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Preface 

 

This Ph.D. thesis represents my work conducted at the Department of Food Science, Aarhus 

University from 1st August 2011 to 31st July 2014. From 1st November to 21st December 2012, I 

carried out luciferase reporter assays at the Department of Biology, University of Copenhagen 

in collaboration with postdoctoral scholar Rasmus Koefoed Petersen and Professor Karsten 

Kristiansen. The Ussing chamber technique and dietary intervention study was carried out in 

collaboration with postdoctoral scholar Karoline Blaabjerg and Professor Hanne Damgaard 

Poulsen of the Department of Animal Science, Aarhus University.  

The work presented in this thesis is part of an on-going research project named, “FIAF - Milk 

in regulating lipid metabolism and overweight. Uncovering milk’s ability to increase 

expression and activity of fasting-induced adipose factor” (FIAF project), which covers several 

working packages (WP) (Fig. 1). The overall objective of the project is to identify components 

in milk leading to enhanced expression of angiopoietin-like 4 (ANGPTL4, also known as 

fasting-induced adipose factor [FIAF]) and to elucidate the mechanism by which ANGPTL4-

inducing milk components may regulate body weight and energy homeostasis using animal 

and human intervention studies. 

The present Ph.D. project is part of WP 1 and WP 2. WP 1 aims to identify and characterise 

milk components that induce ANGPTL4 and to investigate their stability in processing steps 

used in commercial milk production. WP 2 aims to elucidate how ANGPTL4-inducing milk 

components affect ANGPTL4 gene expression, blood levels and metabolism in different 

tissues using animal models. Moreover, it aims to reveal the mechanism by which ANGPTL4-

inducing milk components act and to evaluate the effects of diets and gut microbiota on 

ANGPTL4 induction. 
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Fig. 1: Overview of the main research project, “FIAF - Milk in regulating lipid metabolism 

and overweight. Uncovering milk’s ability to increase expression and activity of fasting-

induced adipose factor”, and its working packages (WP). AU-IFK, Department of Food 

Science, Aarhus University; AF, Arla Foods; AU-HBS, Department of Animal Science, Aarhus 

University; KU-BIO, Department of Biology, University of Copenhagen; UG-CMR, 

Sahlgrenska Center for Cardiovascular and Metabolic Research, University of Gothenburg; 

NIFES, The National Institute of Nutrition and Seafood Research; BGI-Shenzhen, Beijing 

Genomics Institute at Shenzhen; KU-IHE, Department of Human Nutrition, University of 

Copenhagen; AU-MAPP, Centre for Research on Customer Relations in the Food Sector, 

Aarhus University. From the project application “FIAF - Milk in regulating lipid metabolism 

and overweight. Uncovering milk’s ability to increase expression and activity of fasting-

induced adipose factor”. 
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Abstract 

 

Milk is a rich source of many nutrients, but it has a high energy content and is rich in 

saturated fatty acids. In general, intake of foods containing saturated fat is positively 

correlated with an increased risk of cardiovascular disease mediated by increased levels of 

low-density lipoprotein (LDL) cholesterol. However, the harmful effect of dairy fat is still 

debated. Epidemiological data suggest that there is a beneficial effect of dairy consumption on 

type 2 diabetes and that there may be a minor effect on weight loss and decreasing the risk of 

cardiovascular disease.  

Angiopoietin-like 4 (ANGPTL4) is a regulatory protein of lipoprotein lipase (LPL) activity. It 

suppresses the clearance of circulating triglycerides and reduces the uptake of free fatty acids 

(FFAs) within the surrounding tissue. Recent advances in understanding ANGPTL4 function 

suggest that it may have beneficial effects on weight loss, diabetes and atherosclerosis. The 

objectives of this project were to study the potential of milk and milk components in 

regulating ANGPTL4 gene expression, to investigate a molecular mechanism behind this 

regulation, and to suggest a possible mode of action.  

Using in vitro studies with an intestinal cell line, the present project showed that whole milk 

increased ANGPTL4 gene expression to a higher extent than skimmed milk, which revealed 

that the ANGPTL4-inducing milk components were partly in the fat fraction. Fractionation of 

the skimmed milk revealed that the remaining upregulating effect of skimmed milk could be 

attributed mainly to the casein fraction, whereas there were no effects of the whey or residual 

cream fractions. 

Next, this project took advantage of the indigenous LPL in milk to generate elevated levels of 

FFAs in milk. The results showed that the concentration of FFAs in milk correlated positively 

with the ability to upregulate ANGPTL4 gene expression. The high induction by whole milk 

with its high level of FFAs was recreated using a combination of pure FFAs at levels 

comparable to that of milk with the highest level of hydrolysed fat. The highest induction of 

ANGPTL4 gene expression from individual FFAs was observed in response to caprate and 

butyrate, which is typical dairy-derived dietary FAs.  
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The ability of the FFA content in milk to induce ANGPTL4 gene expression correlated 

positively with the activation of all three peroxisome proliferator-activated receptor (PPAR) 

subtypes, with the highest response by PPARβ. Furthermore, specific agonists for the PPAR 

subtypes induced ANGPTL4 gene expression; however, a direct link between milk-activated 

PPAR and ANGPTL4 gene expression was not established, suggesting that other pathways 

could be involved. 

The effects of butyrate and caprylate on ANGPTL4 protein secretion were investigated using a 

monolayer of Caco-2 cells grown on a permeable membrane. The results showed that upon 

butyrate induction, the ANGPTL4 protein was secreted to both the apical and basolateral 

sides of the intestinal monolayer, with the highest secretion to the apical side. In contrast, 

caprylate only stimulated secretion to the apical side.  

The uptake and transport of butyrate, caproate and caprylate were also investigated in whole 

tissue that was dissected from the small intestine of a pig. The uptake of caprylate was higher 

than that of butyrate or caproate, but less caprylate was transported across the intestinal 

epithelium than butyrate or caproate. 

An in vivo study using pigs as a model for humans confirmed that a basal diet supplemented 

with whole milk increased ANGPTL4 gene expression in the porcine small intestine compared 

with a diet supplemented with soybean oil. No change on blood cholesterol were observed in 

pigs fed milk or soybean oil. However, a diet supplemented with inulin in addition to soybean 

oil showed lower total cholesterol, high-density lipoprotein cholesterol and triglyceride levels, 

and tended to have lower LDL cholesterol levels compared to baseline.  

The findings from these studies provide important insights into the effects of milk and fatty 

acids of milk origin on ANGPTL4 gene expression. These results suggest that the possible 

beneficial effects of milk on human health could be partly mediated through ANGPTL4, and 

the results contribute to a broader understanding of dietary intake of milk and milk fat. 

Furthermore, these results suggest that intestinal secretion of the ANGPTL4 protein may play 

a role in the uptake of fat from the small intestine and not just inhibit the LPL-mediated 

uptake of fat from the bloodstream to different tissues. 

 

  



VII 

 

Sammendrag 

 

Mælk indeholder en lang række næringsstoffer, der er nyttige for nyfødte såvel som voksne. 

Ligeledes indeholder mælk et højt energiindhold som er repræsenteret ved store dele mættede 

fedtsyrer. Mættet fedt i kosten hænger normalt sammen med en øget risiko for både 

hjertekarsygdomme og diabetes på grund af en øgning af blodets low-density lipoprotein 

(LDL) kolesterol. Nuværende kostråd anbefaler at indtagelsen af fedtholdige mælkeprodukter 

begrænses, men der debatteres dog stadig hvorvidt der eksisterer en skadelig effekt af 

mælkefedt. Epidemiologiske undersøgelser viser at der er en sundhedsfremmende effekt 

forbundet med indtagelsen af mælk på type 2 diabetes og muligvis andre virkninger med 

mindre effekt på forøget vægttab og nedsat risiko for hjertekarsygdomme. 

Angiopoietin-like 4 (ANGPTL4) proteinet regulerer lipoprotein lipase aktiviteten, begrænser 

nedbrydningen af triglycerider i blodet, og reducerer optagelsen af frie fedtsyrer til det 

omkringlæggende væv. Nyere forskning i funktionen af ANGPTL4 viser at proteinet muligvis 

har positive påvirkninger på vægttab, diabetes og åreforkalkning. Formålet med dette projekt 

var at undersøge evnen af mælk og de enkelte mælkebestanddele til at regulere genudtrykket 

af ANGPTL4, samt at undersøge en eventuel bagvedliggende molekylær mekanisme og foreslå 

mulige funktioner af proteinet. 

Opnåede resultater fra projektet viste igennem in vitro studier med tarmcellelinjer at fuld 

mælk øgede genudtrykket af ANGPTL4 i højere grad end skummet mælk. Det tyder på, at 

fedtfraktionen delvist indeholdt de komponenter som inducerede ANGPTL4. Yderligere 

fraktionering af skummetmælk viste at den resterende opregulering kunne tilskrives kasein 

fraktionen, mens der ikke fandtes nogen effekt af valle eller den restende fedtfraktion i 

skummetmælk. 

Den naturlige aktivitet af lipoprotein lipase i mælk blev udnyttet til at danne forskellige 

niveauer af frie fedtsyrer i mælk. Mængden af frie fedtsyrer var positivt korreleret med øgning 

af ANGPTL4 genudtrykket. Den højeste øgning af genudtrykket i mælk indeholdende et højt 

indhold af frie fedtsyrer, kunne genskabes ved en kombination af frie fedtsyrer i 

koncentrationer der var sammenlignelig med dem som var fundet i mælken. Den højeste 

opregulering af ANGPTL4 genudtrykket blev fundet med butansyre og decansyre. I kosten 

stammer disse fedtsyre i stor grad fra indtagelsen af mælke produkter. 
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Sammenhængen mellem indholdet af frie fedtsyrer i mælk og dets evne til at øge ANGPTL4 

genudtrykket, korrelerede positivt med mælkens aktivering af peroxisome proliferator-

activated receptor (PPAR) undertyperne med den højeste aktivering af PPARβ. Aktivering af 

PPAR undertyper med specifikke agonister inducerede ydermere ANGPTL4 genudtrykket. En 

direkte sammenhæng mellem mælkens aktivering af PPAR undertyperne og øget ANGPTL4 

genudtrykket kunne dog ikke påvises, da PPAR specifikke antagonister ikke påvirkede 

mælkens stimulering af ANGPTL4 genudtrykket. 

