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ABSTRACT 

Background: High intake of saturated fatty acids (SFA) has consistently been shown to raise low-density 

lipoprotein cholesterol, a known risk factor of cardiovascular disease (CVD). One of the most significant 

contributors of SFAs to the adult diet is cheese. While containing high amounts of SFAs, cheese itself does 

not seem to increase the risk of disease. The high calcium (Ca) content in cheese has been proposed to 

explain this paradox through limiting the uptake of long-chain SFAs by forming insoluble soaps. Also, other 

abilities of the cheese have been suggested to affect SFA uptake through a so-called matrix effect. 

Aim: We aimed to determine whether fatty acid (FA) digestibility, weight development and changes in 

body fat mass was affected by Ca and type of matrix (cheese versus butter) in mice. Furthermore, we 

wanted to investigate whether Ca and differences in food matrix affected intestinal health. Finally, we 

wanted to assess the accuracy of a nuclear magnetic resonance (NMR) instrument from Bruker on 

determining body fat in live mice. 

Methods: Male mice (C57BL/6JRj) were fed a high-fat (HF) diet with FAs either from cheese (n=20) or 

butter (n=30) and received varying Ca levels [low-Ca (2g/kg feed), medium-Ca (7g/kg feed) and high-Ca 

(20g/kg feed)] for 5 weeks. A control group received a low-fat chow diet with a standard Ca content of 

5g/kg (n=10). Food consumption and weight were registered weekly. Furthermore, fat mass was 

measured weekly using a body composition analyser (Minispec LF50, Bruker) and faeces were collected 

every day during week 4. A method was developed to quantify the FA content in faeces and food which 

was used to calculate % digestibility = (FA consumed – FA excreted) * (FA consumed)-1 x 100.  Upon 

termination of the animals, the mucosal tissues were harvested from the small intestines, and the 

expression of genes related to inflammation and intestinal barrier function were analysed using real-time 

polymerase chain reaction (RT-PCR). NMR fat mass measurements were compared to the weight of 

dissected large fat depots in the same mice to evaluate the accuracy of the instrument.  

Results: Our results show that Ca impacts FA digestibility in mice receiving HF diets, in a dose dependent 

manner. Mice on a high-Ca/HF diet had 2.5% lower uptake of Palmitic acid (16:0) and 6% lower uptake of 

Stearic acid (18:0) compared to mice fed a low-Ca/HF-based diet. Ca content also affected weight gain in 

the mice that received HF butter-based diets with a lower weight gain (-9%) in the high-Ca group 

compared to the low-Ca group. No effects of Ca were found on fat mass development. Furthermore, no 

matrix effect was observed on 16:0 and 18:0 digestibility, but there was a trend that the matrix affected 

weight development of the mice. Overall, no effects of Ca were seen on the expression of inflammation 

markers in the small intestine. However, the tight junction gene ZO-1 had the highest expression in HF fed 

mice with low Ca levels (butter-based HF diet) and medium Ca levels (cheese-based HF diet). In addition, 

the matrix was found to significantly influence the expression of ZO-1, with a higher expression being 

observed in the cheese-based diets. Finally, the NMR instrument emerged as a reliable and good predictor 

of body fat mass in mice. 

Conclusion: We found Ca to impact SFA digestibility, but to a lesser extent than shown in the literature. 

The reduction in FA digestibility cannot explain the difference in weight gain between the groups, which 

might be due different metabolic activity in the mice or an effect of the matrix. Expression of the tight 

junction gene ZO-1 was found to be influenced by Ca and matrix. Further research is needed to elucidate 

the interplay between Ca and fat, and how this affects disease development. 
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 INTRODUCTION 

1.1 Lipids and dietary fats  

Lipids are a diverse gathering of organic compounds involved in many mechanisms in the human body. 

The defining feature of a lipid is that it will be soluble in a non-polar solvent. More commonly, we think 

of lipids as molecules that are not easily dissolved in water, such as triacylglycerols (TAGs), most free fatty 

acids (FFAs) and cholesterol esters; they are hydrophobic compounds (water-fearing). However, not all 

lipids are entirely hydrophobic, as some will exhibit both hydrophilic (water-loving) and hydrophobic 

traits. Such compounds are classified as amphiphilic or amphipathic. An example is phospholipids, an 

integral part of the membranes of cells and organelles.   

The word "lipid" is not commonly used among the general population; the term "fat" is far more 

prevalent. Dietary fats are lipids ingested through the diet. The most abundant form of dietary fat is TAG, 

which constitutes 90-95% of the fat from the diet (Iqbal & Hussain, 2009). The remaining percentages are 

phospholipids, sterols (e.g., cholesterol) and some fat-soluble vitamins (i.e., vitamins A, D, E and K) (Iqbal 

& Hussain, 2009). Fat is the most energy-dense of the macronutrients, supplying 9 kcal/g, whereas 

carbohydrates and proteins supply 4 kcal/g (Wang et al., 2013). In Norway, dietary fat provides 

approximately 30-40% of the energy from food among adults, presented in the NORKOST 3 study, (Totland 

et al., 2012) which falls within the recommended fat intake of the country's dietary guidelines (25-40E%). 

The dietary guidelines are even more specific: they recommend monounsaturated fatty acids (FAs) to 

account for 10-20 % of the energy from the diet, polyunsaturated FAs to account for 5-10% and saturated 

fatty acids (SFAs) to account for less than 10 energy percent (Nordic Nutrition Recommendations 2012). 

The NORKOST 3 study revealed that the energy intake from mono- and polyunsaturated FAs fell within 

the recommended ranges at 12E% and 6.2E%, respectively. However, saturated fats accounted for 13% 

of the energy in the diet, which is more than what the government recommends. The most common 

sources of dietary fats in the Norwegian diet are that of butter and oils (23% of total fat intake), meat and 

meat products (20% of total fat intake), and cheese (12% of total fat intake) (Totland et al., 2012). 

Fat serves a multitude of essential functions in the body. First and foremost, fat serves as energy storage. 

Adipose (fat) cells store fat, and thus also energy, in the form of TAG molecules. Utilisation of energy from 

adipose tissue can only occur when insulin levels are low, a state observed during fasting and exercise. 

Lipases will cleave the ester bonds between the FAs and the glycerol, thus releasing energy to be used 

where needed (Cohen & Spiegelman, 2016). Second, fat is an integral part of the cell membranes. The 

attributes of amphipathic lipids spontaneously drive the cellular membrane formation; the hydrophobic 

parts will seek together in an aqueous environment, while the hydrophilic parts will interact with the 

surrounding water (van Meer et al., 2008). The cell membrane of animal cells is also rich in cholesterol, 
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which makes up about 30% of the lipid bilayer (Zhang et al., 2019). Third, fat can provide molecules used 

in signalling. An example is Arachidonic acid which is a precursor for many signalling lipids. It is a 

polyunsaturated FA connected to phospholipids in the cell membrane. If specific receptors are activated, 

the FA can be released from the membrane, which will trigger a cascade of events that ultimately leads 

to the creation of signalling lipids (Dhall et al., 2015). Finally, some FAs regulate gene expression by acting 

as a ligand to the peroxisome proliferator-activated receptors (PPARs). The PPARs are part of a subfamily 

of nuclear receptors that are crucial regulators in lipid metabolism and inflammation. They form 

heterodimers with another subfamily of nuclear receptors, retinoid X receptors, and can subsequently 

bind to specific deoxyribonucleic acid (DNA) sequences, thus regulating gene expression (Varga et al., 

2011).  

1.2 Dietary fats; structure and nomenclature 

The most abundant form of dietary fat is TAG, which constitutes 90-95% of the fat from the diet (Iqbal & 

Hussain, 2009). The backbone of the TAG molecule is a 3-carbon glycerol. The glycerol-carbons are 

numbered stereo-specifically as sn1, sn2 and sn3. To each of the carbons, a FA is connected by an ester 

binding. A FA is made up of an aliphatic carbon chain with a carboxylic acid functional group at the end. 

The carbon chain length will often be used to classify the FA: short-chain FAs have a chain of 2-6 carbons, 

medium-chain FAs have a chain of 6-12 carbons, long-chain FAs have a chain of 13-21 carbons, while very-

long-chain FAs have 22 carbons or more.  

 

Figure 1.1: General structure of a triacylglycerol. The figure visualises a general structure of a TAG molecule. The 

backbone consists of a glycerol molecule of 3 carbons, connected to three FAs by ester bindings. The three carbons 

in the glycerol molecule represents positions, namely sn1, sn2, and sn3. The structure in the figure is simplified, as 

the molecule often consists of FAs with different chain lengths, where the shortest usually is placed at the sn1-position. 

The figure is created using BioRender,com. Abbreviations: TAG = Triacylglycerol, FA = Fatty acid   



INTRODUCTION 

   3 

SFAs only have single bonds between the atoms of the hydrocarbon chain. The carbon atoms in the chain 

all bind to four other atoms, resulting in a complete degree of saturation. An introduction of one double 

bond to the hydrocarbon chain creates a monounsaturated fatty acid (MUFA). Furthermore, FAs with 

more than one double bond are categorised as polyunsaturated fatty acids (PUFAs). Double bonds alter 

the physical and chemical properties of the FAs, as they often lead to a branching of the hydrocarbon 

chain, in contrast to a SFAs whose hydrocarbon chain will be straight. The branching of the chain affects 

the fluidity of cell membranes. Due to their straight hydrocarbon chain, SFA can be more tightly packed, 

resulting in a less fluid membrane. Unsaturated FAs result in a more fluid membrane due to their less 

structured packing (Ballweg et al., 2020). 

There are several ways of naming FAs. The FAs have a common name, usually derived from where the FA 

was first discovered (i.e., palmitic acid was discovered in palm oil). Additionally, FAs are given an 

international union of pure and applied chemistry (IUPAC) name that chemists typically prefer. However, 

nutritionists prefer the omega nomenclature method to name FAs. The method is based on how many 

carbon atoms the hydrocarbon chain is composed of. The amount of double bonds in the hydrocarbon 

chain is also specified. Finally, the first double bond placement is given by counting carbons from the 

methyl end of the FA (e.g., 18:1𝜔-6). An overview of standard FAs with their common- and omega name 

is given in (Table 1.1). 

Table 1.1: Nomenclature of fatty acids commonly found in food  

 

Common Name Omega Name IUPAC Name 

Saturated Fatty 

Acids 

Capric 10:0 Decanoic 

Lauric 12:0 Dodecanoic 
 

Myristic 14:0 Tetradecanoic 
 

Palmatic 16:0 Hexadecanoic 
 

Stearic 18:0 Octadecanoic 
 

Arachidic 20:0 Icosanoic 

Monounsaturated 

Fatty Acids 

Caproleic 10:1 Dec-9-enoic 

Lauroleic 12:1𝜔-3 (Z)-dodec-9-enoic 
 

Myristoleic 14:1𝜔-5 (Z)-tetradec-9-enoic 
 

Palmitoleic 16:1𝜔-7 (Z)-hexadec-9-enoic 
 

Oleic 18:1𝜔-9 (Z)-octadec-9-enoic 
 

Gadoleic 20:1𝜔-11 (Z)-icos-9-enoic 

Polyunsaturated 

Fatty Acids 

Linoleic 18:2𝜔-6 (9Z,12Z)-octadeca-9,12- 

dienoic 

Alpha-linoleic 18:3𝜔-3  (9Z,12Z,15Z)-octadeca- 

9,12,15-trienoic  
Arachidonic 20:4𝜔-6 (5Z,8Z,11Z,14Z)-icosa- 

5,8,11,14-tetraenoic  
Eicosapentaenoic (EPA) 20:5𝜔-3 (5Z,8Z,11Z,14Z,17Z)-icosa- 

5,8,11,14,17-pentaenoic  
Docosahexaenoic (DHA) 22:6𝜔-3 (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-

4,7,10,13,16,19-hexaenoic 

Abbreviations: IUPAC = International union of pure and applied chemistry 
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1.3 Fat digestion and absorption 

One could argue that the digestion process starts at first sight and smell, or even thought, of food. Pavlov 

famously demonstrated this when he managed to induce salivation in dogs by the sounds of a bell, a 

sound the dogs had been trained to associate with feeding (Rehman et al., 2021). Indeed, a number of 

physiological processes are induced along the digestive tract by this first phase of digestion. The act of 

chewing breaks down the food into smaller pieces, which are more easily digested. Chewing induces the 

release of saliva to the mouth cavity, which moistens the food and aids in creating a food bolus to be more 

easily swallowed. While saliva is 98% water, it also contains digestive enzymes like amylase and lingual 

lipase (Pedersen et al., 2002).  

Digestion of TAG is made possible by three lipases; lingual lipase, gastric lipase and pancreatic lipase. They 

all hydrolyse the ester binding between the glycerol backbone and the carboxyl part of the fatty acid. 

However, the lipases work in different locations and have somewhat different outcomes. When the food 

enters the mouth cavity, the lingual lipase is secreted from the "von Ebner" glands (Kulkarni & Mattes, 

2014). Lingual lipase can penetrate milk fat globules, making it a key player in infant digestion of fat. 

However, in adults, lingual lipase is less important. Evidence suggests that lingual lipase will be moderately 

active in the mouth cavity; however, it will travel with the food bolus to the stomach and continue its 

lipolytic activity there (Kulkarni & Mattes, 2014). In the stomach, gastric lipase is secreted from chief cells 

in the gastric mucosa (Tomasik et al., 2013). The preduodenal lipases (i.e., lingual and gastric lipase) both 

hydrolyse the ester bond in the sn-3 position of the TAG molecule, leaving the end products of 

diacylglycerol (DAG) and one FFA (Mu & Høy, 2004). The preduodenal lipases are accountable for about 

30% of TAG hydrolysis. However, most TAG molecules (70%) escape preduodenal digestion and reach the 

small intestine intact to be broken down by pancreatic lipase in the duodenum (Kulkarni & Mattes, 2014). 

Dietary fats all share hydrophobic traits, causing them to clump together into large fat droplets when 

presented to the aqueous environment of the gastrointestinal (GI) tract. The fat droplet is subsequently 

coated with bile acids and phospholipids, as seen in figure 1.2. These are amphiphilic molecules showing 

both lipophilic and hydrophilic traits. Hence, the dietary lipids work in unison with other available 

molecules to create an emulsified lipid droplet. The emulsification consists of hydrophobic (lipophilic) 

compounds on the inside, like TAG and cholesterol esters. Essential for this process are amphiphilic 

compounds like phospholipids, bile salts and FAs which will turn their lipophilic part towards the inside of 

the fat droplet. Most of these amphiphilic molecules are commonly called bile stored in the gall bladder 

and released during food ingestion. Meanwhile the hydrophilic part of the lipid droplet will be facing the 

outside aqueous environment. The introduction of bile will break up the large lipid droplets into smaller 

droplets. The smaller emulsified lipid droplets will have an increased surface area, making them more 

accessible to digestive enzymes (Murota, 2020). Many crucial digestive steps take place at the surface of 
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the lipid droplet where fat meets water. In this master thesis, the term "interface/interfacial" will refer to 

the site at which water and fat meet in the lipid droplet.  

Most of the fat digestion occurs in the duodenum. The presence of lipid digestion products arriving from 

the stomach will stimulate secretion of the hormone cholecystokinin (CCK) from enteroendocrine cells in 

the mucosa. CCK is key for stimulating release of digestive juices from both pancreas and gall bladder that 

will empty into the lumen of the duodenum. i.e., the gall bladder, which contains bile, will contract under 

the influence of CCK and enzymes and bicarbonate from the pancreas are stimulated. Subsequently, the 

lipid emulsions will be coated with bile and pancreatic juice. This process significantly changes the 

structure and chemical properties of the droplet (Wang et al., 2013), and the surface area of the droplet 

increase, allowing for increased enzymatic activity. Unlike the preduodenal lipases, pancreatic lipase is 

dependent on co-lipase to function, as the pancreatic lipase cannot bind effectively to the lipid droplets 

in the absence of co-lipase. With co-lipase present in the lipid-water interface, pancreatic lipase can bind 

to the droplet and facilitate fat digestion (Huang et al., 2012). The pancreatic lipase hydrolyses the ester 

bonds in the sn1 and sn3-position of the TAG molecule, resulting in a sn2-monoacylglycerol (MAG) and 

two FFAs. About 25% of the FAs in the sn2-MAG molecules will migrate to the sn1,3-positions, thus 

becoming available for hydrolysis by pancreatic lipase and subsequent absorption. The remaining 75% of 

sn2-MAGs will generally be incorporated into mixed micelles and subsequently absorbed by the 

enterocytes (Mu & Høy, 2004). 

Intact fat (mostly TAGs) will be transported from the core of the lipid droplet to the interface, where TAGs 

are hydrolysed by pancreatic lipase to yield two FFAs and one sn2-MAG. Mixed micelles are created as 

digested lipids bud off from the lipid droplet. They are a mixture of FAs, MAGs, diacylglycerols (DAGs), 

phospholipids, cholesterol, fat-soluble vitamins and bile acids. The mixed micelles are essential for the 

uptake of lipids, as they transport the lipids across the unstirred water layer adjacent to the outer 

membrane of the enterocytes. The fat is absorbed at the brush border membrane of the enterocytes. 

