomes, allowing peroxisomal oxidation of branched and very-

long-chain FA (VLCFA) (Falcon et al., 2010). Silencing of either FATP3 or FATP4 in mice 

displayed increased weight and WAT fat content as their reduced FA uptake and utilization 

results in incremental shunting of the unconsumed FA to WAT (Kazantzis and Stahl, 2012). 

 SLC25A20 encodes for carnitine-acylcarnitine translocase (CACT), which is responsible 

for transporting both carnitine–FA complexes and carnitine across the inner mitochondrial 

membrane into mitochondria and also in the opposite direction resulting in the transport of these 

acylcarnitines into the cytosol. This gene, like CPT1, seems to be essential for the FA oxidation 

pathway and utilization of FA as fuel sources (Bouvier-Muller et al., 2017; Houten and 

Wanders, 2010).  

In this study the expression of SLC25A20, SLC27A3 and SLC27A4, as well as protein 

abundance of SLC25A20, were not differentially regulated between the CAR and the CON 

group, indicating that the CAR did not affect FA uptake into the liver and FA binding and 

transport in the liver (Schlegel et al., 2012). The protein and mRNA abundance of SLC25A20 

were not affected by LPS challenge in this study, showing that the mitochondrial FA uptake 

was not affected by the inflammation. The lower abundance of SLC27A2 in the CAR group 

may indicate a lower in peroxisomal FA oxidation due to supplementation. The upregulation of 

SLC27A2 and SLC27A4 after LPS infusion could be an indicator of increased transport of 

LCFA into hepatocytes. LCFA were then directed toward oxidation in peroxisomes rather than 

mitochondria in response to the inflammation. It was proved with our observation about the 

negative correlation of SLC27A4 with the abundance of gene RPS6KB1 showing a decreased 

protein synthesis while the cell is shifting to a higher level of FA oxidation. 

5.6  Ketogenesis pathway 

3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) is the rate-limiting mitochondrial 

enzyme that catalyzes the first reaction in the synthesis of ketone bodies when acetyl-CoA is in 

excess to provide lipid-derived energy (Lane et al., 2001; Grala et al., 2013). Under different 

nutritional and hormonal conditions, the level of HMGCS2 mRNA is strongly correlated with 

the rate of ketogenesis (Hegardt, 1999) as in nonruminants and likely in ruminants, the protein 

concentration of HMGCS2 is strongly regulated at the transcriptional level (Nakamura et al., 

2014; Akbar et al., 2015) thus, it is evident that changes in mRNA of this enzyme are important 
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for controlling mitochondrial ketogenesis (Naeem et al., 2012). Similar to HMGCS2, HMGCL 

belongs to the HMG-CoA lyase family. The protein encoded by this gene catalyzes the final 

step of mitochondrial ketogenesis so it plays a key role in ketone body formation (Zammit et 

al., 1984; Naeem et al., 2012). In the present study, the mRNA abundance of HMGCS2 and 

HMGCL was not influenced by LPS administration in either group indicating that LPS did not 

influence the ketogenic pathway in cows.  

Fibroblast growth factor 21 (FGF21) induces metabolic changes such as an increase of 

lipolysis, glucose uptake, or FA oxidation. FGF21 is also regarded as a key regulator of 

ketogenesis (Badman et al., 2007). The FGF21 gene is directly regulated by PPARα in the liver 

(Badman et al., 2007; Inagaki et al., 2007). The activity of the HMGCS2 gene 

stimulates FGF21 abundance (Vilà-Brau et al., 2011) and FGF21 stimulates hepatic oxidation 

of LCFA and gluconeogenesis (Domouzoglou and Maratos-Flier, 2011). ACAT1 is the other 

enzyme in the ketogenesis pathway which catalyzes the synthesis of acetoacetyl-CoA from 2 

acetyl-CoA (Harmon et al., 1991). In TMR-fed cows, Schoenberg et al. (2011) reported a 

positive relationship between plasma FGF21 concentration coupled with greater hepatic mRNA 

expression and energy deficit. The FGF21 has been described as a stress hormone that is 

promoted after a variety of metabolic and environmental stressors (Kim and Lee, 2015). Recent 

findings suggested that FGF21 has an adaptive role in keeping energy homeostasis during 

stressful conditions (Kim and Lee, 2014). FGF21 is highly induced in the liver in dairy cattle 

during the transition period (Carriquiry et al., 2009; Schlegel et al., 2013; Schoenberg et al., 