Effekten af butansyre og octansyre på ANGPTL4 proteinets udskillelse til enten cellens 

apikale eller basolaterale side blev undersøgt på Caco-2 celler, dyrket enkeltlaget på en 

permeabel membran. Resultaterne vist, at butansyre øgede ANGPTL4 protein udskillelsen til 

den apikale og basolaterale side, med den største udskillelse til den apikale side. Octansyre 

øgede kun udskillelsen til den apikale side. Ydermere blev optagelsen og transporten af 

butansyre, hexansyre og octansyre undersøgt i et stykke tyndtarmsvæv dissekeret fra grisen. 

Optagelsen af octansyre var højere, mens transporten over tarmepitelet var mindre i forhold 

til både butansyre og hexansyre. 

Forsøg med kostændring hos grise, viste at grise som modtog en basal foderblanding 

suppleret med mælk øgede tarmens ANGPTL4 genudtryk i forhold til grise hvor mælken var 

erstattet med sojabønneolie. Der blev ikke observeret nogen ændring på blodets 

kolesterolniveau hos grise der blev fodret med mælk eller sojabønneolie. Grise der blev fodret 

med en inulin beriget diæt viste dog lavere niveau af total kolesterol, high-density lipoprotein 

kolesterol og triglycerid i blodet samt tenderede til et lavere niveau af LDL kolesterol 

sammenlignet med udgangspunktet før kostændringen.  

Sammenfattende har resultaterne fra dette projekt givet vigtig indsigt i mælkens regulering af 

ANGPTL4 genudtrykket, som muligvis bidrager til mælkens sundhedsfremmende egenskaber. 

Dette kan medvirke til en større forståelse af de sundhedsfremmende effekter af mælk og 

mælkefedt som bestanddel af kosten. Derudover viste resultaterne at tarmens udskilles af 

ANGPTL4 protein kunne spille en rolle i fedtoptaget fra tyndtarmen og ikke kun hæmme 

optaget af fedt fra blodbanen til det omkringliggende væv. 
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1. Overview of the present Ph.D. project 

 

1.1 Background 

A diet with excess calorie intake combined with physical inactivity contributes significantly to 

the increased incidence of obesity in the industrialised world. Our food culture promotes the 

heavy consumption of an atherogenic diet that is high in calories, added sugar and saturated 

fat from animal products (Wyatt et al., 2006). As a result, obesity-related metabolic diseases 

have become one of the leading causes of death in the Western world (Roger et al., 2011). 

Nutritional guidelines recommend substituting high-fat milk with low-fat milk to reduce the 

intake of animal fats, which are rich in saturated fatty acids (FAs) and have been correlated 

with an increased risk of cardiovascular disease (CVD) (U.S. Department of Health and 

Human Services, 2010, Nordic Council of Ministers, 2014). However, the harmful effects of 

dairy fat are debatable (Kratz et al., 2013, Da Silva and Rudkowska, 2014). The consumption 

of dairy products has been associated with weight loss (Novotny et al., 2004) and a reduced 

risk of type 2 diabetes mellitus (T2DM) (Aune et al., 2013). Associations of this kind are based 

on the consumption of dairy products; however, it remains to be established which milk 

constituents contribute to these effects and the mechanisms responsible for these effects.  

Angiopoietin-like 4 (ANGPTL4) is involved in the regulation of lipid metabolism via the 

inhibition of lipoprotein lipase (LPL) activity (Yin et al., 2009). As a result, ANGPTL4 has 

been suggested to protect against atherosclerosis (Georgiadi et al., 2013) and reduce adipose 

tissue mass (Bäckhed et al., 2004), which may also be caused by stimulating lipolysis (Gray et 

al., 2012). ANGPTL4 gene expression is highly induced in several cell types upon exposure to 

FAs (Kersten et al., 2009). In particular, butyric acid has previously been suggested to be a 

potent inducer of ANGPTL4 in intestinal tissue (Alex et al., 2013, Korecka et al., 2013). Milk is 

rather unique in that it contains a high amount of butyric acid, and as such, milk could 

possibly be a potent inducer of ANGPTL4 gene expression.  

There has been increasing interest in identifying functional foods that benefit human health. 

Therefore, if a relationship between milk intake and ANGPTL4 gene expression is established, 

then this result may reveal a new health-promoting aspect of milk. 
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1.2. Objective 

The present thesis aims to investigate the ANGPTL4-inducing potential of milk and to identify 

and characterize ANGPTL4-inducing components in bovine milk using different in vitro 

intestinal cell culture assays and a dietary intervention using pigs. In addition, this thesis aims 

to delineate the distribution of ANGPTL4-inducing milk components in the different phases 

of milk (serum or lipid phase) and to uncover the signal pathway leading to ANGPTL4 

induction to elucidate the mechanism behind milk’s effect. Moreover, this thesis aims to 

investigate the effect of different technological treatments (heat treatment or homogenisation) 

on ANGPTL4 induction to establish the stability of this factor in relation to industrial 

handling.  

 

1.3. Hypotheses 

The following three hypotheses were examined in this thesis: 1) milk contains compound(s) 

that induce the expression of ANGPTL4 in intestinal epithelial cells, 2) it is possible to 

identify, isolate, or concentrate such compound(s)/fraction(s) for subsequent use in animal 

and human intervention studies and 3) ANGPTL4 induction is affected by different processing 

parameters. 

 

1.4. Outline of the thesis 

The thesis is divided into several sections. The Introduction provides an overview of current 

knowledge relevant to my work. The next section describes the applied Methods. The results 

are divided into three studies (Studies I–III) and include a published paper and three 

manuscripts. The Discussion section gives an overview of my work, including all relevant 

results and relates these results to the current knowledge in the field. Finally, the 

Conclusion summarizes the new knowledge that has been gained from my studies, and the 

Future perspectives section describes possible follow-up studies.  
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2. Introduction 

 

2.1 Obesity 

Obesity is a growing problem in the Western world, and part of the food industry encourages 

unhealthy eating habits by promoting the taste, accessibility and convenience of unhealthy 

foods over healthy foods. Furthermore, the price per unit of food energy is often lower in high-

fat, high-sugar foods compared to their healthy counterparts (Wyatt et al., 2006). As a result 

of these factors, the average caloric intake in the industrialised world has increased from 3065 

kilocalories per day (kcal/d) in 1974–1976 to 3380 kcal/d in 1997–1999 (WHO, 2003). An 

excess energy intake and a sedentary lifestyle are the main causalities in the epidemiology of 

overweight and obesity in the Western world. A person is considered overweight if the body 

mass index (BMI) is from 25.0–29.9, and obese if the BMI is equal to or greater than 30.0. 

Obesity is further categorised into three stages: stage I is a BMI of 30.0–34.9, stage II is a 

BMI of 35.0–39.9 and stage III is a BMI ≥ 40.0 (Bastien et al., 2014). In the US, recent data 

suggests that approximately 34% (U.S. Department of Health and Human Services, 2010) of 

adults are categorised as obese (BMI > 30.0), and approximately 5% are considered extremely 

obese (stage III obese) (Wyatt et al., 2006). In Denmark, only approximately 15% of adults 

have a BMI above 30.0 (Nordic Council of Ministers, 2014). 

 

2.2 Metabolic syndrome 

Obesity is a common state that precedes metabolic syndrome (MetS); however, obesity in 

itself does not have to lead to MetS. MetS is by definition not a disease, but a grouping of 

individual risk factors, which predicts an increased risk of CVD. The aim of diagnosing 

patients with MetS is to target their different conditions with lifestyle and pharmacologic 

therapies to prevent the development of CVD and T2DM (Samson and Garber, 2014). Obesity 

was previously included as a sign of MetS, but was removed from the newest harmonised 

definition because not all obese people are metabolically unhealthy. However, elevated 

abdominal fat mass is included as a sign of MetS, and MetS rarely occurs without some degree 

of obesity and physical inactivity. MetS is diagnosed if a person meets the criteria for three of 

the five factors listed in Table 1. 
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Table 1: According to the harmonised definition (2009), a person is diagnosed with MetS if 

three or more of the following criteria are present (Alberti et al., 2009, Samson and Garber, 

2014). 

Factor Criteria 

Elevated waist 

circumference*: 

Male: > 102 cm 

Female: > 88 cm 

Reduced HDLs:  Male: <1.0 mmol/L 

Female: < 1.3 mmol/L 

Elevated serum TGs:  ≥ 1.7 mmol/L 

Hyperglycaemia:  FPG: ≥ 5.6 mmol/L 

Elevated hypertension:  SBP: ≥ 130 

DBP: ≥85 

*Geographic and ethnic specific. Values are equal to those determined by the European 

cardiovascular societies, US National Cholesterol Education Program and Health Canada. 

SBP, Systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma glucose; 

TGs, triglycerides; HDL, high-density lipoproteins (HDLs). 