Water-soluble short-chain FAs can pass through the membrane by passive diffusion. While there might 

be such a mechanism for the water-insoluble FAs, it is believed that the dominant mechanism is that of 

protein-mediated transport. There are two essential proteins for FA uptake: CD36 and fatty acid transport 

protein 4 (FATP4). CD36 works alone or in unison with a fatty acid-binding protein (FABPpm) to actively 

transport medium to long-chain FAs across the apical membrane of the enterocyte. Once inside the cell, 

the FAs are bound by cytoplasmic FABP (FABPc) before undergoing further metabolic processing. FATP4 

also bind medium to long-chain FAs and transport them across the brush border membrane. On the inside, 

plasma membrane acyl-CoA synthetase 1 (ACS1) is ready to convert the FAs to acyl-coenzyme A esters 

before the eventual reconstruction of TAG molecules (Wang et al., 2013). 
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Some short-chain FAs are absorbed directly from the enterocytes in the small intestine to the mesenteric 

venous blood and subsequently to the portal vein (Wang et al., 2013). However, the mechanism of fat 

transport and distribution is generally more complex. Intestinal lipoproteins are synthesized in the 

enterocytes, and upon secretion to the circulation, can deliver TAG to tissues for oxidation or storage. 

After uptake of FFAs and MAGs into the enterocytes, they are remade into TAG in the smooth endoplasmic 

reticulum (Mu & Høy, 2004). During the postprandial state, the chylomicron (CM) is the most abundant 

lipoprotein. While some TAG molecules are incorporated into CM during the assembly process (Mu & Høy, 

2004), intestinal microsomal triglyceride transfer protein (MTTP) will transfer TAG into the final 

synthesized CM in the smooth endoplasmic reticulum. The final composition of the CM is 85-95% TAG, 

making them an essential part of the fat distribution (Wang et al., 2013). The CMs are secreted into the 

intestinal lymph and subsequently enter the blood through the thoracic duct. A majority of the TAGs are 

removed by lipoprotein lipase present at the surface of capillary endothelial cells in muscle and adipose 

tissue (Mu & Høy, 2004; Wang et al., 2013). 
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Figure 1.2: An illustration of the fat digestion process. Hydrophobic lipids clump together into large fat droplets in 

an aqueous environment. The introduction and coating of BA and phospholipids breaks the large droplets into smaller 

emulsified fat droplets (Murota, 2020). Pancreatic lipase anchors to the interface with the aid of colipase and BA to 

hydrolyse the TAG in the core of the fat droplet (Huang et al., 2012). Digested lipids buds off the lipid droplet to 

create mixed micelles, which transports the lipids across the unstirred water layer adjacent to the out membrane of the 

enterocytes. The proteins CD36 (often aided by FABPpm) and FATP4 facilitate the transport of the FAs from the 

mixed micelles into the enterocytes (Wang et al., 2013). The figure is created using BioRender,com Abbreviations: 

TAG = Triacylglycerol, DAG = Diacylglycerol, CE = Cholesterol ester, BA = Bile acids, FABPpm = Fatty acid-

binding protein, FATP4 = Fatty acid transport protein 4, FA = Fatty acid, SCFA = Short-chain fatty acid, MCFA = 

Medium-chain fatty acid, LCFA = Long-chain fatty acid. 
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1.4 Saturated fats – the villains of dietary fats  

A high intake of SFA is associated with high low-density lipoprotein cholesterol levels in the blood, a well-

established risk factor for CVD (Lewington et al., 2007). CVD is an umbrella term that includes all diseases 

affecting the heart or blood vessels (e.g., heart attack, stroke, peripheral artery disease). In line with the 

diet-heart hypothesis, scientists have for decades suggested that SFAs increase while PUFA decrease the 

risk of CVD (Dayton et al., 1965; de Lorgeril et al., 1999; Hu et al., 1997; Keys et al., 1986; Kushi et al., 

1985). Still, there is discussion in the scientific community about the relationship between total fat and 

CVD incidence (Howard et al., 2006; Siri-Tarino et al., 2010). In recent years, a more thorough investigation 

of individual FAs with relation to CVD has been conducted. Carbon chain length may play an essential role 

in the health implications of SFAs. The Nurses' Health Study (NHS) is a prospective cohort study that, which 

among other things, studied SFAs with different carbon chain lengths in relation to CVD. They reported 

that a higher intake of long-chain SFA (12:0, 14:0, 16:0 and 18:0) was associated with elevated risk of CVD, 

whereas no such associations were found for short- to medium-chain SFAs (4:0-10:0) (Hu et al., 1999). 

Additionally, the food source providing the fat might be of importance. Foods have different matrices and 

compounds which could attenuate or amplify the effects of the fat. For example, processed red meats, a 

common source of SFA, contain high amounts of sodium which could have inverse effects on CVD (Micha 

et al., 2010). On the other hand, phytochemicals from plant could potentially decrease the effects of SFA. 

The Multi-Ethnic Study of Atherosclerosis (MESA) from 2012 investigated how SFAs from different food 

sources impacted CVD incidence. The study results showed that a high intake of dairy SFAs was associated 

with a lower risk of CVD, while a high intake of meat SFAs was associated with a higher risk of CVD (de 

Oliveira Otto et al., 2012). The findings of the NHS and MESA projects underline the need to further 

research these topics and understand the underlying mechanisms of how SFAs impact human health.  

1.5 Cheese 

1.5.1 Cheese consumption and composition 

Cheese provides a wide range of nutrients to the diet. It is abundant in protein, fat, vitamins and minerals 

such as Ca, sodium (Na), phosphorus (P), sulphur (S), potassium (K) and magnesium (Mg). The 

predominant protein of the cheese is casein, as the whey is separated out during the curdling. Moreover, 

most of the lactose present in milk is separated with the whey, making it a viable option for the lactose-

intolerant (Manuelian et al., 2017). Cheese is one of the primary dietary sources of SFA (Huth et al., 2013). 

SFA makes up approximately 55-73% of bovine milk fat (Mollica et al., 2021; Månsson, 2008), making it a 

very SFA dense product. Thus, cheese might contribute significantly to the total SFA intake in the 

population. This statement is strengthened by NORKOST 3, a Norwegian dietary survey of food intake, 
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which reported that cheese was accountable for 20% of the daily SFA intake in the participants (Totland 

et al., 2012). 

The two most abundant minerals of cheese are Na and Ca. Dairy foods are a notable contributor of Na to 

the diet as they account for about 11% and 8% of dietary Na in the USA and United Kingdom, respectively. 

Furthermore, the NORKOST 3 study reported that 7% of the total Na ingested by Norwegian participants 

was derived from cheese (Totland et al., 2012). Additionally, the abundance of Ca makes cheese (and milk) 

important in human bone and tooth health. Approximately 60 to 70% of dietary Ca comes from dairy 

products, with cheese being the most crucial source in adults (Muehlhoff et al., 2013). While Ca is of 

nutritional benefit to the consumer, the mineral also plays a vital role in the cheese's chemical and physical 

attributes. Ca has a positive charge and can thus interact with negatively charged casein proteins within 

the protein matrix of the cheese. Whereas the negatively charged casein proteins are somewhat repelled 

from each other by having the same charge, the binding of Ca has a neutralising effect, allowing for more 

tightly packed casein proteins. The effect of Ca on protein interactions are notable in the final product; 

low Ca cheeses will be softer, melt better and be more stretchy (McMahon et al., 2005).   

Dietary guidelines generally recommend about 800-1000mg of Ca daily (Dietary Guidelines for Americans, 

Nordic Recommendations). Gouda-like cheeses and Cheddar-cheeses typically contain about 700-800 mg 

Ca per 100 g of cheese (Tunick, 1987). NORKOST 3 reported that participants, on average, ate 44 grams 

of cheese daily (Totland et al., 2012). However, with pizza contributing to a large proportion of the cheese 

consumed, it is natural to assume that the daily intake of cheese during a pizza meal is much larger. It is 

within reason to think that one person could consume 100-200g of cheese when eating pizza. Therefore, 

during a pizza meal, it would be possible to ingest 1600mg of Ca, approximately doubling the 

recommended daily requirements in a short time span. 

1.5.2 Cheese and health 

Cheese and its impact on human health is a heavily debated topic within the field of nutrition. Dairy 

products have long been a cornerstone of the human diet. Still, overconsumption has become a trademark 

of the obesity pandemic, prompting a more thorough investigation of potentially harmful products. A 

defining feature of cheese is its high SFA content. While a high intake of long-chain SFA is associated with 

a high risk of developing CVD (Hu et al., 1999), a high cheese intake does not seem to increase the risk of 

CVD (Alexander et al., 2016; O'Sullivan et al., 2013). The O'Sullivan and Alexander articles are both meta-

analyses that review the available literature on cheese and CVD risk. While the evidence on cheese 

consumption and CVD risk is usually neutral to beneficial (de Oliveira Otto et al., 2012), many dietary 

recommendations still advise to limit the consumption of full-fat dairy products. The lack of a consensus 
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on the topic makes it difficult for the consumers to make informed decisions as to what dairy products to 

include in their diet. 

While there is some debate about whether cheese in itself is healthy or unhealthy, most agree that despite 

the high fat content of the product, it does not seem to pose a grave concern to health as one might 

expect. In particular, when considering the abundance of SFA in cheese, one could expect the association 

between cheese and disease to be well documented. Nevertheless, this is not the case.  

A closer look at the FA composition of the cheese reveals that Palmitic acid (16:0) makes up about 30% of 

the total fat in the cheese (Månsson, 2008). It is the most abundant SFA in the human body, with 16:0 

making up 20-30% of the total FA (Carta et al., 2017). It is a long-chain SFA that consists of a hydrocarbon 

chain of 16 carbons. 16:0 is often named one of the villains in the world of nutrition, as high consumption 

will increase the risk of CVD (Harvey et al., 2010; Shen et al., 2013). Additionally, cheese is rich in Stearic 

acid (18:0) and Myristic acid (14:0), with 18:0 making up about 12% and 14:0 making up about 10% of the 

total bovine milk fat (Månsson, 2008). 14:0 raises low-density lipoprotein (LDL) cholesterol more than 

16:0 and 18:0 (Fattore et al., 2014). A prospective case-control study discovered higher blood levels of 

14:0 in patients with CVD than in the control group (Chei et al., 2018). While the literature on 14:0 and 

16:0 have negative undertones, the evidence on 18:0 is conflicting. Some report that high consumption 

of 18:0 will increase CVD risk (Praagman et al., 2019; Zong et al., 2016), while others report no significant 

associations between the two (Praagman et al., 2016). 

1.5.3 Knowledge gaps 

Saturated fats have been labelled as "unhealthy fats", and consumers have been warned to limit their 

intake of SFA for decades. SFA will raise LDL cholesterol which is a known risk factor for CVD. One of the 

most significant contributors of SFA to the adult diet is cheese. Despite its high SFA content, cheese intake 

does not seem to increase the risk of disease (Alexander et al., 2016; O'Sullivan et al., 2013). The 

mechanisms explaining this paradox has not yet been elucidated but both the high Ca content and other 

capabilities of the cheese (i.e., ill-defined matrix effects) have been suggested to play a role. Anyhow, it is 

regarded as a paradox that high cheese intakes do not seem to increase the risk of CVD since high intake 

of long-chain SFA is consistently associated with a high risk of developing CVD (Hu et al., 1999).  
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1.6 The role of calcium on lipid digestion 

While many articles report a neutral association between cheese and CVD risk, few propose a mechanism 

as to why this might be the case. An emerging hypothesis has been that of Ca forming insoluble soaps 

with long-chain SFAs during lipid digestion in the small intestine, reducing their bioavailability and 

subsequent absorption to the body. Deeper insight into the hypothesis could allow for increased control 

of what lipids we digest and absorb, which is of interest to the health sector and food- and pharmaceutical 

industries.  

1.6.1 The formation of calcium soaps 

Ca plays a vital role in lipid digestion as it alters the interfacial organization of hydrolysed lipids in the fat 

droplets (Torcello-Gómez et al., 2018). As previously explained, lipids are hydrophobic and thus 

dependent on forming an emulsion with amphipathic compounds (e.g., bile salts, phospholipids) to travel 

the aqueous environment of the GI tract. After entry to the small intestine, pancreatic lipase will hydrolyse 

the TAG molecules in the core of the lipid droplet (Wang et al., 2013). Short- to medium-chain FAs are 

relatively water-soluble and will leave the fat droplet and be absorbed by the enterocytes. Long-chain FAs 

are, on the other hand, relatively less water-soluble and will not be able to leave the droplet but instead 

migrate to the lipid-water interface (Torcello-Gómez et al., 2018). Any endogenous or dietary Ca present 

in the small intestine will drive the formation of insoluble calcium soaps (CS) with long-chain SFA present 

at the lipid-water interface at a 1:2 molar Ca to FA ratio. Subsequently, the CS will be removed from the 

interface by precipitation (Torcello-Gómez et al., 2018). Complexation will only happen when two FFAs 

are involved (usually SFAs). The precipitation of CS happens when hydrophobic forces arise between 

several of these complexes (Figure 1.3).  MUFAs and PUFAs have branched hydrocarbon chains which will 

limit efficient precipitation of the soaps. Moreover, longer hydrocarbon chains will create more insoluble 

soaps. Thus, only long-chain SFAs will create complexes with Ca that readily precipitate. An accumulation 

of FAs on the interface of the fat droplet will inhibit pancreatic lipase activity as this will restrict the access 

of lipase to the TAG molecules in the core (Hu et al., 2010). Thus, removing SFA from the droplet interface 

by CS precipitation will aid the lipid digestion process by leading to faster lipolysis rates (Zangenberg et 

al., 2001). This is well known in the pharmaceutical industry, as fat-soluble drugs will often have added Ca 

to aid the uptake of the drugs (Larsen et al., 2011). While lipolysis rates are improved, the FAs that have 

formed complexes with Ca will be less bioavailable and subsequently be less absorbed (Lorenzen et al., 

2007). Additionally, CS formation most likely hinders incorporating the FAs into the mixed micelles (Devraj 

et al., 2013).  
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Figure 1.3: Schematic representation of the complexation and precipitation of calcium soaps. Complexation first 

occurs between one FA and one Ca ion. Another FA will interact with the complex (shown in the third box from the 

left), a precursor for precipitation. The complex consisting of one Ca atom and two FA can form dimers, trimers and 

oligomers, driven by hydrophobic interactions, and ultimately precipitate. Ca is shown as a yellow circle, O as a red 

circle, C as a grey circle. The figure inspired by Pereira and co-workers (Pereira et al., 2012) and is created using 

BioRender,com. Abbreviations: Ca = Calcium, FA = Fatty acid, O = Oxygen, C = Carbon 

1.6.2 Faecal calcium soaps and potential weight loss benefits 

If they are not absorbed, the CS should be excreted in the faeces. Still, there is relatively little research on 

what happens to the CS after precipitation from the fat droplet, and further investigation is required to 

understand the mechanism fully. Rodent studies have previously been conducted to investigate whether 

different levels of ingested dietary Ca will impact fat excreted in the faeces (Alomaim et al., 2019; Ayala-

Bribiesca et al., 2018). Indeed, both studies showed increased faecal fat excretion in the high Ca groups. 

However, there is no easy way of directly measuring CS in the faeces. Instead, the most practical approach 

is to dissolve the CS and measure and quantify the FAs by gas chromatography.  

The idea that long-chain SFAs become less available for uptake into the body by Ca complexation and 

precipitation forms the rationale for this master thesis. If CS are excreted into the faeces, this could have 

implications for energy intake, weight gain, and obesity-related disease markers.   
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1.7 The effects of saturated fatty acids on inflammation and barrier integrity 

The presence of harmful pathogens or toxic compounds will induce inflammation, which is part of the 

innate immune response to harmful stimuli. It acts as part of the body's defence mechanism, with the 

primary objective of removing the potentially harmful intruder and subsequently initiate the healing 

process (Chen et al., 2017). The induction of the inflammatory responses involves sophisticated signalling 

pathways that will differ with particular stimuli and body location. However, a general path is usually 

followed: Pattern recognizing receptors (PRR) on the surface of a cell will react to a stimulus from a 

pathogen-associated molecular pattern (PAMP), which leads to the induction of inflammatory pathways. 

Markers of inflammation will be released, which again attracts inflammatory cells to the site of infection 

(Chen et al., 2017). While inflammation is a rapid and robust immune response, it can cause damage to 

surrounding tissue. Some damage is acceptable and is easily repaired; however, a shift from short- to long-

term inflammation is not desirable and is associated with various diseases (Furman et al., 2019). Intestinal 

immunity differs from immunity in other organs. The GI tract is constantly under a bombardment of 

antigens and microbial products derived from both food and microbiota. Should an inflammation be 

initiated by all foreign molecules, the following battlefield would wreak havoc on the structures of the 

gut. Thus, the gut has a clear anti-inflammatory presence, with the normal state of the gut being tolerance 

(Chistiakov et al., 2015).  

1.7.1 Saturated fats induce inflammation in the small intestine 

Obesity induced by a high-fat (HF) diet feeding has been shown to promote inflammation in the intestine 

of mice. Wang and co-workers demonstrated that a short-term HF diet increased Toll-like receptor 4 

(TLR4) messenger ribonucleic acid (mRNA) expression in intestinal tissues (Wang, N. et al., 2013). 