2011). It has been shown that the hepatic induction of FGF21 in dairy cattle is because of 

metabolic stress occurring in the peripartum period, which tries to keep energy homeostasis 

during this period (Kim and Lee, 2015; Schoenberg et al., 2011). For instance, it has been 

suggested that the energy shortage caused by fasting induces FGF21 mRNA abundance in the 

liver via PPARA (Badman et al., 2007) and that protein and AA restriction elevate FGF21 

expression in liver as well (Kim and Lee, 2015). Moreover, it has been found that FGF21 is 

particularly induced by ER (endoplasmic reticulum) stress (Schaap et al., 2013), a condition 

that has been observed in the liver of cows during early lactation (Gessner et al., 2014). 

However, both FGF21 and ACAT1 mRNA abundance were decreased in both CAR and CON 

after LPS injection in the present study. The downregulation of FGF21 after LPS in our study 

is not supporting a direct relationship with HMGCS2 as reported in other studies (Vilà-Brau et 

al., 2011). Nevertheless, it is in support of the results from another mRNA from this pathway 

indicating that hepatic mitochondrial ketogenesis was not altered by systemic inflammation in 
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cows. On the other hand, the negative correlation between the mRNA from carnitine 

metabolism and FA uptake (SLC22A5, CRAT, and SLC27A3) with ACAT1 noticed in this study, 

could be an indicator of the availability of FA for energy synthesis rather than ketogenesis that 

was in line with the results from BHB concentration in serum samples showing no 

hyperketonaemia in any of the treatments. However, further research is required to test for 

potential interactions between L-carnitine treatment, FGF21, and ketogenesis in dairy cows. 

5.7 Lipoprotein synthesis pathway 

The synthesis and secretion of VLDL in the liver are complex processes that are controlled 

by Apolipoprotein B (APOB), APOE, and MTTP (Katoh, 2002). APOB is one of the most 

important structural components of VLDL; APOB is the TG-binding protein in VLDL and is 

necessary for stabilizing the VLDL particles (Bernabucci et al., 2004). Marcos et al. 

(1990) suggested that the level of hepatic APOB mRNA in cows with fatty liver was lower in 

comparison with healthy cows. They concluded that apolipoprotein synthesis in the liver is 

slowed down during the fatty liver. Also, Uchida et al. (1992) reported that the concentration 

of APOB in plasma of dairy cows with fatty liver was lower in comparison with healthy cows 

(Jia et al., 2019). Shahzad et al. (2015) observed downregulation of expression of APOB as a 

net result of calving during the hot season which appeared to be an inability of the liver to 

oxidize the higher load of NEFA, likely making cows more susceptible to liver lipidosis. In 

another study, Osorio et al. (2013) observed a trend for lower plasma concentration of APOB 

in cows suggesting that this molecule might have limited the assembly or export of VLDL from 

the liver. 

The MTTP appears to be involved in the first step of lipidation of the newly synthesized 

APOB molecule during the assembly of VLDL (Kulinski et al., 2002), resulting in the formation 

of nascent lipoprotein particles (Wetterau et al., 1998). The greater mRNA abundance 

of MTTP could have increased the rate of lipoprotein synthesis, thus preventing the 

accumulation of triglycerides in hepatocytes (Vailati-Riboni et al., 2016). In a study, Kessler et 

al. (2014) observed that the hepatic mRNA abundance of MTTP was not affected after 

parturition, in contrast to an earlier study (Schlegel et al., 2012) where increased mRNA 

abundance of MTTP in week 1 p.p. was reported. However, our results are consistent with 

earlier works demonstrating that the MTTP and APOB mRNA levels in the bovine liver were 

highest around parturition (an individual inflammatory stimulus) (Bernabucci et al., 2004; 

Goselink et al., 2013a). In this study, the data for the increased hepatic expression of 2 genes 

involved in VLDL synthesis and secretion (MTTP and APOB) after LPS injection indicate that 
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molecular adaptations after LPS were sufficient to initiate intracellular synthesis and secretion 

of VLDL and, thus, TAG export from the liver, in response to inflammation, particularly in the 

CON cows.  