 

2.2.1 Prevalence 

The reported prevalence of MetS varies according to the definition used and depending on 

age, sex, socioeconomic status and ethnic background. Approximately one-quarter to one-

third of adults meet the MetS criteria in the Western world. Although studies have reported a 

high prevalence in Europe and in the US, MetS is not limited to these countries. In Asia and 

India, the prevalence of MetS is as low as 5% in the countryside; however, in urban settings, as 

many as one-third of the citizens meet the criteria for MetS (Samson and Garber, 2014). The 

prevalence of MetS and obesity correlates positively with calorie intake as well as with age 

because lifestyle becomes more sedentary with age (Wyatt et al., 2006, Kushner, 2014).  
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2.2.2 Pathophysiology 

2.2.2.1 Uptake and transport of FAs 

Dietary triglycerides (TGs) from consumed lipids are digested by pancreatic lipases and 

colipases into 2-monoacylglycerol and free fatty acids (FFAs) (Phan and Tso, 2001, Goodman, 

2010). The FFAs are taken up by the enterocytes in the small intestine and assembled into TG, 

which are packed into chylomicrons and secreted again into the circulation. The liver 

synthesizes TG-rich lipoproteins called very-low-density lipoproteins (VLDLs), which increase 

postprandially when food-derived TGs and FFAs reach the liver. Chylomicrons and VLDLs 

distribute FFAs via the circulatory system to the various tissues. The TGs interact with LPL, 

which catalyse the hydrolysis of TGs in the capillaries and release FFAs to the surrounding 

tissue (Klop et al., 2013). Eventually, chylomicrons and VLDLs shrink in diameter to form 

chylomicron remnants and low-density lipoproteins (LDLs), respectively (Klop et al., 2013). 

The FFAs are then either used for energy through oxidation in the skeletal muscle or cardiac 

tissue or stored in the adipose tissue (Dijk and Kersten, 2014, Kersten, 2014).  

Adipose tissue depots are metabolically diverse. In comparison to subcutaneous fat, 

abdominal fat is associated with higher insulin resistance, smaller particle size high-density 

lipoproteins (HDLs), LDLs and increased numbers of LDL and VLDL particles (Samson and 

Garber, 2014). LDL is considered a risk factor for CVD because it builds up in the artery wall 

and delivers excessive amounts of cholesterol and because plaque formation is initiated 

together with oxidation and inflammation (Martin et al., 2012). HDL is considered to have a 

beneficial effect against CVD because it has a protective effect on the vascular wall where it 

promotes reverse cholesterol transport, and it has anti-inflammatory and antioxidant 

properties (Bastien et al., 2014).  

 

2.2.2.2 Excess energy consumption 

A continuous excess daily energy intake will lead to an expanding storage of fat in the adipose 

tissue. In susceptible individuals, the inability of pancreatic insulin-producing β-cells to 

compensate for the increased insulin resistance due to increased abdominal fat mass results 

in relative hypoinsulinaemia. Hypoinsulinaemia promotes hormone sensitive lipase activity 

and excess lipolysis of stored TGs from adipocytes, especially from abdominal fat stores 

(Bergman et al., 2007, Samson and Garber, 2014).  
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According to the portal theory of MetS, the excess FFAs released from abdominal fat are 

transported to the liver and the peripheral tissue (Bergman et al., 2007). In the liver, the FFAs 

are stored as TGs, which further stimulate hepatic release of VLDLs (Subramanian and Chait, 

2012). In turn, hypertriglyceridaemia results, leading to a more rapid clearance of HDL, which 

lowers the concentration of HDL (Subramanian and Chait, 2012). Furthermore, in the 

presence of hypertriglyceridaemia, the TG content of LDL increases. The increased TG 

content is hydrolysed by hepatic lipase, which leads to the formation of small, dense LDL 

particles (Tchernof et al., 1996, Klop et al., 2013).  

Small dense LDLs are more prone to oxidation and uptake into the arterial wall than larger 

LDL subclasses, and this uptake progresses to atherosclerosis (Martin et al., 2012, Nikolic et 

al., 2013, Samson and Garber, 2014). Lipoproteins in the arterial wall induce the recruitment 

of mononuclear phagocytes into the subendothelial space where they ingest the accumulated 

lipoproteins, which then transform the macrophages into foam cells. Foam cells persist in 

plaques, promoting atherosclerosis progression. Dying foam cells release lipid content and 

tissue factors, which are key components of unstable plaques and contribute to their rupture, 

leading to intravascular blood clots that cause myocardial infarction and stroke (Moore et al., 

2013).  

The increased flux of FFAs to the peripheral tissue also inhibits insulin signalling and 

increases gluconeogenesis, causing hyperglycaemia. Over time, the β-cells continue to 

decompensate for the increased need for insulin to overcome resistance, and T2DM develops 

as a consequence (Samson and Garber, 2014). 

 

2.2.2.3 Regulation of LPLs 

The role of hypertriglyceridaemia in the progression of MetS and CVD suggests that precise 

regulation of FFA release from TGs and their uptake by different tissues are important. 

Hence, a disturbance in this regulation can lead to cellular lipid overload and also suggested 

to be a key feature in the development of metabolic diseases (Klop et al., 2013, Kersten, 2014). 

LPL has an essential role in plasma TG clearance, and patients carrying mutations within the 

LPL gene are characterised by severe hypertriglyceridaemia (Santamarina-Fojo and Brewer, 

1991). Modulation of LPL activity is not exerted at the LPL gene expression level, but is 
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primarily governed by posttranslational mechanisms in response to a number of controlling 

proteins (Kroupa et al., 2012). 

 

2.2.3 Consequences 

A diagnosis of MetS predicts an approximately twofold increase in the risk of CVD over 5 to 10 

years, and at least a fivefold increase in the development of T2DM. T2DM increases the risk of 

ischaemic stroke by approximately twofold, and following a stroke, T2DM patients have an 

increased risk of recurrent strokes and increased mortality. Other serious complications of 

T2DM include end-stage renal disease, decreased vision and limp amputation (Samson and 

Garber, 2014). CVD is the leading cause of death in the Western world. Recent data from the 

US and Denmark showed that 33.6% and 20.2% of all deaths were caused by CVD, 

respectively (Roger et al., 2011, Go et al., 2014).  

 

2.2.4 Treatment strategies 

In patients with MetS, clinical identification and management are important. The treatment 

strategies consist of lifestyle changes and pharmacotherapeutic and surgical approaches 

(Samson and Garber, 2014). Lifestyles changes involve decreasing energy intake through the 

diet combined with higher energy expenditure through increased exercise and everyday 

physical activity. A decrease in energy intake can be reached through calorie restriction, 

weight-reducing drugs or bariatric surgery. Calorie restriction focuses on the long-term effect, 

with a modest calorie deficit per day. Sustaining such a diet may require referral to a dietician 

and behavioural therapy (Kaur, 2014). Weight-reducing drugs use two different approaches: 

appetite suppressants or inhibitors of nutrient absorption in the intestine. Bariatric surgery is 

only recommended for those individuals who do not respond to weight loss diets or 

medications and who are extremely obese (stage III) because of the high operative risk and 

the possibility of severe adverse effects (Kushner, 2014, Samson and Garber, 2014).  

Dietary changes are part of the treatment to promote health in people at risk of developing 

metabolic diseases. Nutritional recommendations provide advice on the optimal diet to avoid 

diet-related metabolic diseases. Moreover, these recommendations can be incorporated as 

lifestyle changes in MetS patients. 
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2.3 Nutritional recommendations 

Several countries have published nutritional recommendations to guide the general 

population on the most optimal diets and lifestyles for healthy living. These dietary 

recommendations vary between countries because of differences in culture, religion, as well as 

the history and availability of food. The Nordic countries have collaborated to publish the New 

Nordic Nutrition Recommendations (Nordic Council of Ministers, 2014), and a nutrition 

advisory board in the US has presented dietary guidelines for Americans (U.S. Department of 

Health and Human Services, 2010) (Table 2). Typically, these recommendations are updated 

after a period of years to adjust for new scientific results and changes in public dietary 

patterns.   

 

Table 2: Basic overview of Scandinavian and American nutritional recommendations. 

The New Nordic Nutrition Recommendations (Nordic Council of Ministers, 2014) 

Increase Exchange Limit 

Vegetables 

Pulses 
Refined cereals 

 
Whole grain cereals 

Processed meat 

Red meat 

Fruits and 

berries 

Butter 

Butter based 

spreads 

 Vegetable oils 

Vegetable oil based fat 

spreads 

Beverages and 

food with added 

sugar 

Fish and seafood High-fat dairy  Low-fat dairy Salt 

Nuts and seeds    Alcohol 

Guidelines for Americans (U.S. Department of Health and Human Services, 2010) 

Increase Exchange Limit 

Vegetables Refined cereals  Whole grain cereals Solid fats 

Fruit High-fat dairy  Low-fat dairy Added sugars 

Milk High-fat meat  Low-fat meat Sodium 

 

The Nordic recommendations and the American guidelines provide similar nutritional advice 

to the public. Both suggest increasing the intake of vegetables and fruit while limiting the 

intake of products supplemented with sugar. Vegetables and fruits are rich in dietary fibres 

and vitamins (Nordic Council of Ministers, 2014), whereas added sugar has been found to 
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increase the incidence of T2DM (Sonestedt et al., 2012). Hence, the guidelines recommend 

that the daily energy intake (%E) of added sugar should be lower than 10 %E. Furthermore, 

they recommend exchanging the consumption of refined cereals with whole grain cereals. 

Whole grains are rich in dietary fibre and have a lower energy density compared to refined 

grains. A high intake of dietary fibre has a protective role against CVD, and certain types of 

dietary fibres lower total cholesterol and LDL cholesterol, whereas refined carbohydrates may 

have HDL cholesterol lowering properties (Nordic Council of Ministers, 2014). 