Furthermore, the results showed that the TLR4/NF-𝜅B signalling pathway was activated, and an increase 

was observed over time, peaking at day 7. The primary PAMP of TLR4 is lipopolysaccharide (LPS) present 

at the external membrane of Gram-negative bacteria (Rogero & Calder, 2018). While LPS is the primary 

TLR4-ligand, emerging evidence suggests that SFA can act as a ligand (Huang et al., 2012). LPS are 

composed of a lipid and polysaccharide portion, joined together by an outer and inner core (Steimle et 

al., 2016). The lipid portion, called lipid A, consists of 6 SFAs with carbon chain lengths of 12-16 carbons. 

Most likely, certain SFAs can bind and activate TLR4 due to their similarity to the lipid A portion of the LPS 

molecule (Rogero & Calder, 2018). The TLR4/NF-𝜅B signalling pathway has been shown to initiate the 

production of pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF-α) and interleukin (IL)-

1β, IL-6, IL-8 and IL-12 (Azam et al., 2019; Ko et al., 2011). The cytokines will be able to recruit and activate 

leukocytes at infection site. 
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1.7.2 The intestinal barrier 

The GI tract consists of an intestinal barrier that separates our bodies from the outside environment and 

is built up of distinct layers. A mucus layer is the first physical defence against harmful substances in the 

lumen and is predominantly made up of glycoproteins produced by Goblet cells (Knoop & Newberry, 

2018). The small intestine has one mucus layer, whereas the large intestine has two, where commensal 

bacteria colonise the outer mucus layer (Vancamelbeke & Vermeire, 2017). Underneath the mucus 

layer(s), a single cell layer of epithelial cells is present. These cells are commonly divided into five types: 

absorptive enterocytes, mucus-producing Goblet cells, enteroendocrine cells, antimicrobial peptide-

producing Paneth cells and microfold cells. The cells are connected with tight junction proteins such as 

occludins, claudins and zonula occludens (ZO). Tight junction proteins play a crucial part in paracellular 

permeability as small molecules can travel between the junctions of two cells, while larger molecules 

usually cannot (König et al., 2016). Underneath the epithelial cells lie the lamina propria, where many 

activated immune cells are present if any bacteria or pathogens manage to penetrate the barrier (Kamada 

et al., 2013). 

The intestinal barrier possesses conflicting roles: it acts as a semipermeable barrier to absorb nutrients, 

minerals, and water while simultaneously functioning as a physical and immunological defence barrier 

against harmful substances. Disruption of the intestinal barrier is associated with many diseases (König et 

al., 2016), and a breach could cause severe complications. 

Diets rich in saturated fats have been shown to reduce barrier function in mice (Lam et al., 2012; 

Murakami et al., 2016; Suzuki & Hara, 2010). An increased bile flow has been proposed as a mechanism 

to explain this. HF feeding increases the release of bile from the liver to facilitate fat digestion and 

absorption. The gall bladder secretes primary bile acids into the duodenum. After aiding in fat digestion, 

the primary bile acids are absorbed in the jejunum or ileum and transported back to the liver. However, 

some escape absorption and remain in the intestine, where bacteria modify them to become secondary 

bile acids which are generally hydrophobic. There is evidence that abnormally high levels of secondary 

bile acids lead to increases apoptotic epithelial cell death and thus leads to decreased barrier functions 

(Hegyi et al., 2018). Furthermore, studies in rodents fed a HF diet have reported a down-regulation of 

tight junction proteins (Cani et al., 2009; de La Serre et al., 2010; Lam et al., 2012), underlining the link 

between saturated fats and decreased barrier function. 
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 AIMS 

This master thesis is a sub-project within a larger project called LipidInflammaGenes, a collaboration 

between NMBU, NTNU (Norwegian University of Science and Technology), UiO (University of Oslo) and 

TNO (Netherlands Organisation for Applied Scientific Research). The main objective of the 

LipidInflammaGenes project is to study TAG from Norwegian animal products and how it may affect 

inflammation and satiety, as well as risk factors of CVD.  

The overall aim of the current project was to assess whether the Ca content and/or food matrix could 

affect the weight development and intestinal health in mice through impacting the amount of SFA uptake 

and excretion.  The food matrices that were compared were cheese and butter containing equal amounts 

of SFA and otherwise equal in terms of other nutritional content.  

We hypothesised that the Ca in the cheese would form insoluble soaps with long-chain SFAs in the small 

intestine, thus limiting the uptake of these FAs, increase the excretion with the faeces and thus influence 

the body weight development and intestinal health.  

Furthermore, we hypothesised that the food matrix could play an additional role in modifying the uptake 

of SFA and thus influencing the body weight development and intestinal health.  

The project had the following specific aims (I-IV): 

I. To determine whether Ca impact the FA digestibility and weight development in mice. 

II. To determine whether the fat matrix (cheese or butter) influences FA digestibility and weight 

development. 

III. To determine whether Ca and food matrix affects expression of inflammatory and intestinal barrier 

related genes in the small intestine.   

IV. To assess the accuracy of a TD-NMR (time-domain nuclear magnetic resonance) instrument from 

Bruker on determining body fat in mice. 
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 MATERIAL AND METHODS 

3.1  Experimental design 

3.1.1 Animals and housing conditions 

60 male mice of the strain C57BL/6J Rj were used in this experiment. They were ordered from the supplier 

Janvier Labs in France and shipped to NMBU. The mice were six weeks old at arrival and approximately 

eight weeks at the start of the intervention. A standard mouse feed (Chow; RM1, SDS Diets, Essex, UK)) 

was given to the mice for one and a half weeks to acclimatise them to the new environment. During the 

acclimatisation period, the cages were equipped with bedding, nesting material, houses and running 

wheels. However, the running wheels were removed from the cages during the intervention to exclude 

physical activity as a possible confounder. Removal of the running wheels has, from previous experience, 

also shown decreased fighting between the males. The mice were given ad libitum access to water and 

food. 

The mice were housed in individually ventilated cages (Innovive, San Diego, CA) on the same rack. Room 

lighting followed a 12:12 hour light/dark cycle. A local humidifier (Condair CP3mini, Qviller, Norway) 

ensured relative humidity to range between 45-55%. The temperature was closely monitored and kept 

between 23-25 °C. 

 C57BL/6 is a well-known mouse strain, often used in studies concerning obesity and metabolic syndrome. 

When put on a HF diet, they will gain weight and develop insulin resistance. Thus, we consider C57BL/6 

as a relevant model for the experiment. 

3.1.2  Ethical aspects 

The animal experiment was approved by The Norwegian Animal Research Authority (Mattilsynet). All 

procedures complied with the EU's directives on animal research. FOTS ID for the experiment was 25541. 
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3.1.3 Experimental setup 

Male mice (C57BL/6JRj) were fed a HF diet (~45%E from fat) with FAs either from cheese (n=20) or butter 

(n=30) and received varying Ca levels [low-Ca (2g/kg feed), medium-Ca (7g/kg feed) and high-Ca (20g/kg 

feed)] for 5 weeks. A control group received a low-fat chow diet with a standard Ca content of 5g/kg 

(n=10). The mid-Ca cheese feed had no additional Ca added, as the Ca naturally present in the cheese 

accumulated to 7g Ca/kg feed. Therefore, no low-Ca cheese group was included in the design, as there 

was no way to reduce the Ca content of the cheese while retaining a comparable matrix. Groups are 

abbreviated as: chow low-fat control (Chow), butter with 2 g Ca/kg feed (But2), butter with 7 g Ca/kg feed 

(But7), cheese with 7 g Ca/kg feed (Che7), butter with 20 g Ca/kg feed (But20) and cheese with 20 g Ca/kg 

feed (Che20) (Figure 3.1).  

 

Figure 3.1: Experimental groups. 60 adult male C57BL/6J Rj mice were fed a HF diet with fat from cheese (n=20) 

of butter (n=30) and received varying Ca levels [low-Ca (2 g/kg feed), medium-Ca (7 g/kg feed) and high-Ca (20 g/kg 

feed)]. A control group received a low-fat chow diet with a standard Ca content of 5 g/kg (n=10). The figure is created 

using BioRender,com. Abbreviations: Ca = Calcium, HF = High-fat 

Two mice were housed in each cage, and cages were distributed randomly in the cage-racks. Mice are 

categorised as "social animals", and evidence suggests that individual housing can cause anxiety-or 

depression-like behaviour in male mice (Kappel et al., 2017). Thus, we decided to house two mice in each 

cage, maximising the number of experimental units. They were fed their respective diets for five weeks, 

with detailed timeline of the experiment shown in Figure 3.2. Termination was carried out over five days, 

with 12 mice terminated each day. The feeding trial started on different days for different animals, 

corresponding to what days the animals were terminated, to ensure the same length of intervention for 

all animals. 
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Figure 3.2: Timeline of experiment. The experiment lasted for 5 weeks. Body weight and fat tissue mass (TD-NMR) 

were measured weekly. Food consumption was monitored weekly (not included in the figure). Faeces were collected 

every day for one week (week 4). The mice were terminated the fifth week, and tissue, plasma, fresh faeces and liver 

were collected. Furthermore, the mice were fasted for 4 hours before termination to measure fasting glucose. The 

figure is created using BioRender,com. Abbreviations: TD-NMR = Time-domain nuclear magnetic resonance 

 

3.2  Mouse diets 

All the HF experimental diets were made in-house by mixing all the necessary ingredients and 

subsequently prepared as pellets. Ingredients were ordered from Dyets Inc. (Bethlehem, PA) with a few 

exceptions: TINE provided cheese and butter, while casein was made at NMBU. The cheese's fat content 

had been previously determined at NMBU. Ca was added in the form of Ca phosphate. The HF diets were 

designed with (D12451, Research diets, New Brunswick, NJ) as a template. The ingredients were adjusted 

to reach the desired energy composition of 45% fat, 35% carbohydrate and 20% protein. Additionally, the 

calories were made as similar as possible. The Chow control diet (RM1; SDS diets) was provided as ready-

made. 
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Table 3.1: Compositions of the cheese and butter diets 

 Butter 7 g Ca/kg feed Cheese 7 g Ca/kg feed 

 g% kcal% g% kcal% 

Protein 22,65 20.16 22,92 20,00 

Carbohydrates 38,80 34,53 39,48 34,45 

Fat 22,58 45,21 23,15 45,45 

Other (vitamin mix) 1 0,10 1 0,10 

Fibre 5,5 0 5,6 0 

Total  100  100 

Ingredients g kcal g kcal 

Cheese   541,7 2638 

Butter 239 1787   

Casein 222 888 22,5 90 

L-Cystine 3,3 13 3,4 16 

Sucrose 196 785 199,9 799 

Dyetrose 111 444 112,9 452 

Starch 80,8 323 82,2 329 

Cellulose 55,5  56,4  

Soybean oil 27,7 250 28,2 254 

Mineral mix 38,8  39,5  

Vitamin mix 1,1 4 1,1 4 

Choline bitartrate 2,2  2,2  

Calcium phosphate 22,6  0  

Total Ca 7,07  6,73  

Total 1000 4494 1000 4582 

The diet compositions of Che7 and But7 were chosen as demonstrations of the HF diets. The other HF diets are 

very similar to those shown in the table, with the main difference being the amount of added calcium phosphate. 

Abbreviations: HF = High-fat, Ca = Calcium, kcal = Kilo calories. 

 

3.2.1 Calcium considerations and human relevance 

Research on the nutritional needs of the rodents led to the AIN-93 rodent diet, which lists the nutritional 

recommendations of mice and rats (Reeves et al., 1993). They recommend 5 grams of Ca per kilo feed. 

Mice eat approximately 3 g of food per day, thus consuming ca. 15 mg Ca daily. Humans are recommended 

to ingest 800-1000 mg Ca/day. To compare the daily intake of Ca between mice and humans, one must 

consider the difference in metabolic rate between the two species. The total metabolic rate of a 70 kg 

human is 138 kJ per kg body weight, while the total metabolic rate of a 30 g mouse is 961 kJ per kg body 

weight (Terpstra, 2001). Hence, the metabolism of mice is approximately seven times faster than that of 
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humans. The daily Ca recommended intake in mice, adjusted for metabolic differences, should therefore 

be between 1.5 to 2 mg per day given that no extra Ca is needed for skeletal growth. The low Ca-group (2 

g Ca/kg feed) was chosen on this basis. 

Our diets were divided into three levels of Ca: low-Ca (2 g Ca/kg feed), mid-Ca (7 g Ca/kg feed) and high-

Ca (20 g Ca/kg feed). It would have been natural to make the mid-Ca groups contain 5 grams of Ca, as this 

matches the recommendations of Reeves and colleagues (Reeves et al., 1993). However, cheese naturally 

contains Ca. 45% of the energy in the feed came from fat, and cheese accounted for the majority of this. 

Thus, the natural Ca content of the feed ended up at 7 g per kilo, and it was convenient to make this the 

mid-Ca level.  

The amount of Ca in the high-Ca groups is four times the recommendations of Reeves et al. (Reeves et al., 

1993). While this might seem very high, it is crucial to consider the difference in eating habits between 

mice and humans. Humans eat only a few large meals per day, while mice eat little and often while they 

are awake. When humans eat large, cheese-filled meals (like pizza), they ingest an amount of Ca and 

cheese in a time span that could not be easily replicated in a mouse study. An option would be to feed 

mice with an oral probe (per oz); however, this is a very time-consuming process. Instead, we try to 

simulate the situation in the GI tract of humans straight after a cheese-filled meal by making the mice eat 

a cheese diet constantly, with high levels of Ca, for 5 weeks. 

3.2.2 Cheese preparation 

TINE provided a ten-kilo cheese wheel of a nine-month aged cheese called Norvegia Vellagret. NMBU had 

previously characterised FA composition and mineral content on a selection of Norwegian cheeses. Based 

on this analysis, Norvegia Vellagret was chosen for its high Ca content, about nine grams per kilo cheese. 

Upon arrival, the cheese was divided into pieces and then shredded using electrical cheese shredders 

(Crypto Peerless TRS, UK). Subsequently, the cheese was frozen at -80 °C before being freeze-dried (Heto 

DryWinner 6-85, Thermo Fisher Scientific, Waltham, MA) for 24 hours to remove as much water as 

possible. The cheese was then ground to a powder using kitchen machines (Grindomix GM 200, Retsch) 

and stored at -20 °C. 

3.2.3 Casein separation from milk 

Casein makes up the majority of cheese protein. Hence, the protein naturally present in Norvegia 

contributed significantly to the cheese feed's total protein content. In contrast, butter contains very little 

protein, fulfilling the need to add an external protein source to the butter feed. By isolating and adding 

casein from Norwegian cows' milk to the butter diet, we ensured the feeds were as similar as possible, as 

Norvegia would also be derived from Norwegian cattle. The casein was produced in-house at the dairy 

pilot at NMBU with milk from the NMBU dairy farm (Ås gård).  
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1M hydrochloric acid (HCl) was added to 100 L of skimmed milk until the pH measured 4.57. The milk was 

then heated to 42 °C to promote curdling of the casein. The whey was removed and discarded by running 

the mixture through a filter. Subsequently, the casein was washed in three steps: first, three times with 

water acidified by sulfuric acid (H2SO4) at 42 °C for 15 minutes. Second, the casein was washed three times 

with acidified water at 38 °C for 15 minutes. Finally, the protein was washed with clean water at 32 °C. 

The casein was then hung in draining bags for 18 hours at 4 °C to allow excess water to drain. The following 

day, the casein was cut up and portioned into sealed plastic bags for storage at -20 °C. 

3.2.4 Casein analysis 

Dry matter and Ca analysis were performed on the casein to evaluate water content and Ca levels. The Ca 

analysis was critical, as "unregistered" Ca could impact fat uptake and disrupt results. 

5 g of casein was weighed in three parallels for both the dry matter and casein analysis. The casein 

designated for the dry matter analysis was put in aluminium foil cups, while the casein for the Ca analysis 

was put in heat resistant porcelain crucibles. The cups and crucibles were carefully weighed before the 

addition of casein. The samples were placed in an oven at 100 °C for 24 hours to ensure complete 

evaporation of the water present. Water content was calculated by dividing the dry sample's weight with 

the weight of the wet sample. 

For the Ca analysis, the porcelain crucibles were transferred to a muffle oven, and the temperature was 

set to 650 °C. The samples were checked regularly and removed from the oven when all material was 

turned into white/grey ash, which required approximately 6 hours. Some drops of HNO3 were added after 

3 hours to aid the ashing process.  

10 mL of 1M HCl was added to each crucible, and a glass stick was used to homogenise the solution. The 

solution was then transferred to 200 mL measuring flasks, and distilled water was added to the 200 mL 

mark. Subsequently, 25 mL of solution was transferred to an Erlenmeyer flask, and 20 mL of buffer 

solution was added. A spatula point of Erichromeblack T was added to give a dark red/violet colour. 

Ethylenediaminetetraacetic acid (EDTA) was added drop by drop to the solution until a stable blue colour 

appeared. The amount of EDTA titrated was noted and used to calculate the amount of Ca in the original 

casein sample. The formula used for calculating Ca in casein is given in (1). 