5.8 Mitochondrial fatty acid oxidation pathway 

FA-binding protein 1, also known as liver-type FA binding protein, is the main intracellular 

FA transporters in ruminants` hepatic cells (Bionaz and Loor, 2008; Schroeder et al., 2008; 

Wolfrum et al., 2001). FABP has a high affinity for free LCFA but can also bind to acyl-CoAs 

(Frolov et al., 1997). Increased lipogenesis and adipogenesis are correlated with the enhanced 

expression of FABP (Tontonoz et al., 1994; Moseti et al., 2016). The role of FABP1 in FA 

uptake into the mammary gland of lactating cows was studied using dietary conjugated linoleic 

acid (CLA; Gutgesell et al., 2009). It was determined that dietary CLA fed to cows decreased 

the concentrations of medium-chain SFA and palmitic acid (16:0) in milk. The change in milk 

FA concentrations was accompanied by a decrease in the mRNA abundance of FABP1 in the 

mammary gland and by an increase in blood FA concentrations (Gutgesell et al., 2009). The 

downregulation of FABP1 in this study could indicate the reduced lipogenesis in hepatic cells 

after LPS in both the CAR and CON group which might be because of the metabolic adaptations 

that occurred in the liver due to reduced load of substrates available for lipogenesis in 

challenged cows. This deduction could be asserted by the noticed positive correlation of 

decreased FABP1 mRNA abundance with the decreased abundance of gene RPS6KB1 involved 

in the synthesis of proteins during the LPS challenge. 

Key enzymes regulating de novo FA synthesis are FA synthase (FAS) and ACACA 

(Torrens et al., 2014; Petrov et al., 2015). ACACA is highly expressed in the liver and it is a 

rate-limiting enzyme in FA synthesis that converts acetyl-CoA to malonyl-CoA which is the 

first step for FA synthesis (Savage et al., 2006). In hepatic lipid synthesis, AMPK, as a central 

regulator of cellular energy levels, is activated in response to the increase in the cellular AMP: 

ATP ratio. Activated AMPK inactivates ACACA by phosphorylation of this enzyme 

(Saggerson, 2008) which results in the suppression of FA biosynthesis (Zhang et al., 2017). 

Moreover, malonyl-CoA also suppresses FA oxidation by inhibiting CPT1; therefore, reduction 

of ACACA expression may also increase fat oxidation (Savage et al., 2006). Malonyl-CoA 

decarboxylase (MLYCD) is found in mitochondria, peroxisomes, and the cytoplasm (Chajès et 

al., 2006). This protein catalyzes the breakdown of malonyl-CoA to acetyl-CoA and carbon 

dioxide. Malonyl-CoA is an intermediate in FA biosynthesis and also inhibits the transport of 

fatty acyl CoA into mitochondria. Consequently, the encoded protein acts to increase the rate 
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of FA oxidation. The opposing activities of ACACA and MLYCD appear to be important 

determinants in dynamically setting the size of the cellular pool of malonyl-CoA. The combined 

activities of ACACA and MLYCD result in a rapid turnover of malonyl-CoA (Saggerson, 

2008). In our study, the downregulation of ACACA and also the decrease in protein abundance 

of ACACA in liver cells at the first time point after the LPS injection along with the 

upregulation of the FA oxidation gene (MLYCD) could be due to the lower energy intake and 

subsequent lower substrate availability for lipogenesis after LPS. As evidenced by the 

significant downregulation of SREBP1 expression after LPS in this study, the role of SREBF1 

as an intermediate molecular regulator of downstream genes involved in the lipogenic process 

in the liver (ACACA and MLYCD) is supported (Zhou et al., 2012). 

In addition to the ATP produced via glycolysis, about 90 percent of cellular ATP in 

produced by mitochondria (Sunny et al., 2017). Mammalian cytochrome c oxidase (COX) is 

the terminal complex (complex IV) of the electron transfer chain located in the inner 

mitochondrial membrane (Renner et al., 2003). It catalyzes the transfer of electrons from 

ferrocytochrome c to molecular oxygen, converting the latter to water and has also been 

suggested as a major regulation site for oxidative phosphorylation (Kadenbach et al., 2000). 