In the 1960s, the quantitative relationship between plasma cholesterol and the amount and 

type of fat in the diet was demonstrated for the first time, indicating that dietary saturated 

FAs have potent plasma cholesterol-raising effects, whereas dietary unsaturated FAs have 

plasma cholesterol-lowering effects (Keys and Parlin, 1966). Since then, public nutritional 

recommendations and policies have advised reducing dietary saturated FAs to reduce the risk 

of CVD (Michas et al., 2014). Hence, nutritional guidelines recommend decreasing the 

amount of fat from dairy and meat products, limiting the intake of saturated fats, and not 

exceeding an saturated FA intake of 10 %E (U.S. Department of Health and Human Services, 

2010, Nordic Council of Ministers, 2014).  

 

2.4 Milk 

Milk is a rich source of many nutrients for both infants and adults despite containing 

saturated FAs that may have harmful effects. In the Western world, milk and dairy products 

are widely consumed. The intake of milk and dairy products is greater than 200 

kg/person/year in Europe and North America, whereas intake is as low as 50 kg/person/year 

in Asia and Northern Africa. However, a large growth in milk consumption in the latter areas 

suggests that this gap will decrease in the future as the lifestyle changes occur and the 

countries develop (OECD/FAO, 2011).  

 

2.4.1 Milk composition 

Milk consists of all the major food components: carbohydrates, fat, protein, vitamins and 

minerals. On average, bovine milk contains 33 g/L fat, 32 g/L protein and 53 g/L lactose 

(Haug et al., 2007). 
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Milk fats are bound in globules ranging from 0.2 to 10 µm in diameter, and consist of a 

membrane containing cholesterol, phospholipids, glycoproteins and enzymes, and a core of 

TGs (Bermudez-Aguirre et al., 2008). The FA compositions of whole and skimmed milk are 

shown in Table 3. The FA composition is determined from de novo synthesis in the mammary 

gland and the plasma lipids originating from the feed. De novo synthesis accounts primarily 

for the short chain fatty acids (SCFAs), medium chain fatty acids (MCFAs) and partly for the 

long chain fatty acids (LCFAs), mainly myristic acid and some palmitic acid. De novo 

synthesis mainly utilizes acetate and some β-hydroxybutyrate, which are derived from 

microbial fermentation of cellulose and related fibres in the rumen (Lock and Bauman, 2004). 

They are used to elongate the FAs in a step-wise manner, in which the FAs differ by two 

carbon atoms (C4, C6, etc.). However, if a precursor such as propionic acid is used, odd-

numbered carbon FAs are synthesised. Other FAs originate mainly from dietary sources, and 

released FAs from the adipose tissue circulate in the blood in lipoproteins and are taken up by 

the mammary gland (Fox and McSweeney, 2006). Milk fat content and FA composition can be 

significantly altered by changing the nutrition of dairy cows and due to seasonal variations, 

which offers the opportunity to modify the milk FA composition according to market demands 

and human health recommendations (Mansbridge and Blake, 1997, Lock and Bauman, 2004, 

Livingstone et al., 2012). However, as you cannot change only a single type of FA, it is 

challenging to design milk with an optimal FA composition. 

The milk fat globules are relatively fragile, particularly when the fat is liquid (≥ 40 °C), and 

they can be disrupted readily by a number of conditions experienced in dairy processing. 

Homogenisation is a process designed to reduce the size of milk fat globules and thus retard 

the separation of milk fat globules to such an extent that a cream layer does not form during 

its shelf life. Homogenised milk is very susceptible to fat hydrolysis by indigenous lipases in 

the milk because the protective function of the milk fat globule membrane has been 

compromised. Hence, homogenisation should be accompanied by pasteurisation, which 

inactivates the lipases in milk (Fox and McSweeney, 2006). 
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Table 3: The percentages of the major fatty acids in whole milk and skimmed milk compared 

to the total fat concentration (Fox and McSweeney, 2006). 

Fatty acid Mol % 

Common name Schematic formula Whole milk 

Butyric acid C4:0 10.1 

Caproic acid C6:0 4.9 

Caprylic acid C8:0 2.4 

Capric acid C10:0 4.3 

Lauric acid C12:0 4.1 

Myristic acid C14:0 11.1 

Palmitic acid C16:0 24.9 

Stearic acid C18:0 9.8 

Oleic acid C18:1 17.1 

Linoleic acid C18:2 2.0 

Linolenic acid C18:3 0.8 

 

The protein fraction of milk is a heterogeneous group of proteins, and the two major groups 

are the caseins (approximately 80% w/w) and whey proteins (approximately 20% w/w). The 

caseins can be divided into four subgroups: the β-, αs1-, αs2- and κ-caseins. They are bound in 

casein micelles together with calcium and phosphate. The more water-soluble whey proteins 

consist mainly of β- lactoglobulin, α-lactalbumin, bovine serum albumin (BSA) and 

immunoglobulins among other proteins (Farrell et al., 2004). The sugar in milk is lactose, 

which is a disaccharide consisting of galactose and glucose. The nutritional value of these milk 

components have been studied, and several of them have been found to have positive effects 

on metabolism and health (Haug et al., 2007). 

 

2.4.2 Milk as a regulator of metabolism and overweight 

For decades, nutritional recommendations have advised limiting the intake of foods with a 

high content of animal fats, including milk fats. This is due to the association between 

saturated FAs and the increased risk of CVD, which is mediated predominantly by increased 

blood levels of LDL cholesterol (Tholstrup, 2006, Da Silva and Rudkowska, 2014). In contrast, 
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meta-analyses examining the relationship between the consumption of dairy products and the 

risk of metabolic diseases have mostly reported no effect or a beneficial effect (Elwood et al., 

2008, Elwood et al., 2010, Soedamah-Muthu et al., 2011). Data from observational studies 

support an inverse association between dairy consumption and the risk of T2DM (Choi et al., 

2005, Aune et al., 2013). This inverse association is recognised by the 2010 Dietary Guidelines 

for Americans (U.S. Department of Health and Human Services, 2010), which recommend 

increasing the intake of low-fat milk.  

Low-grade systemic inflammation is considered a key factor in the development and 

progression of MetS and CVD. Clinical trials show that dairy consumption has a protective 

effect on inflammation and oxidative stress, indicating that dairy consumption has a 

beneficial effect on atherosclerosis development (Panagiotakos et al., 2010, Da Silva and 

Rudkowska, 2014). Dairy consumption has also been associated with an improved blood lipid 

profile. In the Coronary Artery Risk Development in Young Adults Study (Pereira et al., 

2002), people with more frequent consumption of dairy products showed a lower tendency 

towards dyslipidaemia. Moreover, the typical dairy-derived FAs, butyric acid, capric acid and 

myristic acid, has been associated with a more favourable LDL profile (Sjogren et al., 2004).  

Furthermore, dairy consumption has been associated with weight loss in several observational 

studies, possible due to reduced lipogenesis and increased lipolysis in the adipose tissue of 

children (Novotny et al., 2004, Barba et al., 2005) and adults (Barba et al., 2005, Mirmiran et 

al., 2005). However, a recent review concluded that dairy products had no association with 

weight loss, although the majority of clinical studies examining energy restriction indicated 

that dairy-rich diets increased weight loss (Da Silva and Rudkowska, 2014).  

Dairy products are numerous and vary in nutritional value, which may explain the variations 

in findings. Many studies on milk consumption are from before 1990 when whole milk was 

the predominantly consumed milk. In 1990, consumers shifted to low-fat milk, further 

complicating the comparisons between observational studies (Huth and Park, 2012). Some of 

the variations in findings may also be explained by dissimilarities in the methodological 

assessments of dairy consumption (Huth and Park, 2012).    

Although milk fat is high in saturated fats and cholesterol, the mechanism behind milk’s 

possible beneficial effect on metabolic diseases is not yet fully understood. A previous study 
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ascribed the effect to the lipid-binding effect of calcium (Christensen et al., 2009). Another 

study suggested that after the milk protein is digested there could be a beneficial effect of milk 

protein-derived peptides on appetite suppression, among other proposed functions (Ricci-

Cabello et al., 2012). Numerous studies attribute the effect to the fat fraction because they 

reported larger weight reductions following high-fat dairy intake than a low-fat dairy diet 

(Smedman et al., 1999, Pereira et al., 2002, Scharf et al., 2013). However, each milk fraction 

contains many bioactive compounds, and it is most likely a combination of several of these 

compounds and other yet to be identified factors that explain the beneficial effect of milk 

consumption.  

 

2.4.2.1 Functional proteins and peptides 

Milk proteins provide all the essential amino acids needed by our bodies. Casein proteins 

especially appear to fulfil these requirements. Whey proteins consist of a diverse array of 

proteins with physiological functions that provide the body with protection against infection 

and enhance the development of the gut (Ballard and Morrow, 2013). Studies show that 

within both casein and whey proteins, there are bioactive peptides, which are released by 

proteolysis during gastrointestinal digestion (Kanwar et al., 2009) or by the processing of 

dairy food products (Smacchi and Gobbetti, 2000). Bioactive peptides, especially from casein, 

have been shown to have important effects on the cardiovascular system, and they could 

protect against CVD. Bioactive peptides have been shown to have angiotensin-converting-

enzyme inhibitory effects, antihypertensive properties, antithrombotic activities and 

antimicrobial effects (Raikos and Dassios, 2014).  

 

2.4.2.2 Functional minerals 

Milk is a rich source of different minerals and vitamins, such as calcium, selenium, 

magnesium, zinc, riboflavin, vitamin A and vitamin B12. These are all important compounds 

in our diets, and they are involved in many metabolic reactions (Haug et al., 2007). Milk is an 

important dietary source of calcium, which is a central constituent of the bones in our 

skeletons, and a low intake of calcium can result in severe bone structural deficiencies 

associated with a loss of bone strength (Bonjour et al., 2013). Calcium has also been shown to 

increase faecal fat content, and it inhibits the uptake of fat from the diet by forming insoluble 
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calcium soaps with FAs in the gastrointestinal tract (Gacs and Barltrop, 1977). Hence, calcium 

has been suggested to have a positive effect on weight reduction (Christensen et al., 2009). 