% 𝑪𝒂 𝒊𝒏 𝒄𝒂𝒔𝒆𝒊𝒏 =
𝑚𝐿 𝑢𝑠𝑒𝑑 𝐸𝐷𝑇𝐴 ∗𝑓𝑎𝑐𝑡𝑜𝑟1 ∗82 ∗100

𝑚𝑔 𝑤𝑒𝑖𝑔h𝑒𝑑 𝑐𝑎𝑠𝑒𝑖𝑛
  =   

𝑚𝐿 𝑢𝑠𝑒𝑑 𝐸𝐷𝑇𝐴 ∗0.4 ∗8 ∗100

𝑚𝑔 𝑤𝑒𝑖𝑔h𝑒𝑑 𝑐𝑎𝑠𝑒𝑖𝑛
                                      (1)                                                                                                                                             

1 The factor is 1/EDTA the strength of the solution. 1 mL EDTA corresponds to 0.4 g Ca2+ and the strength of the EDTA solution 

is thus 2.5. The factor is then 1/2.5 = 0.4 

2 Dilution factor 

Abbreviations: Ca = Calcium, EDTA = Ethylenediaminetetraacetic acid               
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3.2.5 Preparing the mouse feed 

Ingredients for the mouse feed were separately weighed and added to a mixing bowl. Dry ingredients 

were first mixed to ensure proper homogenisation before the liquids were added. Additional water was 

added to the cheese mixture to make it more easily mouldable. In contrast, the butter mixture was very 

wet due to the added casein's high water content. Ingredients were mixed in an industrial food processor 

using the dough hook attachment. The batter was then made into pellets by filling up 25 mL syringes with 

sawed-off tips. The piston was used to push the batter out, creating a compact "sausage". Subsequently, 

the sausages were divided into pellets using the chow pellet size as a guide. The pellets were frozen at  

-80 °C before being freeze-dried for 24-48 hours (Figure 3.3). The butter pellets contained more water 

than the cheese pellets and were freeze-dried for approximately twice as long as the cheese pellets. The 

feed was stored at -20 °C until the intervention started. 

 

 

Figure 3.3: Illustration of how the pellets were made. (1) All ingredients were first mixed in a mixing bowl. (2) 

The batter was put into a syringe with a sawed-off tip, making it as compact as possible. (3) Subsequently, the syringe's 

piston was used to push the batter out where it was cut (4) into appropriately sized pellets. The pellets were freeze-

dried to remove water. The figure is created using BioRender,com. 

3.3 Food intake and weight development 

Food intake and weight development were monitored closely. Mice were weighed at baseline and 

subsequently once a week until termination. The mice were given ad libitum access to the food, which 

was refilled once a week. The food was weighed before it was given to the mice. A week later, the 

remaining food was weighed and subtracted from the original amount to estimate the food intake. The 

estimate was divided by the number of mice in the cage.  
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3.4 Sample harvesting 

3.4.1 Faeces collection 

Faeces were collected for one week to calculate % digestibility and analyse the faecal fat content. As the 

intervention was initiated and terminated on five consecutive weekdays, the faeces collection was 

structured similarly. For example, the 12 mice that started the intervention on a Monday had their faeces 

collected from Monday to Monday. The mice that started their intervention on a Tuesday had their faeces 

collected from Tuesday to Tuesday, and so on. 

At the start of the collection process, the mice were transferred to new cages. The bedding was not 

replaced due to the difficulty in separating the faeces from the bedding. Instead, a blue paper was placed 

at the cage's base, making the surface softer for the mice in the absence of bedding. The cage was 

subsequently enriched with old and new nesting paper, housing and wooden sticks.  

To collect the faeces, mice, housing, sticks and paper were removed from the cage. The paper was 

thoroughly checked as faeces would often stick to it. A forceps was utilised to pick up faeces and place 

them in marked falcon tubes. When all faeces were collected from the cage, the falcon tube was weighed 

and stored in the freezer at -20 °C. The cage was wiped to remove hair, urine and water before a new 

piece of blue paper was laid at the cage's bottom. The mice were reintroduced to the cage together with 

sticks, paper and housing. The routine was repeated every day for all cages. 

Additionally, faeces were collected from the mice on the day of the termination. The mice were put in 

empty containers and allowed to defecate. Subsequently, the faeces were picked up with clean forceps 

and placed in Eppendorf tubes. The tubes were flash-frozen in liquid N2 to preserve the samples.                                                                                                                                                                                                                                                   

3.4.2 Blood collection and plasma preparation 

During the termination of the animals, blood was sampled by cardiac puncture. The animals were fully 

anaesthetised by intraperitoneal injection of a ZRF-cocktail (ca. 10 µL/g mice). The cocktail is a mixture of 

Zolazepam, Xylazine, Fentanyl and Tiletamine, achieving anaesthesia and analgesia. A 1 mL syringe with a 

25-gauge needle was inserted below the rib cage, through the diaphragm and into the heart. Between 

0.5-1.2 mL of blood was extracted to Eppendorf tubes. EDTA was used as an anticoagulant. Animals were 

subsequently sacrificed with cervical dislocation. Blood was kept on ice until all samples were collected 

and centrifuged (6000 g, 4 °C) for 10 minutes to separate red blood cells and plasma. A pipette was used 

to transfer as much plasma as possible to a new tube without contamination of red blood cells. Plasma 

was stored at -80 °C, awaiting analysis. Blood was sampled with the intent of analysing insulin levels. 

However, due to time restrictions, insulin analysis was not performed during this master project. 
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3.4.3 Mucosa from the small intestine 

After cervical dislocation, mice were prepared for dissection. Mice were pinned down on a sterile plate, 

and the abdomen was sprayed with ethanol before it was opened. The intestine was removed and washed 

in phosphate-buffered saline (PBS), then transferred to a disinfected plate. The duodenum, jejunum and 

ileum were identified and isolated. Mucosa was harvested by cutting the intestine longitudinally and using 

a blunt microscope slide to scrape along the intestine. Immediately after, mucosa was transferred to 

Eppendorf tubes containing 200 µL of RNAlater (RNAlater, Thermo Fischer). Tubes were left in the fridge 

at 4 °C for 24 hours to allow RNAlater to properly penetrate the mucosa before being stored at -80 °C, 

awaiting gene expression analysis. 

3.4.4 Liver and epidydimal fat 

The left liver lobe was removed from the carcass, and a sample of 20 mg was cut from the distal part. It 

was immediately transferred to an Eppendorf tube containing RNAlater (200 µL) and placed in the fridge 

at 4 °C for 24 hours. Subsequently, the samples were stored at -80 °C. The remaining part of the left lobe 

was flash-frozen in N2 and stored at -80 °C. Another master student performed liver gene expression 

analysis, and the results are not included in this thesis. 

Furthermore, a piece of epidydimal fat was harvested and flash-frozen in liquid N2 and stored at -80 °C. 

Analysis of the epidydimal fat was not performed during this master project. 

3.5 Analysis of fat in feed and faeces                

We hypothesised that the formation of CS in the small intestine will reduce the uptake of FFAs from the 

diet. If the fat is not taken up during digestion, its destination should be in the faeces. By comparing the 

fat intake of the mouse to how much fat it excreted, it is possible to calculate how much fat is taken up 

into its body, known as % digestibility. The formula for % digestibility is given in (2).  

 

                              𝐹𝑎𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐹𝑎𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑−𝐹𝑎𝑡 𝑖𝑛 𝑓𝑎𝑒𝑐𝑒𝑠

𝐹𝑎𝑡 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
∗ 100                                               (2) 

 

Thus, we wanted to quantify the amount of fat in the feed and faeces of the mice. Furthermore, we wished 

to look at individual FAs. This was done by first extracting the total lipids from the feed and faeces. Second, 

the lipids were fractionated into FFA and neutral lipids (NLs) (i.e., TAG, DAG and MAG) by solid-phase 

extraction (SPE). Third, the FFA and NL were converted into fatty acid methyl esters (FAME). Finally, the 

individual FAMEs were separated based on boiling point by gas chromatography–mass spectrometry (GC-

MS) (Figure 3.4). 
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Figure 3.4: Flow diagram of fat extraction and analysis. The figure shows the methods used to extract the fat in 

feed and faeces, ending with the calculation of % digestibility. The figure is created using BioRender,com. 

3.5.1 Lipid extraction and separation 

Extraction of total lipids from faeces and feed was performed using the Folch lipid extraction method 

(Folch et al., 1957). The method was initially designed to extract total lipids from tissue but has proven 

itself effective on other biological samples. Jordi Folch's lipid extraction method was published in 1957 

but has withstood the test of time and is today, together with the Bligh and Dyer method, considered the 

gold standard of lipid extraction (Breil et al., 2017). 

500 mg of frozen faeces or feed were homogenised using an analytical mill (IKA A11 basic) and placed in 

plastic Falcon tubes (50 ml). 20 mL of 2:1 chloroform:methanol was added to the tubes. One Falcon tube 

was left free of sample and acted as a control. A control sample was essential as chloroform could dissolve 

some of the plastic in the tubes, which contains FAs. 300 µL TAG internal standard (IS) 19:0 (100 mg/mL) 

(Larodan, Monroe, MI, USA) was added to the feed samples. In the faeces samples, 220 µL of FFA 19:0 IS 

(10 mg/mL) (Larodan, Monroe, MI, USA) and 15 µL of TAG 19:0 IS (10 mg/mL) (Larodan, Monroe, MI, USA) 

were added.  HCl was applied drop by drop to all the Falcon tubes containing faeces until the pH was 

below 2 (checked with pH strips). The samples were acidified to dissolve any CS present. Acid was not 

added to the feed samples as there should be no CS present in them. All Falcon tubes were placed on a 

shaker for 20 minutes at room temperature. The samples were washed with 4 mL saline and centrifuged 

at 2000 rpm for 30 minutes. After centrifugation, the top layer of methanol (water phase) was discarded. 

The bottom phase (chloroform) containing the lipids were extracted with glass pipettes and run through 

filters (Millex-FG hydrophobic PTFE membrane filters, 0.2 µm pore size and 25 mm diameter) to marked 

glass tubes. The chloroform was evaporated using an evaporator (Sample Concentrator SBHCONC/1, 

Stuart) running on nitrogen for 1-2 hours. 
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Figure 3.5: Folch extraction and filtration of lipids. 500 mg of frozen faeces was ground to a powder and placed in 

a Falcon tube. (1) 20 mL of 2:1 chloroform:methanol, internal standards (not shown) and 3 drops of 4M HCl were 

added to the tube and shaken for 20 minutes. 4 mL of saline was added before the tubes were (2) centrifuged for 30 

minutes at 2000 rpm. After centrifugation, the top aqueous phase was removed and discarded before the (3) pipette 

was carefully inserted through the phase of insoluble compounds. (4) Chloroform containing the lipids was poured 

into a syringe with a Millex filter attached to remove any large particles. The figure is created using BioRender,com. 

Abbreviations: HCl = Hydrochloric acid 

3.5.2 Isolation of FFA and NL by solid-phase extraction 

SPE provides the opportunity to isolate the lipids into fractions of FFAs, NLs and polar lipids (e.g., 

phospholipids). Furthermore, it is possible to divide NLs into TAG, DAG and MAG; however, that was not 

done in this project. Fractioning by SPE is not required to run the samples on GC-MS, as it is entirely 

possible to convert the total fat extracted to FAMEs. However, by fractionating into FFAs, NLs and polar 

lipids, it is possible to determine how much the fractions contribute to the total fat content. We decided 

to include SPE in our analysis as it increases the specificity of the information provided. Ca only makes 

complexes with FFAs, which makes this fraction of particular interest. Furthermore, we decided to only 

fractionate into FFAs and NLs. While there are some phospholipids in the feed, evidence suggests that 

bacteria highly influence the phospholipids in the faeces (Davies, 2014), thus making the fraction of little 

interest to us. 

The concentrated lipids were resuspended in 1 ml of chloroform and transferred to brown GC-vails with 

a screw cap. Vials were placed in the SPE instrument (GX-274 ASPEC system, Gilson Inc.), where 

chloroform was used to extract NLs, while a mixture of ether and acetic acid (98:2) was used to extract 

FFAs. Before the run, iso-Propanol was used to clean the system and ensure that no air bubbles were 
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present in the tubes of the instrument. During the run, heptane was used as a cleaning solvent. Columns 

(DiscoveryTM DSC-NH2, SupelcoTM, PA, USA) were placed in the instrument, and the program was started. 

SPE was only performed on the faeces samples. 

3.5.3 Derivatisation of lipids 

Derivatisation of the lipids is necessary before they are injected into the GC-MS. There are two primary 

reasons for this: First, derivatisation converts heat-stable compounds with low volatility into more volatile 

compounds that can be analysed in a gaseous state. Second, the derivatisation of FAs creates nitrogen 

derivates, making it possible for the GC-MS to detect where double bonds are located on the hydrocarbon 

chain of the FA (Řezanka et al., 2016).  

The lipids extracted from the feed were converted to FAMEs using a combined method of 

transesterification and esterification. After evaporation of the chloroform, lipids were dissolved in 1 mL 

heptane. The glass tubes were heavily vortexed to homogenise the solution. 1 mL of sodium methoxide 

(5 mg/mL) was added, and the tubes were put on a shaker at 390 rpm for 20 minutes. The sodium 

methoxide solution was prepared by adding 2.5 mg of metallic sodium (Purum, Merck, Darmstadt, 

Germany) to 50 mL of methanol. 1 mL of 10-14% BF3-methanol was added, and the tubes were placed on 

a water bath at 80 °C for 20 minutes. The tubes were removed from the water bath and cooled to room 

temperature before being centrifuged at 2000 rpm for 5 minutes. The top layer of the solution was 

removed to gas chromatography (GC) vials. Furthermore, the feed samples were diluted at 1:100 in 

heptane before injection into the GC-MS. 

After evaporation of the chloroform, the NLs extracted from the faeces were resuspended in 2 mL 

heptane. 1.5 mL of a 3.3 mg/mL solution of sodium methoxide was added to each sample. The samples 

were shaken for 30 minutes before centrifugation at 2000 rpm for 5 minutes. The top heptane layer was 

transferred to GC vials and diluted in heptane at 1:5. 

The ether and acetic acid were first evaporated before 1 mL of BF3-methanol was added to the FFA 

samples. They were placed in a water bath at 80 °C for 5 minutes before being allowed to cool down to 

room temperature. 1 mL of heptane was added, and the tubes were heavily vortexed. Next, the samples 

were centrifuged at 2000 rpm for 5 minutes before the top layer was removed to GC vials. The samples 

were diluted at 1:10 in heptane. 

3.5.4 GC-MS 

GC is used for chemical analysis, where compounds are vaporised without being decomposed. It can be 

used as a means for compound separation, identification and purification. The compound in question will 

be dissolved in a solvent, for instance, heptane or toluene. The liquid is injected into the instrument. An 
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inert carrier gas, often hydrogen or nitrogen, will carry the compounds into the column. The carrier gas 

acts as the "mobile phase". The walls of the column are covered in a liquid which acts as the "stationary 

phase". Compounds will interact with the stationary phase differently, depending on their boiling points 

and size, thereby having different retention times. The temperature in the column is high, and the 

compounds will thus be vaporised. How fast this happens depends on the boiling point of the compound. 

A low boiling point causes the compound to readily vaporise and travel quickly through the column, while 

a high boiling point causes longer retention times. 

After the NLs and FFAs had been converted to FAMEs, they were run on a GC-MS. 1 µL of the sample was 

injected into the injection chamber at 250 °C in split mode, with a split ratio of 1:10. The split flow was set 

to 10.0 mL/min, and the purge flow was set to 5.0 mL/min. The GC used was a TRACETM 1310 (Thermo 

Fisher Scientific, Waltham, MA, USA), equipped with a 60 m Rtx®-2330 capillary column with ID 0.25 mm 

and 0.20 µm film thickness (Restek, Bellefonte, PA, USA). The inert carrier gas used was helium 

(99.99990%, AGA, Norway), set at a constant flow of 2.0 mL/min. Furthermore, the GC was connected to 

an AI/AS 1310 Series Autosampler, thus relinquishing the need to place each GC-vial manually. The GC 

oven temperature was programmed and is shown in Table 3.2. 

Table 3.2: Temperature program for the GC-MS oven 

 

Time (min) Temp. increase rate (°C/min) Temperature (°C) Holding time (min) 

5 0 50 5 

35 100 140 30 

65 10 145 30 

95 3 175 20 

108 50 260 10 

The GC oven temperature started at 50 °C for 5 min before it was increased with a rate of 100°C/min to 140 

°C, where it was held for 30 min. Subsequently, the temperature was increased to 145 °C at a rate of 10.0 

°C/min for 30 min, before being further increased to 175 °C at a rate of 3 °C/min for 20 min. Finally, the 

temperature was increased at a rate of 50 °C/min to the highest temperature of 260 °C and held for 10 min. 

The total run time of each sample was 108 min. Abbreviations: GC-MS = Gas chromatography–mass 

spectrometry Temp = Temperature, Min = Minutes. 

The detector on the GC was a mass spectrometer ISQTM QD GC-MS (Thermo Fisher Scientific, Waltham, 

MA, USA) that breaks down the molecules into ionised fragments, which are detected by their mass-to-

charge ratio. Thus, it can identify and quantify the FAMEs present in the samples. The MS was a single 

quadrupole, using an electron ionisation energy of 70 eV. The mass range was m/z 50 – 450, and full-scan 

acquisition mode was used with 0.2 sec scan time. The MS transfer line and ion source were both set at 

250 °C. 
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The software used for the analysis was Chromeleon v7.2.9 (Thermo Fisher Scientific, Waltham, MA, USA). 