The analysis of cell lines with suppressed COX IV expression showed loss of assembly of 

cytochrome c oxidase complex and decrease in cytochrome c oxidase-dependent respiration 

and total respiration. Besides, dysfunctional cytochrome c oxidase in the cell leads to a 

reduction in ATP levels. Suppression of COX IV expression also sensitizes the cells to 

apoptosis. These observations provide evidence of the essential role of the COX IV subunit for 

a functional cytochrome c oxidase complex and also demonstrate control of cytochrome c 

oxidase over oxidative phosphorylation (Li et al., 2006). Downregulation of hepatic COX IV in 

supplemented animals in this study could indicate that the function of the mitochondrial 

respiratory chain was restricted in the CAR cows after LPS. This observation is in parallel with 

the noted positive correlation in the mRNA abundance of this gene with the reduced abundance 

of some of the other genes from the mitochondrial FA oxidation pathway (ACADVL, ACADS, 

and CPT2). These results were similar to another study that showed damage in mitochondrial 

respiratory chain function in hepatocytes of cows with mild and moderate fatty liver displaying 

high levels of FA (Shi et al., 2018). Furthermore, the COX IV mRNA abundance in the CON 

group was not affected by inflammation possibly indicating a shift to glycolysis for ATP 

synthesis in the CAR cows compared with the control group. 
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In dairy cows, plasma FA mainly comprises saturated FA (SFA), including palmitic acid 

(C16:0), stearic acid (C18:0), and, as monounsaturated FA (MUFA) also oleic acid (C18:1n9c) 

(Leroy et al., 2005; Tyburczy et al., 2008). For generating energy from LCFA, they need to be 

transported from the cytoplasm into the mitochondrial matrix across the mitochondrial 

membranes through a carnitine-dependent transport shuttle. This transport system is regulated 

by carnitine acyltransferases [i.e., carnitine palmitoyltransferase 1 (CPT1; present in the 

mitochondrial outer membrane) and 2 (CPT2; located on the matrix side of the inner 

membrane); Flanagan et al., 2010; Schooneman et al., 2014]. Inside the mitochondria, carnitine 

and long-chain acyl-CoA are regenerated by CPT2, which can then be further oxidized via the 

tricarboxylic acid (TCA) cycle and respiratory chain to provide ATP (Schooneman et al., 2013). 

Failure in these enzymes or impaired functions, or deficiency of TCA cycle intermediates, may 

lead to incomplete mitochondrial FA oxidation. Previously CPT1 was found upregulated in 

early lactation suggesting an increased transport of FA from the cytosol into mitochondria in 

early lactation (Schäff et al., 2013). The activity of CPT1 and subsequent FA β-oxidation rates 

were shown to be increased during negative energy balance, probably because of decreased 

concentrations of, and reduced sensitivity to, malonyl-CoA, a potent allosteric CPT1 inhibitor 

(Brindle et al., 1985; Jesse et al., 1986). In the current study, the expression of CPT1 was 

increased after LPS in both the CAR and the CON group. Similarly, CPT1 was increased in 

Holstein cows after 12 h of the high level of grain in their diet applied to induce a certain degree 

of subacute ruminal acidosis (SARA, Xu et al., 2017) and after SARA exposure on 60% 

concentrate (Xu et al., 2015). The elevated abundance of CPT1 is thought to be an adaptation 

in the liver after increased energy demand associated with LPS-mediated inflammatory acute 

phase response. In this study, the mRNA abundance of CPT2 remained unchanged after LPS 

which might indicate a physiological increase in the capacity of long-chain fatty acyl-CoA entry 

into hepatic mitochondria after inflammation. We observed that there was also a negative effect 

in the CAR group on the mRNA abundance of CPT1 and CPT2 after LPS which might be due 

to the limited hepatic ability to oxidize overloaded FA in this group. In one study in dairy cows, 

the mRNA abundance of hepatic candidate genes related to β-oxidation was reported to be 

proportional to the FA concentrations in blood (Graber et al., 2010). The high levels of FA 

might be lipotoxic and may impair the function of mitochondria and then inhibit the β-oxidation 