 

2.4.2.3 Functional lipids 

Increased LDL cholesterol is a widely accepted biomarker for predicting CVD risk, and as 

previously described, saturated FAs increase LDL cholesterol compared to unsaturated FAs 

(Astrup et al., 2011). Myristic acid, palmitic acids and stearic acid are saturated LCFAs that 

are present in whole milk, and they make up approximately 11%, 25% and 10% of the total fat, 

respectively (Table 3). Myristic acid and  palmitic acids significantly increase HDL cholesterol 

and LDL cholesterol, though no effect is observed for stearic acid (Wahrburg, 2004). Myristic 

acid seems to be the saturated FA with the highest potential for increasing LDL cholesterol 

(Mensink, 1993), but since palmitic acid is found in much higher levels in our diet, it is 

believed to account for most of the cholesterol-raising effect in diets rich in saturated FAs 

(Berry, 2009).  

The major monounsaturated FA in milk is oleic acid, and the two major polyunsaturated FAs 

are linoleic acid and linolenic acid. Based on several replacement studies in which 

carbohydrates or saturated FAs are replaced with unsaturated FAs, it has been shown that 

unsaturated FAs lower LDL cholesterol and decrease the LDL cholesterol/HDL cholesterol 

ratio, which is correlated with a lower risk of CVD (Michas et al., 2014). There is a lack of 

evidence concerning the effects of SCFAs and MCFAs on cholesterol and the risk of CVD, but 

aside from lauric acid, which has been proposed to have a minor cholesterol-raising effect 

(Mensink, 1993), to date, they have not been shown to increase cholesterol levels (Wahrburg, 

2004, Astrup et al., 2011).  

MCFAs consist of FAs with 6–12 carbon atoms (Lee et al., 2012). In whole milk, they make up 

16% of the total FAs (Table 3). Milk is one of the few dietary sources of MCFAs besides 

coconut oil and palm kernel oil (Nagao and Yanagita, 2010). MCFAs are absorbed directly via 

the portal vein to the liver where they are used as an energy source (Bach et al., 1996), and 

they have been reported to have a beneficial effect on obesity and lipid metabolism (Nagao 

and Yanagita, 2010). Dietary intake of MCFAs has been associated with decreased body fat 

accumulation in several cases (Tsuji et al., 2001) due to an increase in fat oxidation and 

thermogenesis (St-Onge et al., 2003). Furthermore, a study using rodents on high-fat diets 
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have shown that MCFAs protect against lipotoxicity and insulin resistance compared to 

LCFAs (Wein et al., 2009).  

Butyric acid is the major SCFA in milk. In whole milk, butyric acid is one of the most 

abundant FA (Table 3), whereas in skimmed milk, it is the most abundant FFA because of its 

water solubility (IDF, 1991). Dairy products are the only known dietary source of butyric acid; 

however, it is also produced from bacterial fermentation of undigested carbohydrates by some 

Gram-positive anaerobic bacteria in the colon (Brahe et al., 2013). Butyric acid has been 

shown to strengthen the integrity of the intestinal barrier by enhancing cell proliferation and 

inhibiting apoptosis, which could reduce intestinal permeability (Tappenden et al., 2003). 

Increased permeability of the intestinal wall has been associated with several metabolic 

diseases including diabetes (de Kort et al., 2011). Dietary butyrate supplements protect mice 

fed a high-fat diet from diet-induced weight gain and insulin resistance (Lin et al., 2012). In 

addition, butyrate has been studied as a product of bacterial fermentation in the colon, and 

one such study found butyrate to stimulate ANGPTL4 synthesis in the colonic epithelium 

(Alex et al., 2013). ANGPTL4 has recently been identified as a regulatory protein, which 

inhibits the activity of LPL. Therefore, ANGPTL4 has been proposed to exert an important 

role in lipid metabolism (Dijk and Kersten, 2014). 

 

2.5 ANGPTL4 

More than a decade ago, ANGPTL4 was discovered as a target of peroxisome proliferator-

activated receptor (PPAR) γ in adipose tissue (Yoon et al., 2000) and as a target of PPARα in 

the liver (Kersten et al., 2000b, Kim et al., 2000). The most extensively studied function of 

ANGPTL4 is its ability to inhibit LPL. However, depending on the site of action, ANGPTL4 

has a multitude of functions, which have been studied in many kinds of tissue and in in vitro 

and in vivo studies in rodents (Alex et al., 2013), pigs (Ren et al., 2014) and humans (Kersten 

et al., 2009). Here, the focus is on the role of ANGPTL4 in lipid metabolism. 

 

2.5.1 ANGPTL4 structure 

The human ANGPTL4 gene is located on chromosome 19p13.3, has seven exons and encodes a 

protein that is 406 amino acids in length, with a molecular mass of approximately 45–65 kDa 

(Fig. 2A). In humans, ANGPTL4 is ubiquitously expressed and found in high levels in the 
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liver, adipose tissue and thyroid (Kersten et al., 2009). It is expressed to a lesser extent in the 

small intestine, brain, and heart, and it is expressed at lower levels in the colon and skeletal 

muscle (Kersten et al., 2009). The human ANGPTL4 protein (UniProt.org, 2014a) is well 

conserved among species, and the amino acid sequence is 75% similar to mice (UniProt.org, 

2014b) and 80% similar to pigs (UniProt.org, 2014c). Pigs are evolutionarily closer to humans 

than rodents (UniProt.org, 2014a), which is also suggested by the higher homology of 

ANGPTL4 between humans and pigs than humans and mice. 

Like other members of this family, ANGPTL4 protein has a secretory signal peptide and 

contains a predicted N-terminal coiled-coil quaternary structure and a large, C-terminal 

fibrinogen-like domain connected with a linker region. ANGPTL4 has three potential N-

glycosylation sites and appears to be sialylated (Clement et al., 2011, Zhu et al., 2012). The full 

length ANGPTL4 can form dimers and tetramers prior to secretion from the cell (Yin et al., 

2009). Dimer and tetramer formation depends on disulfide bond-forming cysteine residues 

76 and 80 (Yin et al., 2009), which are conserved among humans, pigs and mice (Fig. 2B, blue 

letters). Upon secretion from the cell, the full length ANGPTL4 may be cleaved into an N-

terminal and a C-terminal domain, depending on the type of cell from which it derives 

(Chomel et al., 2009). The proteolytic cleavage of ANGPTL4 may by conducted by different 

proprotein convertases in vitro at the recognition motif RXKR (where X = R in humans and 

pigs, and X = G in mice and rats), but the enzyme responsible for this process in vivo has not 

been determined (Fig. 2B, black bold text) (Chomel et al., 2009, Lei et al., 2011). Although 

both mouse and human ANGPTL4 is cleaved, the difference in amino acid sequence is 

suggested to affect cleavage. Rat ANGPTL4 requires serum for in vitro cleavage (Ge et al., 

2004), whereas human ANGPTL4 can be cleaved in the absence of serum (Yin et al., 2009).  

One of the most important functions of ANGPTL4 is its ability to inhibit LPL activity. 

Combined in vivo and in vitro data now convincingly show that only the N-terminal part of 

ANGPTL4 and full-length ANGPTL4 inhibit LPL (Yin et al., 2009, Tan et al., 2012). The C-

terminal part of ANGPTL4 has been associated with wound healing and cancer development, 

and does not appear to play a role in lipid metabolism (Tan et al., 2012).  

Previous results suggest that the LPL-binding region of ANGPTL4 is located between amino 

acid residues 38–53 (Lee et al., 2009, Robal et al., 2012). The H46A, Q50A and Q53A 

mutations markedly reduce the effect, suggesting the importance of these amino acids in the 
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inhibition of LPL(Fig. 2B, red letters) (Yau et al., 2009). However, amino acid residue 53 is an 

arginine in pigs and a histidine in mice, which may affect the LPL-binding effect of ANGPTL4 

in mice and pigs, although this idea needs further investigation.  

Two genetic variants of human ANGPTL4 have been described to potentially modulate the 

function of ANGPTL4 (Fig. 2A, black square boxes). The E40K genetic variant is found in 

approximately 3% of Caucasians. E40K heterozygotes have 12–27% lower TG levels, and 

E40K homozygotes have up to 56% lower TG levels compared to those without the variant. 

Moreover, E40K is associated with increased plasma HDL cholesterol levels (Romeo et al., 

2007, Talmud et al., 2008, Smart-Halajko et al., 2011). The E40K variant destabilises the 

protein after secretion and prevents accumulation of oligomers, which abolishes the ability of 

ANGPTL4 to inhibit LPL, providing a possible explanation for the lower concentration of TGs 

(Yin et al., 2009). The T266M genetic variant, located in the C-terminal domain of ANGPTL4, 

has also been associated with lower TG concentrations (Talmud et al., 2008, Smart-Halajko et 

al., 2011); however, the data are contradictory, and it is possible that the effect is dependent 

on the simultaneous expression of the E40K genetic variant (Legry et al., 2009). T266M also 

raises plasma ANGPTL4 levels, possibly by influencing ANGPTL4 secretion. In porcine 

ANGPTL4, there is naturally a methionine at amino acid residue 266 instead of a threonine 

(Fig. 2B), but the effect of the T266M genetic variant is not yet clear (Mattijssen and Kersten, 

2012).  

The functions of ANGPTL4 are tissue specific, and evidence suggests that ANGPTL4 is a 

regulatory protein involved in homeostasis (Dijk and Kersten, 2014).  
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Fig. 2: (A) Structure of human ANGPTL4 (Mattijssen and Kersten, 2012, Zhu et al., 2012). 

Full length ANGPTL4 may be proteolytically cleaved by proprotein convertase (PC) at the 

recognition motif “RRKR” into a C-terminal domain and an N-terminal domain. LBR: 

proposed LPL-binding region, with amino acids found to be important for the binding affinity. 