37 FAMEs (Food Industry Fame Mix, Restek, Bellefonte, PA, USA) were used as external standards to verify 

the FAMEs identified by the MS. Furthermore, the FAMEs in the samples were quantified using the 

amount of IS added together with predetermined relative response factors. The formula used for 

quantification of FAME is given in (3). Unknown peaks in the chromatogram were compared to a reference 

library (NIST 17 Mass Spectral Library, Gaithersburg, MD, USA) for identification.  

 

                                             𝐶𝐹𝐴𝑀𝐸 =
𝐴𝐹𝐴𝑀𝐸∗𝐶𝐼𝑆

𝐴𝐼𝑆∗𝑅𝑅𝐹
                                         (3) 

Abbreviations: C = Concentration, A = Area, FAME = Fatty acid methyl ester, IS = internal standard, RRF = relative response 

factor. 

 

3.5.5 Method development and optimisation steps 

During a trial run of the fat extraction and analysis method, faeces samples were run of the GC without 

being filtrated first. The samples contained large particles, which clogged the system and caused 

chromatograms that could not be analysed. Thus, a filtration step was added after the Folch extraction to 

remove larger particles that were not lipids. The filters used were the 0.20-micrometer pore size, 25 mm 

diameter, Millex-FG hydrophobic PTFE membrane filters. They were chosen due to Teflon's high 

resistibility to chloroform.  

The samples were centrifuged at 2000 rpm for 30 minutes instead of 5 minutes as the original protocol 

demanded. After 5 minutes of centrifugation, visible particles were floating in the water and fat phase. 

The additional centrifugation time helped solidify the phases. 

The first test runs of the method were executed on a GC with a flame ionisation detector (FID). The GC-

FID seemed the appropriate instrument as similar experiments had used it to identify fat in faeces 

(Alomaim et al., 2019; Ayala-Bribiesca et al., 2018). However, a problem arose when 37 external standards 

were run on the GC-FID, and some peaks could not be identified. The identification problem was most 

likely due to the manufacturer using a different column than us, which caused the retention times to 

differ. Thus, we decided to use a GC-MS instead. The advantage of an MS is that it utilises mass 

spectrometry to identify the FAMEs. Furthermore, it is equipped with a reference library where unknown 

peaks can be looked up. While a set of external standards is also run on the GC-MS, they are used to 

double-check the peaks in the samples, rather than being the sole source of identification (i.e., GC-FID). 

An IS is used to quantify each FAME present in the sample. The amount of IS added should be relevant to 

how much fat is in the samples (i.e., the IS peak should not be vastly different from the other peaks in the 
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chromatogram). The amount of fat in the feed was known (as well as individual FAs). Hence the 

appropriate amount of IS to add could be calculated. However, the amount of fat in the faeces was 

unknown, so a pilot was performed to determine how much IS should be added to the faeces samples. 

Based on the pilot results, 15 µL of TAG 19:0 and 220 µL of TAG 19:0 was found to be within the relevant 

ranges.  

A high concentration of the FAMEs causes large peaks on the chromatogram, which can clump together, 

making the analysis difficult. The feed samples were abundant in fat and were thus diluted at 1:100 with 

heptane before injection to the GC-MS. The faeces samples were diluted at 1:10 with heptane. 

3.6 RNA extraction 

During termination of animals, liver tissue and gut mucosa were sampled for gene expression analysis. 

Due to the mRNA’s fragile nature, the samples were stored in Eppendorf tubes containing 200 µL of 

RNAlater to prevent mRNA degradation. Samples were first stored in the fridge at 4 °C for 24 hours, as 

the manufacturer recommends (RNAlater, Thermo Fischer), to ensure proper tissue penetration. 

Subsequently, the samples were stored at -80 °C until the extraction was performed.  

The NucleoSpin RNA/Protein Kit was used to isolate the RNA. The kit utilises a spin basket format, where 

the lysate is passed through a derivatised silica gel membrane that will bind nucleic acids. Subsequently, 

the membrane is washed in several steps before the RNA is eluted into collection tubes. 

The procedure was executed following the manufacturer's protocol (Machery-Nagel, 2014). A maximum 

of 30 mg of gut mucosa was weighed and put in tubes. 350 μL of RP1 Buffer and 3,5 μL of β-

mercaptoethanol (β -ME) was added to the tissue. A 1 mL syringe with a 25-gauge needle was utilised to 

homogenise the sample. The solution was injected and ejected through the needle until the desired 

texture was accomplished. When introduced to the RP1 buffer, the cells will undergo lysis due to the 

presence of guanidine thiocyanate. The guanidine salts also act as an RNase inhibitor, thus protecting the 

exposed RNA. β -ME acts as a reducing agent, breaking the disulfide bonds of the proteins. 

The lysate was transferred to a NucleoSpin filter connected to a collection tube and centrifuged at 11000 

x g for 1 minute. The purpose of the filtration was to reduce the viscosity of the lysate as well as clearing 

it. After centrifugation, 350 μL of ethanol (70%) were added to the collection tube to adjust the RNA 

binding conditions. The samples were vortexed to ensure proper homogenisation of the solution. 

The samples were loaded into the NucleoSpin RNA/Protein columns, placed in collection tubes, and 

centrifuged at 11000 x g for 30 seconds. The nucleic acids will bind to the silica gel column, thus isolating 

RNA (and DNA) while the proteins will flow through. As we are only interested in RNA isolation in this 

experiment, the flowthrough was discarded, and the columns were put in new collection tubes. 350 μL of 
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Membrane Desalting Buffer (MDB) was added to the columns, followed by centrifugation at 11000 x g for 

1 minute. Desalting the silica membrane is done to enhance the effectiveness of the rDNase, an enzyme 

that degrades DNA. The rDNase reaction mixture was prepared in a sterile microcentrifuge tube by adding 

10 μL of rDNase to 90 μL of Reaction Buffer for rDNase for every sample. Subsequently, 95 μL of the 

reaction mixture were added to the columns, and they were left to incubate at room temperature for 15 

minutes. 

The silica membrane gel was then washed and dried in three steps. During the first wash, 200 μL of Buffer 

RA2 was added to the columns to inactivate the rDNase, followed by centrifugation for 30 seconds at 

11000 x g. The columns were put into new collection tubes. Any leftovers of the RA2 Buffer were washed 

away during the second wash by adding 600 μL of RA3 Buffer and centrifuging at 11000 x g for 30 seconds. 

The flowthrough was discarded, and the columns were placed in the same collection tubes. During the 

third wash, 250 μL of RA3 Buffer was added to the columns, and centrifugation commenced for 2 minutes 

at 11000 x g to ensure a dry membrane.  

Flowthrough was discarded, and the columns were put in RNase-free collection tubes. To eluate the RNA, 

60 μL of RNase-free water was applied to the columns, followed by centrifugation at 11000 x g for 1 

minute. The isolated RNA present in the collection tubes was collected and analysed to evaluate 

concentration, degree of purification and integrity. 

3.7 RNA quality and quantification 

NanoDrop spectrophotometer was used to assess the quality and quantity of the isolated RNA. RNA will 

absorb light at 260 nm, and by utilising the Beer-Lambert law, the concentration of RNA was predicted. 

The Beer-Lambert law predicts that a solution's absorbance is directly proportional to the absorbing 

species' concentration (Mayerhöfer et al., 2020). Thus, a reading of 1 at A260 would be equivalent to 40 

μg/mL mRNA. Additionally, absorbance at 230 and 280 nm was investigated to evaluate the purity of the 

isolated RNA. Proteins will absorb wavelengths up to 280 nm, and a low A260/A280 ratio could indicate 

protein contamination. A low A260/A230 ratio could indicate other contaminants, such as leftover 

guanidine from the RP1 Buffer. Ratios between 1.7-2.1 were accepted as highly purified RNA and 

acceptable for gene expression analysis. 

It is essential to assess the RNA samples' integrity, as degraded RNA would cause problems during 

complementary DNA (cDNA) conversion and, subsequently, the gene expression analysis. The assessment 

was done using the Agilent 2100 bioanalyzer and the Agilent RNA 6000 Nano Kit. The instrument utilises 

a combination of capillary electrophoresis and fluorescent dyes to evaluate RNA concentration and 

integrity. The software 2100 Expert will analyse the capillary electrophoresis results and calculate an RNA 
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integrity number (RIN) between 1 and 10. A low RIN-score indicates a high degradation of the sample, 

while a high RIN-score indicates an unimpaired sample. 

3.8 Gene expression analysis with quantitative real-time PCR 

3.8.1 cDNA synthesis 

Gene expression analysis by real-time polymerase chain reaction (PCR) is dependent on DNA. Therefore, 

cDNA synthesis from RNA using the iScript cDNA Synthesis Kit was performed following the supplier's 

instructions (BioRad). The kit utilises a modified reverse transcriptase (RT) derived from a Moloney murine 

leukaemia virus (MMLV). RT will bind to the RNA-template and begin the synthesis of a single cDNA strand. 

The reaction mix contains random hexamer primers and oligo(dT), which are essential for the RT's 

function. RNase H will then degrade the RNA-template, leaving single-stranded cDNA that can be 

amplified during real-time PCR. 

3.8.2 Quantification by real-time PCR 

PCR was discovered in 1983 and is an in vitro method of amplifying a DNA fragment. Several variants of 

the traditional PCR have been made, among these: Real-time PCR. Real-time PCR, also known as 

quantitative PCR, allows for quantitative measurements of nucleic acids during PCR. It has become an 

important tool in gene expression analysis. 

PCR is a method for amplification of a DNA target sequence. It involves three steps: denaturation, 

annealing and extension. During denaturation, the temperature is set at 94 °C that will cause double-

stranded DNA (dsDNA) to denature. Creating single-stranded DNA (ssDNA) is vital for the method as it 

allows for primer hybridisation during the annealing step. The temperature is reduced to 55-70 °C as 

specific forward and reverse primers bind to ssDNA's flanks. During extension, a heat-stable DNA 

polymerase will bind to the DNA strand at 72 °C. It will synthesise dsDNA, utilising the deoxyribonucleotide 

triphosphates (dNTPs) present in the system. As shown in Figure 3.6, the first step involves a linear ground 

phase (1) as the reaction gets going. An exponential phase (2) is initiated when the target sample is 

doubled for each PCR cycle. During the log-linear phase (3), the reaction takes place at a linear efficiency. 

Towards the end of the reaction, reactants become limited, and a plateau phase (4) is initiated as target 

DNA amplification is reduced.  
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Figure 3.6: The four phases of real-time PCR. Fluorescence is plotted versus cycles. (1) shows the area of the curve 

in the beginning of a PCR run emitting fluorescence below the threshold, (2) is the exponential phase of the PCR 

reaction, as the product is doubled at each cycle, (3) visualise the log-linear phase of the reaction where it occurs at a 

linear efficiency, whereas the plateau phase (4) is when the components of the reaction is limited and the amplification 

is reduced. The figure is inspired by Yilmaz et al. (Yilmaz et al., 2012) and is created using BioRender.com. 

Abbreviations: PCR = polymerase chain reaction The figure is created using BioRender,com. 

Real-time PCR utilises fluorogenic dyes as a mean of sequence non-specific detection. SYBR Green I is the 

most frequently used dye in Real-time PCR. When unbound, SYBR Green I will emit a low level of 

measurable background fluorescence. However, in the presence of dsDNA, the dye will bind to the minor 

grooves of the dsDNA. Bound SYBR Green I emit fluorescence a thousand times stronger than unbound 

SYBR Green I. As the target DNA is amplified, there will be more opportunities for the fluorescent dye to 

bind dsDNA. The fluorescence is measured by the quantitative PCR instrument and will be proportional 

to the amount of dsDNA present. 

During the early PCR cycles, the emitted fluorescence from bound SYBR Green I will not surpass the 

background level and will not be detectable. However, during the exponential phase, the bound dye's 

fluorescence will reach a threshold where it overcomes the background fluorescence. This is known as 

the cycle threshold (Ct). Samples containing low amounts of initial target DNA will use more cycles to 

reach the Ct than samples with a higher initial material amount. 

3.8.3 Analysis of gene expression 

The software LinRegPCR was used to calculate the Ct value for each sample. It utilises a method 

called relative quantification that determines the changes in steady-state mRNA in response to different 

treatments (Yilmaz et al., 2012). The gene of interest is compared to an internal RNA control, usually a 
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housekeeping gene (HKG). HKGs are expressed at relatively constant rates in all cells. Relative 

quantification does not measure mRNA concentration (absolute quantification) but looks at the target 

gene's mRNA expression levels relative to the reference gene. In our case, the reference gene chosen was 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

Amplification efficiency is a term that describes how well the target sequence is amplified during the 

exponential phase. An amplification efficiency of 1 would be equivalent to 100% efficiency as the target 

sequence is doubled for each cycle. It is crucial to evaluate this as a slight difference in amplification 

efficiency between the target gene and reference gene could cause significant differences when 

calculating expression ratios (Yilmaz et al., 2012). Nevertheless, a slight margin of error is accepted, and 

amplification efficiencies between 90-110% are generally considered sufficient (Tichopad et al., 2003). 

Furthermore, using the Pfaffl model for relative quantification, a correction is made for amplification 

efficiency. Pfaffl created a mathematical formula that combined gene quantification and normalisation of 

the target and housekeeping gene's amplification efficiency (Pfaffl, 2001). The software LinRegPCR was 

used to check if the genes' amplification ratios were within the accepted range.  

3.9 TD-NMR for determining fat content in live mice 

The protons of hydrogen will have a positive charge of +1, a property known as nuclear spin. Usually, the 

nuclear spin of the protons will be randomly oriented. However, within a magnetic field, the hydrogen 

nuclei's orientation will either be with or against the magnetic field, a phenomenon known as polarisation. 

A pulse will induce excitation of the protons, causing the spin to be angled perpendicular to the magnetic 

field. With time, the protons will return to their original orientation, known as relaxation. The relaxation 

time will be different for protons in different matrices, thus creating the ability to differentiate between 

fat, lean mass and free fluids. 

Fat tissue mass was analysed using the Minispec LF50 (Bruker, Billerica, MA). Magnet temperature was 

set at 37 °C, while proton frequency was 7.5 MHz. The instrument was checked and cleared before sample 

measurement. This was done by inserting a standard sample (chia-seeds) with known quantities of fat 

and running the "daily check" command. Sample batch, calibration type (mice 5-60 g), mouse-ID and 

weight were specified for all animals. The mouse was picked up by the root of its tail and placed in a red 

plastic tube. A restrainer was inserted to limit the mobility of the mouse. The plastic tube was inserted 

into the Minispec LF50, and the program was executed. Any faeces or urine in the tube was cleaned away 

before the introduction of a new mouse. 
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3.10 Accuracy of Bruker’s TD-NMR instrument 

Before the experiment, a Minispec LF50 7.5 Hz TD-NMR instrument was purchased from Bruker. The 

instrument uses the principles of NMR to measure fat tissue mass in live mice. During the main 

experiment, the fat mass was measured weekly in all animals. At times, the instrument gave some strange 

readings. For instance, some animals showed decreased fat mass from one week to another, despite 

increasing body weight. Thus, we conducted a sub-experiment to investigate the correlation strength 

between the NMR measurements and large fat depots in the mice. 

The fat tissue mass of 5 male and 5 female C57BL/6J Rj mice was measured using the Minispec LF50 from 

Bruker. The mice were then weighed before they were terminated by cervical dislocation. Subsequently, 

the abdomen of the mice was opened, and the large fat depots (epidydimal/gonadal and visceral fat) were 

dissected and weighed. The intestine was stretched out to collect large patches of visceral fat; however, 

the dissection was relatively crude. One animal was excluded from the analysis as it had very large uteri 

filled with liquid, which would have impacted the weight measurement. 

3.11 Sample power   

The number of animals per experimental group was decided based on a Power analysis. The analysis was 

based on values from a study conducted by Alomaim and colleagues (Alomaim et al., 2019). They 

investigated the effect of Ca levels in rats fed a HF diet. In the Power analysis, we compared the means of 

the lowest Ca group to that of the highest Ca group. We ran a separate analysis on four variables, 

digestibility of 16:0 and 18:0, serum LDL levels, and total cholesterol.  

Comparing C16:0 digestibility from the low-Ca group to the high-Ca group in the Alomaim study, a 20% 

difference between the two means would require a sample size of 2 (𝛼 = 0.05,  𝛽 = 0.2,  𝜎 = 6).  

Comparing C18:0 digestibility from the low-Ca group to the high-Ca group, a 32% difference between the 

two means would require a sample size of 2 (𝛼 = 0.05,  𝛽 = 0.2,  𝜎 = 8).  

Comparing serum total cholesterol from the low-Ca group to the high-Ca group, a 0,38 mmol/L difference 

between the two means would require a sample size of 12 (𝑎 = 0.05,  𝛽 = 0.2,  𝜎 = 0.33).  

Comparing serum LDL cholesterol from the low-Ca group to the high-Ca group, a 0,10 mmol/L difference 

between the two means would require a sample size of 8 (𝑎 = 0.05,  𝛽 = 0.2,  𝜎 = 0.07).   