(Song et al., 2013; Finucane et al., 2015; Lei et al., 2016). Data obtained in mice demonstrated 

that a high concentration of long-chain acyl-CoA inhibited the activity 

of CPT1 and CPT2 (Ciapaite et al., 2011; Flamment et al., 2012). Similarly, CPT1 activity in 

dairy cows with severe hepatic lipidosis was lower than that in dairy cows without hepatic 
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lipidosis (Mizutani et al., 1999). Accordingly, the decreased expression of CPT1 and CPT2 in 

the CAR cows after LPS in this study might be due to the inhibition effect of the high 

concentration of FA and long-chain acyl-CoA in this group (in this study NEFA concentrations 

in CAR was lower than NEFA in CON after LPS but these levels were still higher than the 

levels of NEFA before LPS administration). 

FA oxidation in the liver occurs mainly through β-oxidation, where FA in mitochondria is 

either completely oxidized to acetyl-CoA or partially oxidized to ketones (Wajner and Amaral, 

2016). Inside the mitochondrion, carbon chain-length specific enzymes, known as acyl-CoA 

dehydrogenases, catalyze the next step of β-oxidation. Specifically, members of this family are 

involved in β-oxidation of FA: ACADS acts on acyl-CoA with carbon chain lengths of 4 to 6 

(Ikeda et al., 1985); ACADM acts on acyl-CoA with carbon chain lengths of 4 to 16, with 

preferred substrates that have carbon chain lengths of 6 to 12 (Zeng and Li, 2005); LCAD acts 

on acyl-CoA with carbon chain lengths of 6 to 16, with preferred substrates that have carbon 

chain lengths of 8 to 14 (Ikeda et al., 1985; Swank et al., 2013), ACADVL, has optimal chain 

length specificity for fatty acyl-CoAs having 16 and more carbons in length (Amaral et al., 

2009) and HADHA which catalyzes the last three steps of mitochondrial β-oxidation of LCFA 

(Lane et al., 2001). Previous studies indicate that ACADVL catalyzes the major part of 

mitochondrial palmitoyl-CoA dehydrogenation in the liver, heart, skeletal muscle, and skin 

fibroblasts and it is a rate-limiting enzyme in the LCFA β-oxidation system (Aoyama et al., 

1995; Aoyama et al., 1994; Izai et al., 1992). In the present study, major genes involved in FA 

β-oxidation (ACAD10, ACADM, ACADVL, ACADS, and HADHA) were similar in mRNA 

abundance between the CAR and CON cows. The mRNA abundance of ACAD10, ACADM, 

ACADVL, and ACADS was not affected by LPS except for the downregulation of ACADS and 

upregulation of HADHA mRNA in the CAR after LPS administration. According to these 

observations, we suggest that neither the L-carnitine supplementation nor LPS challenge 

influenced the flow of FA into the hepatic β-oxidation. 

PCCA and PCCB are the α and β subunits of propionyl-CoA carboxylase that encode the 

biotin-binding region of this enzyme which is involved in the mitochondrial metabolism of 

propionate (Dieho et al., 2016). PCC catalyzes the conversion of propionyl CoA to 

methylmalonyl CoA and, as such, is involved in the use of propionate as the major substrate for 

gluconeogenesis in ruminants (Graber et al., 2010; Skibiel et al., 2018; Tanaka and Armitage, 

1975). The MUT gene encodes the enzyme methylmalonyl-CoA mutase (its cofactor is vitamin 

B12), which is essential for metabolic reactions and energy metabolism in ruminant hepatocytes 
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because it catalyzes the conversion of methylmalonyl CoA to succinyl CoA, which can enter 

the tricarboxylic acid cycle or be used in the gluconeogenesis pathway (Laguna et al., 2017). 

Downregulation of PCCB after LPS in both the CAR and CON in the present study could, 

therefore, indicate insufficient production of glucose, which led to low blood glucose 

concentrations, likely because of a decreased supply of propionate during the inflammation 

period as a result of decreased DMI observed after LPS which is similar to findings from 

Greenfield et al. (2000) and Graber et al. (2010) in dairy cows around parturition. Zarrin et al. 