SP: Signal peptide. (B) The ANGPTL4 protein sequence in humans (hANGPTL4), pigs 

(pANGPTL4) and mice (mANGPTL4). Grey: homology between all species, orange: homology 

between human and mouse, purple: homology between pig and human, green: homology 

between pig and mouse. The underlined sections of the amino acid sequence show the N- and 

C-terminal domains of hANGPTL4 … 
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… Fig. 2 continued. Dimerization is dependent on disulfide bond-forming cysteine residues 

76 and 80, which are indicated in blue text. Genetic variants proposed to affect the function of 

ANGPTL4 are shown in black boxes. Amino acids found to be important for the binding 

affinity of ANGPTL4 to LPL are shown in red letters. 

 

2.5.2 Function 

Human trials have shown that the ANGPTL4 plasma concentration is approximately 20 

ng/ml (Robciuc et al., 2010), and that constitutive plasma ANGPTL4 levels have high 

interindividual variability (2–158 ng/mL) (Kersten et al., 2009, Robciuc et al., 2010). 

Individual human plasma ANGPTL4 levels are relatively stable, but they increase after long-

term fasting and with physical exercise.  

In addition to human trails, ANGPTL4 knockout mice and transgenic mice overexpressing 

ANGPTL4 have been used to study the function of ANGPTL4, and their phenotypes have been 

described. ANGPTL4 knockout mice show high body fat accumulation (Bäckhed et al., 2004). 

When fed a high-fat diet, ANGPTL4 knockout mice show decreased viability and 

lipogranulomatous lesions of the intestine (Desai et al., 2007). These results are compatible 

with the phenotypes of mice overexpressing ANGPTL4 that show decreased fat tissue mass 

(Mandard et al., 2006).  

An overview of the proposed physiological functions of ANGPTL4 in regards to lipid 

metabolism are shown in Fig. 3, and described in detail below. 
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Fig. 3: Overview of the proposed physiological effects of ANGPTL4 in regards to lipid 

metabolism and metabolic diseases. PL, pancreatic lipase; LPL, lipoprotein lipase. Upward 

arrows indicate increasing effects, downward arrows represent decreasing effects and both 

upward and downward arrows indicate both increasing and decreasing effects. 

 

2.5.2.1 Regulation of LPL 

A large diversity of cells secrete ANGPTL4 into the circulation, which is elevated upon FA 

stimulation (Grootaert et al., 2011). When secreted, the full-length or N-terminal portion of 

ANGPTL4 is present as a homotetramer, and in this oligomeric conformation, it can inhibit 

LPL activity (Yin et al., 2009), which mediates the lipolytic cleavage of TGs within plasma 

lipoproteins. LPL is tethered to the capillary endothelium and catalytically active when 

present in its dimeric conformation.  

The mechanism by which ANGPTL4 inhibits LPL is however still debated. One proposed 

mechanism, which has gained much recognition, is that ANGPTL4 inhibits LPL by promoting 

conversion of the LPL dimer into inactive monomers (Yau et al., 2009). In contrast, another 

study proposed that ANGPTL4 is physically bound to LPL monomers, and thereby decreases 

LPL dimerization (Lichtenstein et al., 2007). In addition to ANGPTL4 inhibition of LPL in the 

blood, it has been further suggested that in tissue co-expressing ANGPTL4 and LPL, 

ANGPTL4 may inhibit LPL as both proteins reach the subendothelial space, and before LPL 

reaches the endothelium (Makoveichuk et al., 2013). In tissues with no expression or only 

weak expression of LPL, such as the liver and intestine, overexpression of ANGPTL4 still 

increases blood TG levels, lowers LPL activity, and increases plasma ANGPTL4, indicating 
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that ANGPTL4 has an endocrine function in these organs and that ANGPTL4 inhibition of 

LPL is not limited to the subendothelial space (Dijk and Kersten, 2014).  

Several factors in the plasma may affect the regulation of LPL by ANGPTL4. 

Glycosylphosphatidylinositol-anchored high-density lipoprotein-binding protein 1, an LPL-

anchoring protein produced by endothelial cells, protects LPL from the inhibitory effect of 

ANGPTL4 (Sonnenburg et al., 2009). In addition, FAs reduce the inhibitory effect of 

ANGPTL4 on LPL by binding to the coiled-coil domain of ANGPTL4 close to the putative 

LPL-binding site. The binding affinity is highly dependent on the specific type of FA (Robal et 

al., 2012).  

 

2.5.2.2 Fasting and adipose tissue modulation 

Upon its discovery by Kersten and colleagues (2000), ANGPTL4 was named fasting-induced 

adipose factor because of its higher expression in the white adipose tissue during fasting. 

During fasting, white adipose tissue shifts from storage of FAs in the fed state to release of 

FFAs in the fasting state, which is mediated through a shift from intravascular to intracellular 

lipolysis (Staiger et al., 2009, Dijk and Kersten, 2014). The increased plasma levels of FFAs 

during fasting likely stimulate the transcription of ANGPTL4 in adipose tissue. ANGPTL4 has 

also been associated with stimulation of lipolysis in adipocytes during fasting (Gray et al., 

2012). In addition, fasting is also known to induce ANGPTL4 gene expression in the liver 

(Dijk and Kersten, 2014). Although its function is unclear, the secreted ANGPTL4 from the 

liver is proposed to be transported to the peripheral tissue where it favours tissue uptake of 

plasma FFAs over TG-derived FAs (Dijk and Kersten, 2014).  

Brown adipose tissue serves a different physiological function than white adipose tissue. 

Exposure to cold temperatures decreases ANGPTL4 levels to aid FFA uptake for energy 

expenditure in brown adipose tissue, hence increasing heat production (Bartelt et al., 2011, 

Catoire et al., 2014).  

 

2.5.2.3 Intestinal fat digestion and colonic microbiota 

Previous studies showed that a high-fat diet increases plasma levels of ANGPTL4 compared to 

a low-fat diet and that the enteroendocrine cells in the small intestine are responsible for the 

release of ANGPTL4 upon FA stimulation (Alex et al., 2014). The ANGPTL4 protein has been 
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suggested to decrease fat uptake in the small intestine by reducing the activity of pancreatic 

lipase (Mattijssen et al., 2013). Other studies reported that increased intestinal ANGPTL4 

gene expression may function as an endocrine organ resulting in the inhibition of LPL activity 

in adipose tissue, thereby preventing fat absorption (Backhed et al., 2004). In the colon, 

ANGPTL4 expression is regulated by the microbiota inhabiting the colon. ANGPTL4 has been 

suggested as a factor that could link the intestinal microbiota to fat storage in adipose tissue 

(Bäckhed et al., 2004). Different microbial species exert different effects on ANGPTL4 

(Grootaert et al., 2011). The key factor seems to be the product of bacterial fermentation of 

dietary fibres (Alex et al., 2013).  

 

2.5.2.4 Obesity 

In monozygotic twins, serum ANGPTL4 protein levels and ANGPTL4 expression in adipose 

tissue were inversely correlated with obesity (Robciuc et al., 2011). These results were 

supported by a second study (Robciuc et al., 2010), and strongly suggest a role of ANGPTL4 in 

fat storage. ANGPTL4 has been proposed to behave as a signal from adipocytes and other 

tissues to decrease lipid storage and increase fat mobilization, partially by increasing FA 

oxidation and uncoupling in lipids (Mandard et al., 2006, Grootaert et al., 2012). Injection of 

ANGPTL4 into mice produced a decrease in food intake and body weight with short- and 

long-term effects by suppressing appetite and stimulating energy expenditure (Kim et al., 

2010). These results strongly suggest that ANGPTL4 plays a key role in promoting fat 

liberation and reducing fat storage (Dijk and Kersten, 2014). 

 

2.5.2.5 Hypertriglyceridaemia 

The ANGPTL4-induced increase in blood TG concentrations, as shown by several studies 

(Yoshida et al., 2002, Koster et al., 2005, Lichtenstein et al., 2007), could potentially be 

harmful because hypertriglyceridaemia is involved in the pathogenesis behind CVD. However, 

increased ANGPTL4 in human subjects has not been associated with hypertriglyceridaemia 

(Kersten et al., 2009, Robciuc et al., 2010, Smart-Halajko et al., 2010, Jonker et al., 2013), 

except for in subjects with the E40K variant of ANGPTL4, which was associated with a 

reduced TG concentration (Romeo et al., 2007, Romeo et al., 2009). Furthermore, Dijk and 

Kersten (2014) recently described that they observed a very small fraction of subjects that had 
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extremely high plasma ANGPTL4 levels, with no signs of metabolic abnormalities. The 

harmful effect of ANGPTL4 on the progression of CVD is hence uncertain and requires further 

investigation. 

 

2.5.2.6 Diabetes 

Few studies have examined the link between diabetes and ANGPTL4 expression. Xu et al. 

(2005) found that T2DM patients have significantly lower plasma levels of ANGPTL4 than 

healthy subjects. In addition, the ANGPTL4 serum levels in human subjects inversely 

correlated with plasma glucose concentrations, suggesting a role for ANGPTL4 in diabetes 

(Xu et al., 2005). The researchers further showed that using a diabetic mouse model, 

ANGPTL4 treatment reduced hyperglycaemia, markedly elevated glucose tolerance and 

hyperinsulinaemia and induced hyperlipidaemia and fatty liver (Xu et al., 2005).  

One of the serious complications of diabetes is the development of chronic nonhealing 

wounds. A recent study showed that ANGPTL4 is expressed at low levels in diabetic wounds 

in contrast with normal wounds where ANGPTL4 is markedly elevated (Chong et al., 2014). 