Based on the Power analysis, we choose 10 animals per experimental group to be sufficient while still 

being statistically sound. 
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3.12 Statistics 

Statistical analysis was performed using the software GraphPad Prism 9.2.0. For each analysis, 

considerations were made as to what statistical model was best suited to the data. Comparisons were 

considered significant if p < 0.05. When something is statistically significant, the result is not likely to occur 

by random chance; more likely, the result could be attributed to a specific cause. In this master thesis, a 

trend is defined by p < 0.15. For each analysis, the statistical model or test used is listed in the figure- or 

table text of the results. Normal distribution was checked with D'Agostino and Pearson normality tests. 

3.13 Own contribution 

In the last year, I have gained valuable experience in planning and executing animal experiments. I was 

included in the planning process from the start and had a say in how the experiment was set up (e.g., 

what to feed the mice, mice per group). Furthermore, another master student and I designed the diets 

(not chow) and calculated how much of each ingredient to add. We also ordered the ingredients and made 

the feed. The casein was separated from milk at the Dairy pilot at NMBU by the engineers working there. 

I performed the dry matter and Ca analyses of the casein. 

I took part in writing the FOTS application; however, my supervisor Professor Harald Carlsen wrote most 

of it. Additionally, I took part in several meetings where the aim was to decide how to extract fat from 

faeces and analyse it. I reviewed the literature and suggested the Folch method, which was ultimately 

chosen. 

In February, the animal experiment was initiated. Every weekday, I was present in the animal lab to check 

the welfare of the mice and measure weight, fat, and food consumption (Except one week where another 

master student and I came every other day due to Covid restrictions). Furthermore, I was at the animal 

lab 2 out of 5 weekends during the experiment to check their welfare and collect faeces. Additionally, I 

was part of the crew that terminated the mice, with my primary responsibilities being glucose 

measurements, injection of anaesthesia, blood sampling by cardiac puncture and cervical dislocation. 

Another master student and I performed all procedures and analyses connected to the fat analysis in feed 

and faeces. Furthermore, we also analysed the chromatograms and calculated the amount of fat present 

in the samples.  

My supervisor and I performed the sub-experiment where the objective was to assess the accuracy of the 

fat measurements by the Minispec LF50 from Bruker. I performed dissections on two mice. 

I did not do any of the gene expression analyses as this was done by PhD student Dimitris Papoutsis. This 

was due to the Covid lockdown and the subsequent shutdown of the NMBU laboratories during the spring 

of 2021. 
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 RESULTS 

4.1 Effect of calcium on fatty acid digestibility and weight development in mice  

4.1.1 Fatty acid digestibility as a function of calcium in the diet 

Ca can form complexes with long-chain SFAs in the duodenum. We hypothesised that increasing amounts 

of Ca would affect FA uptake in the mice due to the excretion of insoluble CS in the faeces. During week 

4 of the experiment, faeces were collected for all seven days, and food consumption was measured. 

Subsequently, the FAs were extracted and quantified from the feed and faeces. Thus, we calculated how 

much fat was consumed and how much fat the mice excreted over a 1-week period. These numbers were 

used to calculate % digestibility = (FA consumed - FA excreted) * (FA consumed)-1 *100 for the FAs most 

abundant in faeces. 

 

Table 4.1: % digestibility of four fatty acids (FA) in the mice fed a high-fat diet 

 Groups 

 low-Ca mid-Ca high-Ca 

 But2 Che7 But7 Che20 But20 

14:0 99.7 ± 0.1a 99.3 ± 0.2ab 99.4 ± 0.2ab 98.8 ± 0.7b 98.9 ± 0.2b 

16:0 99.1 ± 0.5a 97.8 ± 0.5ab 97.9 ± 0.6ab 96.4 ± 1.7b 96.5 ± 0.7b 

18:0 97.8 ± 1.4a 95.3 ± 1.0ab 95.2 ± 1.1ab 92.0 ± 3.5b 91.8 ±1.8b 

18:1cis9 99.9 ± 0.1a 99.8 ± 0.1ab 99.8 ± 0.04ab 99.6 ± 0.2bc 99.5 ± 0.2c 

Food consumption and faeces were measured over the duration of a week (week 4). FA content of the feed and 

faeces were quantified using chemical analysis and GS. % digestibility = (FA consumed – FA faeces) * (FA 

consumed)-1 * 100 was calculated for week 4 of the experiment.  Differences among means were analysed using 

a one-way ANOVA with Tukey's multiple comparison test performed using GraphPad Prism version 9.2.0 

(Graphpad Software, USA). Groups marked with identical letters indicate no significant difference, whereas 

groups marked with different letters indicate significant difference. Abbreviations: FA = Fatty acid, GS = Gas 

Chromatography, Ca = Calcium, ANOVA = Analysis of variance 

Table 4.1 shows an overview of the four most abundant FAs in the faeces of mice fed an HF diet. All other 

FAs present in the faeces were below the cut-off point, meaning that their % digestibility was between 99 

and 100. The % digestibility for 14:0 was very high for all HF groups. While minor, a reduction of 1% 

digestibility was still observed in the high-Ca groups compared to the low-Ca group for 14:0. Moreover, 

the % digestibility of 16:0 is reduced by approximately 2.5% in the high-Ca groups compared to the low-

Ca group (from ~99% to 96.5%). The most considerable impact of Ca was seen on 18:0 % digestibility. A 

significant reduction of about 6% was observed in the high-Ca groups compared to the low-Ca group. 
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Additionally, there was a trend that all high-Ca groups experience reduced 18:0 % digestibility compared 

to the mid-Ca groups (P-values=0.12); however, these observations were not significant. The only 

unsaturated FA that made it above the cut-off point, 18:1cis9, revealed a significant yet very slight 

reduction in % digestibility with increasing Ca levels. A 0.4% reduction was observed in high-Ca groups 

compared to the low-Ca group. 

The evidence suggests that Ca is only able to make complexes with FFAs. NLs (e.g., TAG, DAG, MAG) should 

generally not be affected by varying Ca levels in the feed. Fat found in the faeces was separated into FFAs 

and NLs by SPE to investigate whether this was the case. Table 4.2 shows the contribution of the FFA and 

NL fractions to the total amount of 16:0 discovered in the faeces of the butter groups, given in percent. 

Generally, the FFAs contributed between 90 and 95% to the 16:0 content of the faeces, while NLs 

contributed between 5 and 10%. A higher contribution of FFAs to the 16:0 content of the faeces was seen 

in the high-Ca group compared to the low-Ca group. 

 

Table 4.2: contribution of the free fatty acid (FFA) fraction and neutral lipids (NL fraction to the total 

amount of Palmitic acid (16:0) found in the faeces of high-fat butter groups, given in percent 

 

But2 But7 But20 

NL FFA NL FFA NL FFA 

9.06 % 90.94 % 8.21 % 91.79 % 5.75 % 94.25 % 

8.31 % 91.69 % 8.84 % 91.16 % 8.51 % 91.49 % 

4.17 % 95.83 % 8.02 % 91.98 % 4.49 % 95.51 % 

6.25 % 93.75 % 4.25 % 95.75 % 4.21 % 95.79 % 

8.90 % 91.10 % 6.46 % 93.54 % 5.30 % 94.70 % 

Total fat was extracted from faeces and was subsequently divided into FFA and NL fractions by solid phase 

extraction. The two fractions were quantified by gas chromatography and mass spectrometry to determine the 

amount present in faeces. The results in the table were calculated by dividing the fraction (FFA or NL) on the 

total fat content extracted from the faeces. 
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                   BUT2              CHE7              BUT7               CHE20           BUT20 

Figure 4.1: The total amount of free fatty acids (FFA) and neutral lipids (NL) of Palmatic acid (16:0) found in 

the faeces of all HF diet groups. Differences among the means of the FFA fraction were analysed using a one-way 

ANOVA with Tukey’s multiple comparison test, performed using GraphPad Prism version 9.2.0 (Graphpad Software, 

USA). Groups marked with identical letters indicate no significant difference, whereas groups marked with different 

letters indicate significant difference. Variance is shown as standard deviation. Abbreviations: ANOVA = Analysis 

of variance 

 

Moreover, Figure 4.1 shows the total amount of FFAs and NLs of 16:0 found in the faeces of HF-diet 

groups. No significant differences were found between the groups with regards to the NL fractions. 

However, a one-way ANOVA revealed significantly more FFAs in the high-Ca groups (Che20 P-

value=0.0106 and But20 P-value=0.0462), and one of the mid-Ca groups (Che7 P-value=0.0438) compared 

to the low-Ca group. 

Our results show that Ca impacted FA digestibility in mice receiving HF diets, in a dose dependent manner. 

Mice on a high-Ca/HF diet had 2.5% lower uptake of 16:0 and 6% lower uptake 18:0 compared to mice 

fed a low-Ca/HF-based diet. Furthermore, there was 10-20 times more FFAs of Palmitic acid in the faeces 

compared to NLs. Ca significantly impacted the amount of 16:0 FFA found in the faeces of the high-Ca 

groups and the mid-Ca cheese group compared to the low-Ca group.                                                                          

4.1.2 Effect of calcium on weight development 

To evaluate whether Ca affected weight development in the mice, they were weighed once a week for 

the duration of the experiment. Food consumption was also measured weekly to calculate energy intake 

during the feeding period.  
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Figure 4.2: Body weight development in groups of mice fed different diets. (A) shows the weekly change (%) in 

body weight of the groups until the week of termination. Week 0 represents the baseline weight of the animals. (B) 

Shows the total weight increase of the animals given in percent adjusted for baseline weight differences. Differences 

among means were analysed using a one-way ANOVA with Tukey's multiple comparison test. Groups marked with 

identical letters indicate no significant difference, whereas groups marked with different letters indicate significant 

difference. (C) is an overview of body fat development in the mice. Fat mass was measured by a body composition 

analyser (Minispec LF50, Bruker). Variance is shown as standard deviation. The graphs with corresponding statistical 

tests were performed using GraphPad Prism version 9.2.0 (Graphpad Software, USA). Abbreviations: ANOVA = 

Analysis of variance 

 As shown in Figure 4.2.A, mice weight at baseline was not identical despite being randomly distributed 

into the different experimental groups. After 1 week of feeding high fat fed groups started to separate 

clearly in weight. But2 mice weighed the most and continued to do so until termination. The Chow animals 

weighed the most at baseline but had the lowest body weight at the end of the experiment. While the 

weight gain stagnated for most groups the last week of the feeding trial, the Che7 group increased their 

weight gain the last week, almost overtaking the But2 group in total body weight. 

(A) 

(B) 
(C) 
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Figure 4.2.B shows that the Chow group gained the least amount of weight. While all the other groups 

gained more weight than the Chow group, the association was only significant for But2 (P-value=0.0028) 

and Che7 (P-value=0.0075). Furthermore, an increase in dietary Ca levels may be associated with less body 

weight. However, But20 was the only group where weight gain was significantly (P-value=0.0421) 

decreased compared to the low-Ca group. 

Fat tissue mass was measured weekly by a TD-NMR instrument (Figure 4.2.C). The But2 group produced 

the highest fat readings for the duration of the experiment. The other groups exhibited similar fat 

development, except the Chow mice, with fat gain decelerating the last couple of weeks. However, the 

instrument produced peculiar readings (e.g., fat tissue mass decreasing, despite body weight increasing) 

during the experiment's later stages due to desyncing between the software and electronics. Thus, there 

was large variations in the data of weeks 4 and 5. 

            (A)                                                                     (B) 

(C)     

 

 

 

 

 

 

 

Figure 4.3: Total food consumption, average energy intake and faeces excreted. (A) Shows the total average 

amount of food consumed per mouse. (B) Shows the total average energy intake per mouse for groups fed different 

diets. Calories consumed was calculated for every week and added together to demonstrate the total caloric intake of 

the mice. (C) Shows the amount of faeces (g) excreted per mice over the period of one week. Differences among 

means were analysed using a one-way ANOVA with Tukey's multiple comparison test, performed using GraphPad 

Prism version 9.2.0 (Graphpad Software, USA). Groups marked with identical letters indicate no significant 

difference, whereas groups marked with different letters indicate significant difference. Variance is shown as standard 

deviation.  Abbreviations: kcal = Kilo calories, ANOVA = Analysis of variance 
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As seen in Figure 4.3.A, the Chow mice consumed more food than the other groups. Between the HF 

groups, there were no significant differences in food consumption. 

Figure 4.3.B illustrates the average energy intake per mouse per day of all the groups. While the chow 

mice ate more mass than the HF mice, their feed contained less energy. Hence, the Chow group total 

energy intake was significantly lower than all other groups. Among the HF groups, there were no 

significant differences in daily average energy intake.  

To investigate whether the different diets affected faecal excretion differently, faecal mass was weighed 

over a seven-day period and displayed as gram faeces per mouse per week (Figure 4.3.C). As expected, 

chow mice produced significantly more faeces than the HF diet groups because they ate more food and 

the food was also rich fermentable dietary fibres. Interestingly, the high-Ca groups produced significantly 

more faeces than the mid -and low-Ca groups. Furthermore, the But7 group excreted significantly (P-

value=0.0453) more faeces than the But2 group.  

The food and energy consumption between the HF diet groups were approximately the same. 

Additionally, there was a pattern emerging where increasing Ca in the feed was associated with an 

increasing amount of faeces excreted. 

We further observed that mice in the high-Ca groups, excreted faeces with visible blood content. 

Occasionally, blood was also observed in the faeces of mid-Ca; however, it was much more frequent in 

the high-Ca groups. No blood was observed in the But-2 or Chow groups. 

In summary, Ca content affected weight gain in the mice that received HF butter-based diets with a lower 

weight gain (-9%) in the high-Ca group compared to the low-Ca group. The effect of Ca on weight gain was 

not found in the mice that received the cheese-based HF diet. No effect of Ca was found on body fat mass 

development. The daily average energy intake per mouse was approximately equal for all HF groups. 

Furthermore, Ca had a dose dependent effect on faeces excretion, where the High-Ca excreted the most. 

Blood content was observed in the faeces of high-Ca mice.  

 

 

 

 

 

 

 



RESULTS 

   43 

4.2 Influence of matrix on fatty acid digestion and weight development  

The main hypothesis for a potentially health neutral outcome of SFA rich cheese intake, is its high content 

of Ca creating CSs with long chain SFAs. However, other mechanisms have been proposed as possible 

explanations. Hence, we investigated whether any effect in FA digestibility and inflammation could be 

attributed to something other than Ca in the cheese (a so-called matrix effect). Matrix effects were 

investigated by comparing butter and cheese feeds that were very similar in both FA content and 

composition. As no low-Ca cheese group was included in the design, the low-Ca butter group was excluded 

from the matrix analysis. 

    

Figure 4.4: Effect of matrix on 16:0 and 18:0 % digestibility. A two-way ANOVA with Tukey's multiple 

comparison test was performed with the two variables matrix and Ca, using GraphPad Prism version 9.2.0 (Graphpad 

Software, USA). The groups included in the analysis were the mid-Ca and high-Ca groups: Che7, But7, Che20 and 

But20. P-values are shown for the interaction term, and main effects matrix and Ca. NB, the y-axis starts at 80% and 

not 0. Variance is shown as standard deviation. Abbreviations: 16:0 = Palmitic acid, 18:0 = Stearic acid, Ca = Calcium, 

ANOVA = Analysis of variance 

 

A two-way ANOVA revealed no effect of the matrix on 16:0 and 18:0 % digestibility (Figure 4.4). Moreover, 

no interaction between the two main effects, Ca and matrix, were observed. However, Ca impacted the 

two FAs significantly in both groups, with a reduction in digestibility observed in the high-Ca groups. 
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Figure 4.5: Effect of matrix on the total body weight. A two-way ANOVA with Tukey's multiple comparison test 

was performed with the two variables matrix and Ca, using GraphPad Prism version 9.2.0 (Graphpad Software, USA). 

The groups included in the analysis were Che7, But7, Che20 and But20. The figure shows the effect of matrix on total 

body weight gain. The p-values of the interaction term and the two main effects, matrix and Ca, are shown. Variance 

is shown as standard deviation. Abbreviations: Ca = Calcium, ANOVA = Analysis of variance 

Figure 4.5 revealed a trend that matrix (p-value=0.0866) and Ca (p-value=0.0773) influenced total weight 

gain of the mid- and high-Ca mice. The mice fed a butter diet seemed to have gained slightly less weight 

than mice fed a cheese diet. Moreover, the mice fed a high-Ca diet may have gained slightly less weight 

than mice fed a mid-Ca diet. 

In summary, a matrix effect was not observed with regards to 16:0 and 18:0 digestibility. However, there 

was a trend that the matrix influenced the total weight gain of the mice (p-value=0.0866).  