(2014) suggested BHB as an alternative energy source at inflammation in dairy cows during 

lipopolysaccharide-induced mastitis. However, our data are difficult to interpret because post 

LPS hepatic PCCA and MUT mRNA abundance was increased in the CAR treatment which is 

an indication for the liver metabolic adaptation in response to the increased glucose demand 

after LPS. This is paralleled by the negative correlation observed in this study between the 

abundance of MUT and SREBF1 mRNA, the latter involved in lipogenesis. The abundance of 

PCCA mRNA was positively correlated with two mRNA coding for two proteins in 

peroxisomes, ECH1 and SLC27A2, pointing towards increased peroxisomal β-oxidation of FA.  

5.9 Peroxisomal fatty acid oxidation pathway 

The hydratase superfamily contains a diverse set of enzymes including ECHDC2 and 3 

which are associated with long-chain, very-long-chain, and branched-chain FA oxidation in 

both mitochondria and peroxisome (Wheeler et al., 2019). The other member of this family is 

Enoyl-CoA hydratase 1 (ECHS1). The second step in mitochondrial β-oxidation of medium- 

and short-chained FA and oxidation of BCAAs is catalyzed by ECHS1 which is localized in 

the mitochondrial matrix (Shi et al., 2019; Zhang et al., 2017). The last member of the hydratase 

superfamily targeted in this study was Enoyl-CoA Hydratase 1 (ECH1). This enzyme functions 

in the auxiliary step of the LCFA β-oxidation pathway localized in the peroxisomes (Hsu et al., 

2001). In a study, it was shown that hepatic β-oxidation in the peroxisomes was not affected by 

feeding supplemental fat or nicotinic acid during weeks 4 to42 of lactation dairy cows (Grum 

et al., 2002). Similarly, we observed that none of the mRNA related to the hydratase 

superfamily was differentially regulated in the CAR group compared with the control group. 

The abundance of ECHS1, ECHDC2, and 3 mRNA was downregulated after LPS 

administration which is in support of the reduced abundance of other mRNA associated with 

mitochondrial β-oxidation of FA in this study. The positive correlation of the mRNA abundance 

of these 3 genes and PCCB from the mitochondrial FA β-oxidation pathway with each other 

observed in the current study further supports this notion. The abundance of ECH1 mRNA was 
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increased after LPS in both the CAR and CON group, a finding that was in parallel to other 

results from this study, confirming the elevated peroxisomal oxidation of FA rather than 

mitochondrial β-oxidation in response to the inflammation which was verified by positive 

correlation observed between mRNA levels of this gene and of SLC27A2, which is involved in 

the uptake of long- and branched-chain FA into the peroxisome.  

ACOX1 also named straight-chain acyl-CoA oxidase, encodes the first enzyme that begins 

the process of breakdown of the straight-chain substrates that are oxidized 

in peroxisomes including long and very-long-chain FA, dicarboxylic acids and poly-

unsaturated FA (Morrison et al., 2018). ACOX2 and ACOX3 are structurally very similar and 

both are involved in the peroxisomal degradation of the branched-chain FA (Ferdinandusse et 

al., 2018). ACOX2 is also known as branched-chain acyl-CoA oxidase (Veldhoven, 2010) and 

had been considered as an indicator of β-oxidation of branched-chain FA in peroxisomes in 

dairy cows (Khazanehei et al., 2015). In previous studies, the greater hepatic expression of 

ACOX1 in dairy cows was related to an increase in hepatic LCFA oxidation and ketogenesis in 

response to the higher influx of FA (Bionaz et al., 2013; Akbar et al., 2015) and after LPS 

challenge (Graugnard et al., 2013). In this study, LPS increased ACOX2 mRNA in both the 

CAR and CON group whereas the abundance of ACOX1 in the CON was decreased. Our data 

indicate a greater capacity for peroxisomal β-oxidation of branched-chain FA and decreased 

degradation of very-long-chain FA after LPS that is confirmed by the observed negative 

correlation between the abundance of this gene with the abundance of genes SLC27A4 and 

ACADVL, which are involved in uptake and β-oxidation of LCFA, respectively. 

Downregulation of ACOX3 could be a sign of high efficiency of FA metabolism by ACOX2 

since it was reported that ACOX3 is responsible for the oxidation of BCFA in the case of ACOX2 

deficiency (Ferdinandusse et al., 2018). Similarly, in this study, this mRNA was in positive 

correlation with ECHDC3 and ECHS1 from peroxisomal, and PCCB from mitochondrial FA 

β-oxidation pathways. 