Moreover, topical application of recombinant ANGPTL4 improved diabetic wounds by 

accelerating wound reepithelialisation and improving angiogenesis (Chong et al., 2014).    

 

2.5.2.7 Atherosclerosis 

ANGPTL4 plays an important role in lipid metabolism, and one of its main functions is to 

protect cells against lipid overload. Consistent with this function and the well-established pro-

atherogenic effect of LPL (Van Eck et al., 2000), ANGPTL4 was found to protect against 

atherosclerotic plaque development in mice (Georgiadi et al., 2013). Macrophages have been 

extensively studied for their role in foam cell formation in the vascular wall and associated 

atherogenesis. Lipoprotein uptake by monocyte-derived macrophages is thought to be one of 

the earliest pathogenic events in the nascent plaque and results in the development of foam 

cells (Moore et al., 2013). Macrophages express both ANGPTL4 and LPL, and LPL has a 

facilitative role in LDL uptake by macrophages (Babaev et al., 1999).  

Furthermore, Lichtenstein et al. (2010) showed that ANGPTL4 knockout mice are extremely 

sensitive to systematic inflammation from dietary saturated FAs (but not unsaturated FAs), 

and dietary FAs have been shown to induce cardiac ANGPTL4, mediated by PPARδ, which 
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protects against oxidative stress and lipotoxicity (Georgiadi et al., 2010). These results 

support the suggested protective role of ANGPTL4 towards atherosclerosis. In contrast, 

ANGPTL4 deficiency has been shown to protect against atherosclerosis and foam cell 

formation in Apolipoprotein E knockout mice (Adachi et al., 2009). Hence, the effect of 

ANGPTL4 on atherosclerosis is still uncertain and requires further investigation. 

 

2.5.3 Mechanisms 

Studies have shown that ANGPTL4 is a target gene of PPARs and that it contains several 

putative PPAR response element (PPRE) consensus sequences within its promoter region. 

The three PPAR subtypes, PPARα, PPARδ and PPARγ, are the most deeply studied nuclear 

transcription factors in regards to mediating the regulation of ANGPTL4 by FAs, and they are 

the focus of this section (Kim et al., 2011, Tan et al., 2012, Dijk and Kersten, 2014).  

The PPAR structure consists of a DNA-binding domain, an N-terminal domain and a ligand-

binding domain (Poulsen et al., 2012). PPARs regulate gene expression by binding to a 

specific PPRE at ANGPTL4 enhancer sites. Each PPAR binds to the PPRE as a heterodimer 

with retinoid X receptor (RXR). Upon binding of a ligand to the PPAR, the conformation of 

the PPAR is altered, a binding cleft is created and co-activators are recruited. These changes 

result in an increase in ANGPTL4 gene transcription (Grimaldi, 2007, Poulsen et al., 2012). 

The structure also reveals that PPARs have large ligand-binding pockets, which explains why 

PPARs binds a large variety of molecules. Furthermore, the binding pockets vary among the 

PPAR subtypes, and PPARα has a more lipophilic ligand-binding cavity than the other 

subtypes (Grimaldi, 2007).  

Each of the PPAR subtypes has a different tissue-specific expression pattern. PPARδ is the 

most widely expressed subtype, and it is expressed in high levels in the small intestine, 

muscles, brain and adipose tissue. PPARα is mainly expressed in the liver, heart, kidney and 

small intestine. PPARγ is expressed in macrophages and in several tissues, including 

intestinal and adipose tissue (Grimaldi, 2007). In accordance with these patterns, it has been 

reported that FA stimulation of ANGPTL4 is mediated by different tissue-dependent PPAR 

subtypes (Kersten, 2014).  
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In agreement with the main expression sites of PPARα, it has been found to be involved with 

ANGPTL4 induction in the liver and kidney (Xu et al., 2005, Kersten et al., 2009). PPARδ 

seems to be the subtype most commonly involved with ANGPTL4 induction, which is in 

agreement with it being the most widely expressed PPAR subtype. PPARδ mediates LCFA 

induction of ANGPTL4 in the skeletal muscles (Staiger et al., 2009), and was shown to be 

involved in ANGPTL4 induction by FAs in macrophages, cardiac tissue and liver (Sanderson 

et al., 2009, Georgiadi et al., 2010, Georgiadi et al., 2013). PPARγ is also involved in 

ANGPTL4 regulation in adipose tissue and liver, in addition to skeletal muscle and cardiac 

tissue (Yu et al., 2005, Gealekman et al., 2008).   

In intestinal epithelial cells, FA-induced ANGPTL4 gene expression can be mediated by both 

PPARδ and PPARγ, but PPARα is most likely not involved (Alex et al., 2013). SCFAs in the 

colon induce ANGPTL4 mediated by PPARγ (Alex et al., 2013) in the intestinal epithelium, 

with butyrate being the most potent inducer (acetate < propionate < butyrate). However, 

Korecka et al. (2013) found that butyrate induced ANGPTL4 in a PPARγ-independent 

pathway, and simultaneous stimulation of cells with butyrate and a PPARγ agonist showed an 

additive effect on the induction of ANGPTL4 gene expression. Instead, Korecka et al. (2013) 

suggested that butyrate induces ANGPTL4 gene expression through the transcription factor 

sp1.  

 

2.5.4 Clinical aspects 

The role of ANGPTL4 in lipid metabolism has been established, and several reviews suggest 

that it is a potential therapeutic target in metabolic diseases (Zandbergen et al., 2006, 

Grootaert et al., 2012, Tan et al., 2012, Dijk and Kersten, 2014). The suggested therapeutic 

treatments aim to either inhibit or stimulate ANGPTL4, depending on the goal of the 

treatment. Increasing ANGPTL4 could lower the risk of obesity, which often leads to MetS, 

T2DM and CVD. Korecka et al. (2013) suggested using SCFAs in combination with 

thiazolidinediones in the treatment of diabetes to minimize the side effect of 

thiazolidinediones, i.e., dampening the associated weight increase, through ANGPTL4 

expression. In addition, oral administration of SCFAs or the use of SCFA-producing bacteria 

could be alternative routes to maintain intestinal ANGPTL4 levels (Korecka et al., 2013).  
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Stimulating ANGPTL4 could also raise plasma TG levels and cause hypertriglyceridaemia and 

dyslipidaemia, which is involved in the pathogenesis of MetS, CVD and T2DM. Antibodies 

against ANGPTL4 could theoretically lower TG levels in patients at risk of developing any of 

these metabolic diseases. However, the link between increasing ANGPTL4 and 

hypertriglyceridaemia in human subjects has not yet been established. In addition, the 

development of a severe clinical phenotype in mice lacking ANGPTL4 (Lichtenstein et al., 

2010) and in mice injected with anti-ANGPTL4 antibodies (Desai et al., 2007) suggest that 

antibodies against ANGPTL4 are not advisable in pharmacological therapy (Dijk and Kersten, 

2014).  

ANGPTL4 levels have also been suggested to serve as biomarkers for specific diseases. To 

date, the potential for using plasma ANGPTL4 as a biomarker has mainly been examined in 

the context of cancer and to a lesser extent in the context of lipid-related diseases (Dijk and 

Kersten, 2014). Furthermore, it has been suggested that it would be of interest to focus on 

developing functional foods to modulate key molecules that are influenced by our diet, such as 

ANGPTL4 and have been found to be involved in obesity, T2DM, CVD, cancer and 

inflammation (Grootaert et al., 2012). 

Milk has been shown to have many health effects associated with its nutritional composition, 

and its role as a possible functional food in metabolic diseases is being investigated. Butyrate 

function as potent inducer of ANGPTL4, and the butyrate content in milk could make it a 

potential inducer of intestinal ANGPTL4 expression, which may facilitate the reduction in fat 

uptake and other health effects observed with milk consumption.  
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3. Methods 

In this section, the main in vitro and in vivo methods applied to investigate the regulatory 

effects of milk and milk components on intestinal ANGPTL4 gene expression are described 

and discussed. 

 

3.1 Milk 

Whole milk was collected from a pool of fresh milk from the herd of Danish Holstein cows at 

the Research Centre Foulum, Science and Technology, Aarhus University. Milk composition 

was measured with a Milkoscan FT120. Whole milk was separated into its different 

constituents using several techniques (Fig. 4) to identify the components responsible for 

inducing ANGPTL4 gene expression. Commercially available whole milk was used as a 

positive control sample in the cell studies.  

 

Fig. 4: Overview of the preparation and separation of milk samples. FFA, free fatty acids; 

Past, pasteurisation (30 minutes at 65 °C); Inc, incubation (overnight, room temperature); 

FBS, addition of foetal bovine serum (10%). Steps I–VI are described below.  
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I. Whole milk was skimmed by centrifugation at 1700 × g for 30 minutes at 4 °C followed 

by removal of the fat fraction.  

II. Defatted milk (skimmed milk) was further divided into three fractions: 1) residual 

cream (RC), 2) whey and 3) casein, by ultracentrifugation at 200,000 × g for 120 

minutes at 4 °C (Hohe et al., 1985, Jensen et al., 2012).  

III. The casein fraction was further hydrolysed into peptides and amino acids by in vitro 

gastric digestion with pepsin and a mixture of pancreatic enzymes (Hur et al., 2011).  

IV. The fat fraction of the milk was homogenised for different time intervals to modify the 

milk fat globule size using thermosonication (Bermudez-Aguirre et al., 2008). 

Ultrasound waves were used to disintegrate the milk fat globule membranes and 

release TGs to result in smaller fat globules.  

V. Free fatty acids (FFAs) were further released from milk fat by indigenous lipases, which 

are active in fresh milk until they are irreversibly inactivated, for example, by 

pasteurisation (Andrews et al., 1987). Whole milk or homogenised whole milk was 

either pasteurised (65 °C, 30 minutes), incubated overnight at room temperature or 

supplemented with foetal bovine serum before incubation overnight at room 

temperature. These treatments introduced variations in the level of FFAs in the milk 

samples (low, medium and high). 