4.3 Expression of genes related to intestinal health 

Certain long-chain SFAs, like 14:0 and 16:0, have been shown to induce inflammation in the small 

intestine. We hypothesised that Ca would bind long-chain SFAs and were interested to check whether this 

would influence intestinal health. The expression of four relevant genes was examined to evaluate 

intestinal health. TNF-α is an inflammatory cytokine that has been consistently shown to be upregulated 

during inflammation in the small intestine. iNOS encodes inducible nitric oxide synthase and is highly 

responsive to inflammatory stimuli whereas NOX2 encodes NADPH oxidase type 2, which is crucial for 

initiating oxidative burst in innate immune cells. Elevated levels of iNOS and NOX2 mRNA is therefore a 

good indication of inflammation and putative increase in reactive oxygen- and nitrogen species 
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(ROS/RNS). ROS/RNS are, among various other mechanisms, generated as a cellular response to 

pathogens (Morgan & Liu, 2011; Quinn et al., 2006). ZO-1 is a tight junction gene. It encodes a protein 

whose purpose is to keep the epithelial cells of the barrier tight together. A low expression of the gene is 

often associated with decreased barrier function by the mechanism of increased paracellular permeability 

(Murakami et al., 2016). 

(A)                                                                       (B) 

 

(C)                                                                    (D) 

Figure 4.6: Relative mRNA expression of genes related to intestinal health. mRNA gene expression 

of (A) iNOS, (B) ZO-1, (C) NOX2 and (D) TNF-𝛼 relative to the basal expression of the housekeeping gene GAPDH. 

Variation within groups is given as SEM (n=7). Differences among means were analysed using a one-way ANOVA 

with Tukey's multiple comparison test, using GraphPad Prism version 9.2.0 (Graphpad Software, USA). Significant 

differences between groups are shown with p-values and no p-value means no significant difference. Abbreviations: 

mRNA = Messenger ribonucleic acid, iNOS = Nitric oxide synthase, ZO-1 = Zonula occludens 1, NOX2 = NADPH 

oxidase 2, TNF-α = Tumour necrosis factor α, GADPH = Glyceraldehyde 3-phosphate dehydrogenase, ANOVA = 

Analysis of variance, SEM = Standard error of the mean 
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Figure 4.6 A, C and D illustrate the relative mRNA expression of iNOS, NOX2 and TNF-𝛼. Different HF diets 

did not produce any significant difference in the expression of the genes mentioned above. 

Furthermore, iNOS, NOX2 and TNF-𝛼 expression was not significantly different between the Chow and HF 

diet groups. However, some differences in the expression of ZO-1 between the groups were evident. ZO-

1 mRNA expression was lowest in the But20 group, and this observation was significant compared to But2 

(P-value=0.0319) and Che7 (P-value=0.0047). Additionally, the Che7 group had a higher expression of the 

gene than the Chow group (P-value=0.0254). To further analyse ZO-1 expression with respect to matrix 

effects, a two-way ANOVA test was conducted (Figure 4.7). Interestingly increased ZO-1 expression was 

dependent on matrix (P-value=0.0040) and Ca (P-value=0.0049). As shown in Figure 4.7, the gene was 

upregulated in the cheese groups in comparison to the butter groups and reduced by increasing amounts 

of Ca. No significant interaction effect between the two main effects, Ca and matrix, was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Effect of matrix on expression of the tight junction gene ZO-1. A two-way ANOVA with Tukey's 

multiple comparison test was performed with the two variables matrix and Ca, using GraphPad Prism version 9.2.0 

(Graphpad Software, USA). The groups included in the analysis were Che7, But7, Che20 and But20. The figure shows 

the effect of matrix on relative gene expression of ZO-1. The p-values of the interaction term and the two main effects, 

matrix and Ca, are shown. Abbreviations: Ca = Calcium. ZO-1 = Zonula occludens 1, ANOVA = Analysis of variance 

 

Overall, no effects of Ca were seen on the expression of inflammation markers in the small intestine. 

However, the tight junction gene ZO-1 had the highest expression when HF diets were added low Ca levels 

(for butter-based HF diet) and medium Ca levels (for cheese-based HF diet). Furthermore, a significant 

effect of the matrix was found on the expression of ZO-1, with the gene being higher expressed in cheese-

based diets compared to butter-based diets. 
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4.4 Accuracy of Bruker's Minispec LF50 on fat mass measurements 

A TD-NMR (Minispec LF50 7.5 Hz, Bruker) instrument was used to measure fat mass in the mice during 

the main experiment. The device was recently purchased and had thus not been used in experiments 

before. The instrument worked well for the first 3 weeks of the experiment; however, it produced some 

unexplainable measurements during the last two weeks (e.g., the fat mass had decreased compared to 

previous weeks while body weight increased). Thus, the accuracy of the Bruker TD-NMR instrument was 

evaluated by dissecting out major fat depots (gonadal/epidydimal, visceral fat) from mice and comparing 

them to the measurements given by the instrument in the same mice (Table 4.3). Additionally, mice were 

weighed to investigate whether dissected fat or NMR measurements were good predictors of body 

weight. 

 

 

Table 4.3: Weight of mice, fat mass values given by TD-NMR and weight of large fat depots dissected out 

Mouse ID Sex Weight (g) Fat TD-NMR (g) Fat dissected (g) 

711-1 F 23.62 3.587 0.58 

711-3 F 23.16 1.707 0.27 

711-4 F 27.00 6.284 1.58 

711-5 F 25.06 3.722 0.63 

708-1 M 32.87 2.896 0.70 

708-2 M 32.75 4.960 1.51 

708-3 M 32.75 5.424 1.02 

708-4 M 38.95 9.838 2.58 

708-5 M 36.90 8.201 2.37 

 

Mouse 711-2 was excluded from the dataset as it had abnormally large uteri. Abbreviations: ID = Identification, TD-

NMR = Time-domain nuclear magnetic resonance. 
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  (A)                                               (B)                                            (C)  

 

Figure 4.8: Correlation between the three variables fat, TD-NMR and weight. (A) shows the correlation between 

fat dissected out and fat measurements given by the TD-NMR instrument. (B) shows the correlation between dissected 

fat and body weight, while (C) shows the correlation between TD-NMR measurements and body weight. Analysis of 

correlation was performed using Spearman's Rho (given as the r-value) to investigate the strength of association 

between the variables, using GraphPad Prism version 9.2.0 (Graphpad Software, USA). Abbreviations: TD-NMR = 

time-domain nuclear magnetic resonance 

 

Figure 4.8 A shows a simple linear regression plot describing the association between fat tissue mass 

measurements given by the TD-NMR instrument and fat dissected out of the mice. The amount of fat 

dissected was highly correlated to the measurements given by the instrument, with an R-value equal to 

0.9677 (Spearman's Rho). Interestingly, neither fat dissected, nor TD-NMR measurements were highly 

correlated to the weight of the mice with Spearman’s Rho of 0.5644 and 0.4693 (Figure 4.8 A and 4.8 B). 
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 DISCUSSION 

High intake of SFAs has consistently been shown to raise low-density lipoprotein cholesterol, a known risk 

factor of CVD. One of the most significant single contributors of SFAs to the diet is cheese. While 

containing high amounts of SFAs, cheese itself does not seem to increase the risk of disease. The high Ca 

content in cheese has been proposed to explain this paradox through limiting the uptake of long-chain 

SFAs by forming insoluble soaps. Also, other abilities of the cheese have been suggested to affect SFA 

uptake through a so-called matrix effect. 

Several rodent studies have shown that increasing Ca levels in the diet leads to increasing amounts of 

SFAs in the faeces. Furthermore, a lesser uptake of SFAs like 16:0 and 18:0 could have implications for the 

individual's overall health status. Ca has been proposed to be associated with less weight gain, lower 

cholesterol, and less fat in the liver. Thus, a better understanding of fat and Ca and how they affect 

markers of disease is desirable.  

The purpose of this project was to investigate whether Ca impacts the long-chain FA digestibility and 

weight development in mice. Furthermore, we wanted to investigate whether Ca or matrix could affect 

the expression of genes related to intestinal health.  

In this study, it was demonstrated that Ca affected long-chain SFA digestibility and weight development 

in mice. Additionally, Ca impacted barrier function; however, no effects were observed on inflammatory 

markers. While no effect of the fat matrix was seen on FA digestibility and inflammation, it did impact 

weight development and the expression of the tight junction gene, ZO-1. Furthermore, the Minispec LF50 

from Bruker was a reliable predictor of fat tissue mass in the mice. 

5.1 Calcium affects fatty acid digestibility and weight development 

5.1.1 Effect of calcium on fatty acid digestibility 

The interplay between Ca and fat is not fully understood, yet it could play a protective role in the onset of 

diet-induced diseases. First and foremost, we wanted to investigate to what extent Ca affected the 

digestibility of individual FAs. Food consumption and faeces excretion were measured in the mice for one 

week (week 4 of the experiment). Subsequently, the FAs were quantified in the feed and faeces by use of 

a GC-MS. After that, % digestibility was calculated by comparing the FAs consumed to FAs excreted.  

Overall, we found the effect of Ca on FA digestibility to be less than expected. Digestibility of 18:0 was 

found to decline 6% in high-Ca groups compared to the low-Ca group. Furthermore, a decrease of only 

2.5% was observed in 16:0 digestibility from low- to high-Ca groups. While significant, the marginal effect 

of Ca on 16:0 and 18:0 digestibility is surprising, as many have reported a much more substantial effect. 
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Alomaim and colleagues fed rats a HF diet with varying amounts of Ca and reported a 20% decrease in 

16:0 and a 30% decrease in 18:0 digestibility in rats fed high amounts of Ca compared to rats fed low 

amounts of Ca (Alomaim et al., 2019). Indeed, several other rodent studies also show significantly more 

faecal fat in animals fed a high-Ca diet than a low-Ca diet (Ayala-Bribiesca et al., 2018; de Wit et al., 2011; 

Papakonstantinou et al., 2003). 

The evidence on Ca and its effect on obesity and markers of disease is dividing. Still, most in vivo studies 

investigating Ca's effect on fat digestibility/excretion find an association between the two (Alomaim et al., 

2019; Davies et al., 2000; de Wit et al., 2011; Papakonstantinou et al., 2003). Furthermore, CS formation 

and precipitation have been studied in several in vitro systems (Devraj et al., 2013; Graham & Sackman, 

1983; Pereira et al., 2012), leaving no doubt that Ca possess the ability to make insoluble complexes with 

FAs. However, while Ca complexation with FAs occurs, there is no guarantee that precipitation will happen 

(which is necessary if the complex is to be excreted in the faeces). Whether the complex stays in solution 

or precipitates likely depends on just the right balance between hydrophobic factors and the water 

present in the system (Pereira et al., 2012). It may be that the mouse intestine, in conjunction with the 

diet consumed, did not provide the optimal system for CS precipitation in our experiment. Most studies 

on the effect of Ca on FA digestibility are rat studies (Alomaim et al., 2019; Ayala-Bribiesca et al., 2018; 

Papakonstantinou et al., 2003). However, de Wit et al. investigated the effect of Ca on fat excretion in 

C57BL/6J mice fed an HF diet (de Wit et al., 2011). They observed 2.4 times more faecal fat in mice fed a 

high-Ca HF diet compared to a low-Ca HF diet. Nevertheless, it is worth noting that they did not look at 

individual FAs like we did, which makes it difficult to compare their results to ours directly.  

While a significant effect was observed between high-Ca and low-Ca groups in digestibility of 14:0 and 

18:1cis9, it was only marginal. 14:0 digestibility decreased by approximately 1%, while 18:1cis9 

digestibility decreased by only 0.4%. Digestibility of these FAs is affected less than 16:0 and 18:0, a pattern 

supported in the literature (Alomaim et al., 2019; Ayala-Bribiesca et al., 2018; de Wit et al., 2011; 

Papakonstantinou et al., 2003). While Ca can interact with many FFAs, the solubility of the resulting CS 

will vary. An experiment by Graham and Sackman showed that the solubility of the CS was inversely 

correlated with pH, carbon-chain length, and degree of FA saturation (Graham & Sackman, 1983). In line 

with these observations, our results demonstrating that 18:0 was less digested by high-Ca (6% reduction) 

than 16:0 (2.5% reduction), 14:0 (1% reduction) and 18:1cis9 (0.5% reduction) makes sense. 14:0 does not 

have a long enough hydrocarbon chain, and 18:1cis9 does not contain the degree of saturation required 

to form CS insoluble enough to affect digestion substantially. Furthermore, other FAs found in the faecal 

samples did not provide a signal exceeding the cut-off point, which implies a very efficient uptake of these 

FAs. 
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We observed visible blood content in the faeces of mice fed high-Ca diets. Bloody faeces may be a 

symptom of GI-related diseases. However, the mice seemed healthy overall, and gene expression analysis 

did not reveal any difference in inflammatory status between the high-Ca and the low-fat Chow control 

group. A possible explanation could be that a high faecal fat content increased the stool hardness in the 

high-Ca groups, damaging their GI tracts. This phenomenon is described in infants fed milk formulas 

instead of human milk (Quinlan et al., 1995). Human milk contains 53-57% of the 16:0 in the sn2-position, 

which means that the uptake of 16:0 in breastfed infants will be excellent. In contrast, early milk formulas 

contained most 16:0 at the sn1- and sn3-positions. Pancreatic lipase cleaves the FAs connected to 

the sn1 and sn3-positions, leaving the subsequent FFAs free to interact with Ca and form soaps. Quinlan 

and colleagues found faecal 16:0 content to be very high in infants fed milk formulas. Furthermore, faecal 

excretion of CSs was correlated with stool hardness, which may explain the visible blood content we 

observed in the faeces of high-Ca mice.  

In summary, our results show that Ca impacts FA digestibility in mice receiving HF diets, in a dose 

dependent manner. Mice on a high-Ca/HF diet had 2.5% lower uptake of 16:0 and 6% lower uptake of 

18:0 compared to mice fed a low-Ca/HF-based diet. A slight reduction in 14:0 and 18:1cis9 digestibility 

was also observed. However, the effect of Ca on FA digestibility was not as large as expected.  

5.1.2 Effects of calcium on weight development 

Obesity has reached epidemic proportions. Fat is the most calorie-dense of the macronutrients and is thus 

of great interest to both the food and health sector. We wished to investigate the effect of Ca on weight 

development, as this could add to the knowledge of nutrition and obesity.  

This study revealed that Ca content affected weight gain in the mice that received HF butter-based diets. 

Mice fed low-Ca butter diet gained 9% more weight than those fed a high-Ca butter diet over five weeks. 

The evidence on the effect of Ca on weight development is conflicting. Some rodent studies (Alomaim et 

al., 2019; de Wit et al., 2011) and human studies (Haub et al., 2005; Reid et al., 2005; Shapses et al., 2004) 

observed no beneficial effects of Ca on weight development. On the other hand, Papakonstantino and 

colleagues reported similar results reported in this study as they found control rats to gain 335 g of weight, 

while rats fed a high Ca diet gained 310 g of weight (Papakonstantinou et al., 2003). Additionally, Davis 

and co-workers reviewed a randomised controlled trial in humans where the Ca-supplemented group lost 

0.671kg per year, and the placebo-control group lost 0.325 kg body weight per year, over a 4-year period 

(Davies et al., 2000).  

Davies and Papakonstantino argue that the weight reduction is explained by increased CS formation with 

FAs in the high-Ca groups, leading to decreased energy intake in these groups. We observed a decrease 

of 6% in 18:0 digestibility and a 2.5% decrease in 16:0 digestibility (Davies et al., 2000; Papakonstantinou 
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et al., 2003). Ultimately, the reduced absorption of the two FAs only accounts for a decrease in total 

energy intake of <0.5% in the But20 group compared to the But2 group. Such a minor decrease in energy 

intake is not enough to explain a 9% weight gain difference between the groups. Thus, the observed 

weight gain difference is most likely not due to the formation of insoluble CSs. Moreover, a difference in 

ingested energy could potentially explain the weight difference. However, as seen in Figure 4.3.B, the HF 

groups ingested approximately the same amount of energy. 

Interestingly, the mice fed a high-Ca diet produced twice as much faeces as those fed a low-Ca diet (Figure 

4.3.C). As previously determined, the high-Ca groups excrete more FAs than the low-Ca group. While the 

high-Ca groups excrete slightly more FAs than the low-Ca group, it is not enough to explain the 2-fold 

increase in faeces produced. A possible explanation could be that Ca precipitate bile acids, which are 

subsequently excreted in the faeces. Ca predominantly makes complexes with the secondary conjugated 

hydrophobic bile acids, such as deoxycholic acid (DCA) and lithocholic acid (LCA) (Govers et al., 1996). 

Alomaim and co-workers reported a 3-fold increase and a 4-fold increase of DCA and LCA in the faeces of 

high-Ca rats compared to low-Ca rats (Alomaim et al., 2019). Increased bile excretion due to interactions 

with Ca could explain why high-Ca mice produce more faeces than the others. Furthermore, the 

production of large quantities of faeces is an energy-demanding process. Additionally, bile acids lost in 

the faeces means that the de novo synthesis of bile needs to be upregulated, which also requires energy. 

Consequently, the metabolic activity in these mice might be higher. This may be part of the explanation 

as to why high-Ca mice gained less weight than low-Ca mice.  

In summary, we found the low-Ca group to have gained significantly more weight than the high-Ca group, 

But20, over five weeks. The difference in weight gain is most likely not explained by faecal fat excretion 

but may be explained by increased metabolic activity in the high-Ca mice.  