Aldehyde dehydrogenases (ALDHs) are a family of enzymes involved in the maintenance 

of cellular homeostasis (Muzio et al., 2012; Wang et al., 2009). This family is known to 

modulate several cell functions, including proliferation, differentiation, and survival, as well as 

the cellular response to oxidative stress. ALDH proteins can detoxify such cytotoxic and 

cytostatic aldehydes generated via the normal metabolism of several lipids, as well as the 

oxidation of unsaturated FA due to oxidative stress, into less reactive forms like carboxylic 

acids (Alnouti and Klaassen, 2007; Muzio et al., 2012; Muzio et al., 2006; Nita and 
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Grzybowski, 2016; Pappa et al., 2003). The ALDH3 family contains enzymes that have a 

specific role in FA and peroxidic aldehyde metabolism (Holmes and Hempel, 2011). The 

ALDH3A1 protein inhibits mitochondrial respiration (Canuto et al., 1985) and it has a 

fundamental role in the metabolism of toxic medium-chain saturated and unsaturated aldehydes 

derived from lipid peroxidation is a consequence of oxidative stress exerted on polyunsaturated 

FA and leads to the formation of reactive by-products such as lipid hydroperoxides and 

aldehydes including 4-hydroxy-2-nonenal (HNE) (Marchitti et al., 2011, Esterbauer et al., 

1991). HNE is generated by the peroxidation of cellular lipids. In humans and rats, HNE is the 

most reactive and cytotoxic of the aldehydic by-products of lipid peroxidation (Benedetti et al., 

1980). Concerning ALDHs, most studies in the literature have been limited to a few tissues and 

were not quantitative. These previous studies were primarily performed in rat and human 

tissues. In the present study, downregulation of ALDH3A1 mRNA abundance in the CAR and 

CON could lead us to hypothesize that the metabolism of FA and aldehydes is decreased upon 

LPS which is in parallel to other results from this study showing decreased mitochondrial 

respiration after LPS, indicating a shift to glycolysis for ATP synthesis (the level of glucose in 

blood remained unchanged after LPS in this study) in response to an inflammatory challenge in 

hepatocytes which could be confirmed by the negative correlation between the mRNA 

abundance of genes from carnitine metabolism and LCFA uptake (SLC22A5, CRAT, and 

SLC27A3) with ALDH3A1 that could be another indicator of the availability of FA or, as 

mentioned before, the carbohydrates, for energy generation. 
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6 CONCLUSIONS 

This study provides a characterization of the mRNA abundance of key genes related to 

mitochondrial metabolism of FA in hepatocytes of dairy cows. Besides, some of these genes 

were also assessed at the level of the protein. Integrated microfluidic circuit chips were used 

for the quantification of the mRNA. Increased transport of LCFA into hepatocytes and then 

their direction toward oxidation in peroxisomes rather than mitochondria along with the 

increased abundance of mRNA coding for proteins specifically in peroxisomes in both the 

control and the treatment group receiving L-carnitine supplementation emphasized the rise in 

peroxisomal β-oxidation of FA in hepatocytes of dairy cows during systemic inflammation 

provoked by injecting LPS. We also observed that hepatic mitochondrial ketogenesis was not 

stimulated by LPS. The abundance of mRNA related to lipogenesis decreased and possibly 

intracellular synthesis and secretion of VLDL were stimulated during the response to LPS. At 

the same time, LPS could decrease the abundance of ACACA (involved in FA synthesis) at the 

protein level. We observed that L-carnitine supplementation at the used dosage did not induce 

a significant effect on the abundance of selected genes and proteins involved in hepatic FA 

metabolism in dairy cows except for SLC27A2 and CPT1 (involved in the uptake of FA into 

cytoplasm and mitochondria, respectively) at the mRNA level. Finally, according to these 

observations, we suggest that the L-carnitine supplementation did not influence the flow of FA 

into the hepatic β-oxidation. Moreover, LPS infusion has shifted the FA metabolism in 

hepatocytes towards peroxisomal rather than mitochondrial β-oxidation. 
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7 SUMMARY 