5.2 Matrix effects 

There is an increasing interest in the so-called matrix effect of foods. Foods might be similar in composition 

(nutrients and calories) yet have a distinctly different physiochemical structure that affects health 

differently. An effect of the matrix is not unheard of and has, e.g. been shown to influence satiety when 

carrots were given in different structures (whole carrots, blended carrots and carrot nutrients) (Moorhead 

et al., 2006). Dairy products share many similarities (especially FA composition) yet come in vastly 

different shapes and forms; butter and (most) cheeses are solid, yoghurt is semi-solid, and milk is liquid. 

A literature search reveals only a handful of articles that evaluate different dairy products and the effect 

of matrix on lipid digestion and metabolism, elucidating the need for further research on the topic.  

A two-way ANOVA revealed no effect of matrix on 16:0 and 18:0 digestibility. Our results are similar to 

Soerensen et al., who investigated the effect of Ca in cheese versus Ca in milk in humans (Soerensen et 
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al., 2014). They observed a higher faecal lipid loss in the cheese and milk groups compared to the control; 

however, no differences in faecal fat were observed between the dairy product groups. The findings of 

Soerensen et al. underlines our sentiment that the Ca level in the feed is main influencer of faecal fat 

excretion.  

Soerensen et al. compared cheese to milk, while we compared cheese to butter. Few others have done 

so; however, there are some: Hjerpsted et al. conducted a randomised cross-sectional study where they 

investigated the effects of daily consumption of a hard cheese compared with butter for 6 weeks 

(Hjerpsted et al., 2011). They found the cheese intervention to lower plasma- total cholesterol, LDL 

cholesterol and HDL cholesterol, compared to the butter intervention. Plasma LDL cholesterol was 6.9% 

lower in the cheese group. The Hjerpsted et al. results agree with an earlier study from Tholstrup et al. 

where subjects had 20% of their daily energy intake derived from either cheese or butter (Tholstrup et al., 

2004). They observed that cheese consumption led to lower serum- total cholesterol and LDL cholesterol 

levels compared to butter consumption over time. 

As seen in Figure 4.5, there is a trend (p-value=0.0866), though not significant, that matrix affected body 

weight development in our mice. Soerensen et al. argues that the Ca in cheese is in part bound to the 

casein, which may facilitate more interactions between fat and Ca in cheese than butter, as much of the 

fat is structured within the casein-Ca matrix (Soerensen et al., 2014). However, as neither Soerensen et 

al. nor we observed an effect of matrix on faecal fat excretion, it seems unlikely that increased Ca-fat 

interactions would make a noticeable impact.  

Our findings and others (Clemente et al., 2003; Fruekilde & Høy, 2004; Hjerpsted et al., 2011; Tholstrup 

et al., 2004) suggest that the matrix effect of different dairy products could potentially impact health. 

However, the mechanisms are somewhat unclear. Drouin-Chartier et al., who observed a higher TAG 

response induced by cream cheese compared to cheddar, argued that this could result from differences 

in lipid droplet size (Drouin-Chartier et al., 2017). Lipid droplets from cream cheese will have a diameter 

of about 0.5 um, while cheddar cheese forms lipid droplets approximately six times bigger (3.0 µm). 

Smaller lipid droplets have an increased surface area that digestive enzymes can access, which is well 

known to be advantageous for lipolysis rates (Mu & Høy, 2004; Wang et al., 2013). Lipid droplets from 

cheddar will be larger than from cream cheese, as the fat globule of cheese will often be organised within 

the protein matrix (Drouin-Chartier et al., 2017). 

In summary, no matrix effect was observed on 16:0 and 18:0 digestibility. However, there was a trend 

that matrix affected the weight development of the mice. 
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5.3 Inflammation and gut barrier integrity 

We discovered no differences in gene expression of the inflammatory markers TNF-𝛼, iNOS and NOX2 

between the HF groups. Furthermore, no difference in inflammatory levels was observed between the HF 

and the chow groups (low-fat). The similarities of the inflammatory levels of the chow and HF diet groups 

are surprising, as a HF diet is generally shown to induce inflammation in the small intestine (Ding et al., 

2010; Wang, N. et al., 2013). A possible explanation could be the short length of the intervention. The 

mice were terminated after 5 weeks, which might not have given the HF diet mice enough time to develop 

intestinal inflammation. However, Wang et al. saw significant increases in the pro-inflammatory cytokines 

TNF-𝛼 and IL-6 in C57BL/6 mice after only 7 days of HF feeding (Wang, N. et al., 2013). Furthermore, Ding 

et al. observed a significant difference in ileal TNF-𝛼 expression between mice fed a low-fat and HF diet 

after 6 weeks (Ding et al., 2010).  

The lack of results could reflect a poor choice of inflammatory markers. iNOS is expressed at high rates in 

normal healthy mice's small intestine (ileum) (Matziouridou et al., 2018). As regular iNOS expression is 

high in the ileum, small changes in expression will go largely unnoticed. Consequently, one could argue 

that iNOS is not a very sensitive marker of inflammation in the small intestine. On the other hand, TNF-𝛼 

is a powerful pro-inflammatory cytokine that is well established to be upregulated during inflammation 

in the small intestine (Bamias et al., 2013; Popa et al., 2007). Like iNOS, TNF-𝛼 was not upregulated in any 

of the mice. Thus, it seems unlikely that other markers of inflammation would have shown different 

results to ours.   

Gene expression analysis of ZO-1 revealed significant differences between the groups. Interestingly, the 

gene was upregulated in the Che7 (HF diet) group compared to the Chow group (low-fat). Furthermore, 

there was a trend (p-value=0.1328) that ZO-1 was upregulated in But2 (HF) compared to Chow (low-fat), 

yet not significant. The results may suggest that HF-mice exhibit improved barrier functions, characterised 

by an increase in tight junction proteins. These observations are surprising as many studies have shown 

that a HF diet increases the intestinal barrier's permeability and diminishes the expression of tight junction 

encoding genes (Lam et al., 2012; Mujawdiya et al., 2020; Murakami et al., 2016; Suzuki & Hara, 2010).  

Hamilton et al. (2015) found the paracellular permeability in the ileum to be increased in HF-mice 

compared to low-fat Chow control mice after 1 week. However, permeability in HF-mice returned to 

control values at weeks 3 and 6. Additionally, they found the tight junction gene ZO-1 to be significantly 

more expressed at week 3 than weeks 1 and 6. The authors argue that the tight junction gene ZO-1 is 

upregulated as part of a compensatory mechanism to return permeability to normal levels. The 

mechanism proposed by Hamilton could potentially explain our findings: the Che7 and But2 mice 

upregulate the expression of ZO-1 to compensate for increased paracellular permeability caused by a HF 
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diet. However, as we did not test the permeability of the barrier, it is impossible to confirm this 

hypothesis.  

Furthermore, we discovered a significant effect of matrix (p-value=0.004) on the expression of the tight 

junction gene ZO-1. To our knowledge, no other studies have looked at the effect of dairy matrices on 

body weight development and barrier functions in humans or animals. However, one study demonstrated 

that peptides derived from cheese (Mozzarella) increased expression of ZO-1 in mouse small intestine 

(Tenore et al., 2019) and another study showed that lactic acid bacteria used in cheese production also 

increased ZO-1 (Cordeiro et al., 2021). To what extent these factors contributed in our study was not 

investigated, and we can only speculate whether these nutrients or ingredients were responsible for the 

observed matrix effect on ZO-1 expression.  

In summary, no differences in inflammatory status were observed as an effect of Ca. The tight junction 

gene ZO-1 was upregulated in But2 and Che7 compared to the Chow, which may have been a regulatory 

mechanism to adjust for increased intestinal barrier permeability due to a HF diet. However, further 

research is needed to elucidate these results. 

5.4 The Minispec LF50 from Bruker accurately measures body fat in live mice 

We performed a small experiment to evaluate the accuracy of the body fat readings from Bruker's 

Minispec LF50. The NMR instrument recorded the fat mass of 10 mice before we sacrificed the animals 

and dissected the large fat depots (gonadal/epidydimal and visceral fat). A correlation analysis revealed 

the NMR measurements and weight of the fat depots to be highly correlated (r=0.9677 and P-

value<0.0001) (shown as a linear regression plot in Figure 4.8.A).  

Halldorsdottir et al. performed a worthwhile experiment comparing fat mass measurements of the 

Minispec LF50 instrument against fat extracted through chemical carcass analysis (Halldorsdottir et al., 

2009). Chemical carcass analysis will give a value close to the actual fat mass of the carcass (Dobush et al., 

1985), making it an ideal comparison. They found the NMR fat mass measurements and fat extracted from 

the carcass to be highly correlated (r^2=0.99, P-value<0.001).  

Furthermore, Halldorsdottir evaluated the within-day variation of NMR measurements by scanning each 

mouse four times in one day (n=30) (Halldorsdottir et al., 2009). They found the relative standard 

deviation of the fat mass readings to be 2.8%. These results agree with the findings of Jiang et al. who 

scanned lean and obese mice ten times in a single day with an NMR instrument and observed the relative 

standard deviation of fat mass to be 2.04% and 0.69%, respectively (Jiang et al., 2020).  

Indeed, our results and that of others (Halldorsdottir et al., 2009; Jiang et al., 2020) indicate that the TD-

NMR technology is proficient at predicting the fat mass in live mice. However, the fat readings from the 
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main experiment are characterised by unpredictability during the two last weeks of the experiment. As 

the software crashed during the last week of the experiment, technical support from Bruker was 

contacted. A problem with the syncing between the electronics and software was identified, and 

subsequently fixed by a reboot of the system. Most likely, the variations observed during the latter part 

of the experiment was caused by the syncing problem. 

5.5 Methodological considerations 

There are many advantages of using mice as research animals. They are small and easily maintained, cost-

effective, easy to breed and genetically modify. In addition, they have a short lifespan (1 human year is 

equivalent to 30 mice years), which means that long term developments can be researched in a 

reasonable time frame. Mice are valuable within nutritional research as their food intake can be fully 

controlled. However, it is vital to show caution when translating effects on mice to that of humans. While 

mice and humans have genomes with 85% identical protein-coding regions, their lineages are thought to 

have diverged 85 million years ago (Perlman, 2016). Hence, mice are different from humans in many ways, 

most notably in their size. Some differences are also observed in the GI tract; the length of the small 

intestine compared to the large intestine is much greater in mice than in humans. Despite their limitations, 

mice models have been essential to many scientific fields' progress and will continue to do so until better 

alternatives are discovered.  

A weakness of our study design was the lack of a low-Ca cheese group. The Ca of the Norvegia Vellagret 

made the natural Ca content of the feed 7 g per kg. Thus, making a cheese feed with less than 7 g Ca per 

kg would not have been possible. Including a low-Ca cheese group would have made it possible to run a 

two-way ANOVA that included the low-Ca, mid-Ca and high-Ca groups. However, only the mid-and high-

Ca groups were included due to the nature of a two-way ANOVA. This was unfortunate, as differences in, 

e.g., apparent digestibility, were more severe between the low-Ca and mid-Ca groups than between the 

mid-Ca and high-Ca groups (as seen in Table 4.1.). 
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 CONCLUSION 

Our results show that Ca impacts SFA digestibility in mice receiving HF diets in a dose-dependent manner. 

High levels of Ca led to increasing amounts of SFAs in the faeces. Long chain SFAs were most affected. 

However, the effect was minor compared to what other studies have found, which may be explained by 

a sub-optimal system for CS precipitation. 

Furthermore, we found that the low-Ca butter group gained significantly more weight than the high-Ca 

butter group over five weeks. The difference in weight gain is probably not explained by faecal fat 

excretion but rather an increased metabolic activity in the high-Ca mice. While no matrix effect was 

observed on 16:0 and 18:0 digestibility, there was a trend that matrix affected the weight development 

of the mice. 

Ca did not affect the expression of the inflammatory markers TNF-𝛼, iNOS and NOX2. However, the tight 

junction gene ZO-1 was upregulated in the low-Ca/HF butter diet and mid-Ca/HF cheese diet compared 

to the low-fat Chow control diet. This may have been a regulatory mechanism to adjust for increased 

intestinal barrier permeability caused by HF feeding. In addition, the matrix was found to significantly 

influence the expression of the tight junction gene ZO-1, with a higher expression being observed in the 

cheese-based diets. 

Finally, the NMR instrument emerged as a reliable and good predictor of body fat mass in mice. NMR fat 

measurements of the mice were highly correlated with the weight of large fat depots dissected out of the 

same mice. 
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 FUTURE PERSPECTIVES 

To further examine the relationship between calcium and weight development, it would have been 

interesting to evaluate insulin sensitivity in the mice. We measured fasting glucose in the mice before they 

were sacrificed, with the intent to evaluate insulin sensitivity through the Homeostatic Model Assessment 

for Insulin Resistance (HOMA-IR). However, we choose not to perform the insulin ELISA assay due to time 

limitations caused by multiple lockdowns due to Covid-19.  

We discovered significant differences in the expression of a tight junction gene and argued that this could 

be a compensatory mechanism to adjust for increased permeability of the intestinal barrier. It would have 

been interesting to test this argument by evaluating the barrier's permeability by, for instance, a FITC-

dextran assay.  Furthermore, it would be interesting to test permeability at several time points during the 

experiment to understand the dynamics and adjustability of the barrier better. 

At the end of the 5-week trial, the HF mice showcased a slightly overweight phenotype, yet did not 

become obese. Still, we observed significant differences in total weight gain between the groups. It would 

have been interesting to see if an extended experiment would have exaggerated the effect of Ca as the 

animals reach an obese phenotype. Furthermore, a lengthier experiment would most likely have induced 

inflammation in the small intestine of the HF mice, which may be attenuated by increasing levels of Ca. 

Since we observed that increased weight was negatively associated with calcium in the feed combined 

with the notion that decreased fat uptake cannot account for these differences, it would be desirable to 

assess the metabolic activity of mice during the feeding trial. It is not unlikely that mice fed high calcium 

expend more energy in e.g., producing more bile. Such an experiment is challenging as it requires the use 

of specialized metabolic cages which can measure accurately metabolic rates in individual mice during a 

specified time period. 
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APPENDIXES  

 

Appendix A - Materials 

Table A.1: Overview of the materials and chemicals used in the experiment. 

Product name  Supplier 

Chloroform  VWR Chemicals 

Methanol  VWR Chemicals 

Hydrochloric acid  Sigma-Aldrich 

Acetic acid  Honeywell 

Diethyl ether  VWR Chemicals 

n-Heptane  VWR Chemicals 

Eriochrome Black T  Sigma-Aldrich 

Sulfuric acid  Supelco 

Ethylenediaminetetraacetic acid (EDTA)  Sigma-Aldrich 

Iso-Propanol  VWR Chemicals 

Metallic sodium (s)  Merck 

Borontrifluoride  Sigma-Aldrich 

Phosphate-buffered saline (PBS)  Biowest 

RNAlater  Thermo Fischer 

Helium  AGA 

Fentadon vet  Dechra Veterinary 

Products AS 

Rompun vet  Bayer Animal Health 

Zoletil Forte  Virbac 

 

 

 

 

 

 



 

    

Appendix B - Instruments 

Table B.1: Overview of the instruments used in the experiment  

Instrument  Supplier 

GX-274 ASPEC system  Gilson Inc. 

TRACETM 1310  Thermo Fisher Scientific 

Rtx®-2330 capillary column  Restek 

ISQTM QD GC-MS  Thermo Fisher Scientific 

Minispec LF50 7.5 Hz  Bruker 

Agilent 2100 Bioanalyzer  Agilent Technologies 

LightCycler 480 Instrument II   Roche Applied Science 

NanoDrop 2000  NanoDrop Technologies 

   

   

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

    

Appendix C – Softwares  

Table C.1:. Overview of softwares used in the experiment 

Software  

Chromeleon v7.2.9  

LinRegPCR  

Graphpad 9.2.0  

2100 Expert Software  

LightCycler® 480 Software  

Nanodrop 2000/2000c Operating Software  

  

 

 

 

 

 

 

Appendix D – Kits  

Table D.1: Overview of the kits used in the experiments. 

Software Supplier 

Agilent RNA 6000 Nano Kit Agilent Techologies 

iScript cDNA Synthesis Kit Bio-Rad Laboratories 

NucleoSpin RNA/Protein Purification Kit Machery Nagel 

5x HOT FIREPol EvaGreen qPCR Supermix Solis BioDyne 

 

 

 

 

 

 

 

 

 

 

 



 

    

Appendix E – Primer sequences 

Table E.1: Overview of primers used in the gene expression analysis 

Gene Primer Sequence (5’->3’) 
Product length 

(bp) 

Annealing 

temperatur 

during RT-

PCR 

GAPDH Forward 

Reverse 

CTTCAACAGCAACTCCCACTCTT 
GCCGTATTCATTGTCATACCAGG 

 

103 60 

iNOS Forward 

Reverse 

GACATTACGACCCCTCCCAC 
ACTCTGAGGGCTGACACAAG 

 

57 62 

NOX2 Forward 

Reverse 

GGGAACTGGGCTGTGAATGA 
CAGTGCTGACCCAAGGAGTT 

 

147 61 

ZO-1 Forward 

Reverse 

GAGAAAGGTGAAACTCTGCTG 
ACGAGGAGTCGGATGATTTTAGA 

 

148 59 

TNF-𝜶 Forward 

Reverse 

CTGTCTACTGAACTTCGGGGTGAT 
GGTCTGGGCCATAGAACTGATG 

 

88 61 

 



 

 

 