An inflammatory challenge of the health status of an animal coincides with changes in 

nutrient metabolism which is related to the negative energy balance (NEB) that results from the 

reduced dry matter intake (DMI). Besides, inflammation requires more energy due to the 

increased activity of the immune system. Increased lipid mobilization due to the NEB may in 

turn augment the inflammatory response. L-Carnitine is a cofactor of several enzymes (carnitine 

translocase, acylcarnitine transferases I, and II) necessary for the transformation of free LCFA 

(long-chain fatty acid) to acylcarnitines, and their transport into the mitochondrial matrix. β-

Oxidation of these compounds precedes their entry into the Krebs cycle, where energy 

production occurs. In the absence of L-carnitine, the accumulation of fatty acids (FA) in the 

cytoplasm produces a toxic effect on the cell, and an energy deficit arises from the unavailability 

of FA within the mitochondria. This dissertation aimed at characterizing the regulation of 

several genes that are involved in hepatic FA metabolism at both the mRNA and the protein 

level during lipopolysaccharide (LPS)-induced inflammation at mid-lactation. Besides, dietary 

supplementation with L-carnitine vs. control was tested. L-carnitine supplementation was 

started from day 42 ante partum (ap) until day 126 of lactation. At day 111 postpartum (pp), a 

jugular infusion of LPS was given to all cows. The tissue in focus was the liver. Initially, 

suitable reference genes were identified as a methodological prerequisite for the study. Using 

tissue samples obtained from 43 pluriparous cows for mRNA abundance and 22 cows for 

protein abundance, the hepatic abundance of 41 different target genes, 8 reference genes and 3 

target proteins was characterized in liver samples biopsied at day 42 ap and days 100, 112 and 

126 of lactation for mRNA and day 100 and 112 of lactation (equal to day -11 and 1 relative to 

LPS challenge) for protein abundance. Microfluidics Integrated Fluidic Circuit chips (IFC, 

96.96 dynamic arrays) were used to quantify the mRNA abundance of 5 genes from the 

AMPK/mTOR pathway, 4 genes involved in carnitine metabolism, 4 genes involved in FA 

uptake, 4 genes involved in ketogenesis, 2 genes of lipoprotein synthesis, 14 and 8 genes, 

respectively, involved in mitochondrial and peroxisomal β-oxidation. Capillary Western 

blotting was used to measure the abundance of 3 target proteins, one from AMPK/mTOR, one 

from mitochondrial β-oxidation, and the other one from FA uptake pathways. The groups 

treated with L-carnitine or control differed in mRNA abundance of 2 genes, SLC27A2 from the 

FA uptake pathway, and CPT1 from the mitochondrial FA oxidation pathway but not at the 

protein level. Time effect which was considered as the effect of LPS on the abundance of genes 

and proteins was observed significant for 32 mRNA, including PRKAG1, mTOR, RPSKKB1, 

PPARGC1A and SREBF1 from AMPK/mTOR pathway, SLC22A5, TMLHE and CRAT from 
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carnitine metabolism pathway, SLC27A2 and SLC27A4 from FA uptake pathway, ACAT1 and 

FGF21 from ketogenesis pathway, APOB and MTTP from lipoprotein synthesis pathway, 

FABP1, ACACA, COX4I1, HADHA, CPT1, PCCA, PCCB, MUT, ACADS and MLYCD from 

mitochondrial β-oxidation and ECH1, ECHDC2, ECHS1, ECHDC3, ACOX1, ACOX2, ACOX3 

and ALDH3A1 from the peroxisomal β-oxidation pathway and protein abundance of ACACA 

from the mitochondrial β-oxidation pathway. The results of this study provide a characterization 

of the abundance of key genes and selected proteins that are related to mitochondrial 

metabolism of FA in hepatocytes. We observed that L-carnitine supplementation at the used 

dosage did not induce a significant effect on mRNA abundance related to hepatic FA 

metabolism except for SLC27A2 and CPT1 involved in hepatic and mitochondrial FA uptake, 

respectively, at mRNA level. We also observed that the protein abundance of ACACA involved 

in the FA synthesis from the mitochondrial β-oxidation pathway was reduced after LPS. On the 

other hand, these results indicate that jugular LPS infusion has shifted the FA metabolism in 

hepatocytes towards peroxisomal β-oxidation rather than mitochondrial. 
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