VI. A combination of FFAs (C4, C6, C8, C10, C12, C14, C16, C18, C18:1 and C18:2) were 

combined to give a total concentration of 1.4 mM, and conjugated to BSA at a molar 

ratio of 1:5.  

 

3.2 In vitro studies 

To investigate the effect of milk on intestinal ANGPTL4 gene expression different in vitro 

methods with increasing complexity and similarity to the in vivo conditions was used (Fig. 5). 

Initially this study used several different well-established colon cancer cell lines, used 

previously to investigate ANGPTL4 regulation, to facilitate comparisons. Next, a monolayer of 

differentiated Caco-2 cells grown on a permeable membrane was used to mimic the outermost 

layer of epithelial cells in the intestine. Finally, an entire piece of intestinal tissue was 

dissected from a pig and exposed to the experimental samples using the Ussing chamber 

technique. 
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Fig. 5: Overview of the in vitro methods applied (1–3), which aimed at increasing complexity 

and similarity to the in vivo conditions.  

 

3.2.1 Intestinal epithelial cell cultures 

The use of cell cultures as a model system has many advantages, including accessibility, 

homogeneity of the cell population, reproducibility, fast growth and ease of use. However, cell 

cultures do not reflect in vivo conditions because the cells live in an artificial 

microenvironment. Furthermore, cell cultures are often either immortalised cells or 

cancerous forms of specific cell types. Irrespective of these issues, cell cultures are still widely 

used because of the aforementioned advantages. The in vitro experiments conducted in these 

studies used four different human colon cancer cell lines (Table 4). All of these cell lines have 

been extensively used to study both ANGPTL4 gene expression and protein secretion in 

previously published work (Grootaert et al., 2011, Alex et al., 2013, Korecka et al., 2013). The 

four intestinal cell lines had different constitutive ANGPTL4 gene expression levels and 

responded with different magnitudes towards stimulation of ANGPTL4 gene expression.  

 

Table 4. The origin and cancer cell types of the intestinal cell lines used. 

Cell line Origin Type 

Caco-2 Homo sapiens Colorectal adenocarcinoma 

HCT 116 Homo sapiens Colorectal carcinoma 

LoVo Homo sapiens Colorectal adenocarcinoma 

HT-29 Homo sapiens Colorectal adenocarcinoma 
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3.2.2 Differentiated Caco-2 monolayer on permeable membranes 

In the intestine, a single layer of epithelial cells covers the inner intestinal wall, forming a 

barrier towards the lumen. Caco-2 cells can be grown on permeable membranes and form a 

confluent monolayer of cells with cell culture medium on both sides of the membrane to 

mimic the lumen and tissue side, respectively. Caco-2 cells show a cylindrical polarized 

morphology, with microvilli on the apical side (Sambuy et al., 2005). They have tight 

junctions between adjacent cells and have been extensively used in this type of experimental 

setup (Sambuy et al., 2005). In long-term culture, the cells spontaneously differentiate to 

display a phenotype with many functions similar to those of the small intestinal epithelium 

(Hubatsch et al., 2007). Moreover, Caco-2 cells have been confirmed to exhibit better 

morphological and functional enterocyte differentiation than several other colon carcinoma 

cell lines (Chantret et al., 1988). The growth of Caco-2 cells on permeable membranes is a 

recognized in vitro method for assessing transport across the epithelial membrane and has 

been widely used in drug transport studies (Hubatsch et al., 2007). Here the model was used 

for studying ANGPTL4 protein secretion to either the apical or the basolateral side of the 

epithelial cells (Fig. 6). 

As a quality control for each monolayer, the transepithelial resistance (TER) was measured 

before and after each experiment and should always be above 300 Ω cm2 for a confluent 

monolayer. The TER values can also be used to control the monolayer during the 21-day 

cultivation period and to follow its development (Hubatsch et al., 2007). 
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Fig. 6: Illustration of Caco-2 cells grown in a monolayer on a permeable membrane, with cell 

culture medium on both the apical and basolateral sides. Electrodes are used to measure the 

transepithelial resistance (TER).  

 

The integrity of the monolayer was tested with Lucifer yellow (a water-soluble fluorescent 

dye), which was incubated together with the experimental medium on the apical side. After 24 

h, the experimental medium on both sides was analysed for Lucifer yellow content. The lack of 

a significant amount of Lucifer yellow on the basolateral side indicated maintenance of an 

intact monolayer throughout the experiment.  

 

3.2.3 Porcine intestinal tissue mounted onto Ussing chambers  

Ussing chambers were developed to measure the transport of ions across frog skin (Ussing 

and Zerahn, 1951), but they have been shown to be a valuable tool to measure electrolyte, 

nutrient and drug transport across intestinal tissue (Clarke, 2009). Hence, this method is 

based on the same concept as permeable membranes but is closer to the in vivo situation, 

while maintaining the advantages of the controlled conditions that in vitro experiments offer.  

In this study, a piece of intestinal tissue was dissected from a pig, stripped of the smooth 

muscle and immediately placed in between two glass tubes with an open area of 

approximately 2 cm2. Aerated (95% O2 and 5% CO2) and heated (37 °C) Ringer’s solution was 

used as the bathing medium on each side to keep the tissue alive by ensuring oxygen 

availability, tissue temperature and nutrient supply (Fig. 7A and B). The Ringer’s solution on 

the mucosal side was supplemented with FFAs, and the Ringer’s solution on the serosal side 

was supplemented with a similar amount of mannitol to maintain the same osmolality on 
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both sides. After treatment, the tissue was dismounted, and a heterogenic population of cells 

from the epithelial layer was scraped off (Fig. 7C) and prepared for RNA purification.   

 

Fig. 7: (A) The Ussing chamber setup with Ringer’s solution including the experimental 

sample on the mucosal side (glass tube “M”) and Ringer’s solution on the serosal side (glass 

tube “S”). (B) Lower part of the Ussing chamber showing the piece of intestinal tissue 

between the two glass tubes. The valves for oxygen input are indicated by the arrow. (C) 100× 

photomicrograph of a heterogenic population of intestinal epithelial cells scraped from a piece 

of small intestinal tissue from a pig. 

 

3.3 In vivo study 

Animal studies are often used as models for humans because of the ease of study design and 

sampling, as well as the greater reproducibility and homogeneity when genetically similar 

siblings are used in the samples. Three female siblings from each of nine litters, i.e., a total of 

27 Duroc (Landrace × Yorkshire) pigs were used in a dietary intervention study with milk and 

inulin. Within each litter, the three female pigs were assigned to a diet supplemented with 

soybean oil, a diet supplemented with whole milk or a diet supplemented with inulin on top in 
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addition to soybean oil. Thus, the treatment effects were balanced within each litter. The 

different diets were restricted and provided twice a day (Table 5). Therefore, each pig had the 

same daily energy intake. The pigs were reared at the experimental pig stables at Research 

Centre Foulum, Arhus University for 98 days, of which the dietary intervention lasted the final 

21 days (Fig. 8). The pigs were reared according to standard procedures in groups until the 

dietary intervention when they were shifted to experimental feed and individual pens.  

The day before the intervention and the day before termination (end of the intervention), 

blood, urine and faeces were sampled from each pig (days 76 and 97, respectively). Tissue 

samples from the pancreas, fat, muscle and liver was immediately frozen in liquid nitrogen 

after termination. A piece of the small intestine was stripped from the smooth muscle layer, 

and epithelial cells were scraped off and prepared for RNA purification. A portion of the 

collected samples was shipped to partners in the FIAF project. 

 

 

 

Fig. 8: Overview of sampling during the porcine dietary intervention study. Pigs were reared 

for 98 days, and the dietary intervention took place during the final 21 days (days 77–97).  
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Table 5: Composition and calculated gross energy content in the control (Control), milk 

supplemented (Milk) and inulin supplemented (Inulin) experimental diets. 

 Controla Milk Inulin 

Ingredient, g/kg as-fed basis    

   Barley 530 545 530 

   Wheat 200 206 200 

   Soybean meal 196 202 196 

   Molasses 20 21 20 

   Soybean oil 27 - 27 

   Milk - -b - 

   Inulin - - -c 

   Calcium carbonate  11.5 11.8 11.5 

   Monocalcium phosphate  7.7 7.9 7.7 

   Sodium chloride  3.8 3.9 3.8 

   L-Lysine HCl 0.6 0.6 0.6 

   DL-Methionine  0.3 0.3 0.3 

   L-Threonine 0.2 0.2 0.2 

   Vitamin-mineral premix 2.0 2.1 2.0 

Calculated     

   Gross energy, MJ/kg as-fed 4.62 3.42d 4.66e 

 

aControl diet was optimized according to the Danish recommendations for pigs between 65 

and 105 kg for all nutrients (Pig Research Centre, 2013). 

bMilk was mixed with the milk diet at feeding. The gross energy content in the milk was 2.64 

MJ/kg. cTop-dressed with 4.5 g inulin/kg as-fed. The content of gross energy in the inulin was 

0.008 MJ/g.  

dMilk included.  

eInulin included. 
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3.4 ANGPTL4 

Regulation of ANGPTL4 gene expression results in changes in the amount of ANGPTL4 

messenger RNA (mRNA) produced, which is mediated by transcription of the ANGPTL4 gene. 

The resulting mRNA is transported to the cytosol and translated into the ANGPTL4 protein, 

which is secreted from the cell either as the full length protein or cleaved, depending on the 

cell type involved (Zhu et al., 2012). The relative change in ANGPTL4 mRNA was measured 

using real-time quantitative polymerase chain reaction (RT-qPCR), which was the main 

method applied to investigate the effect of milk and milk components on ANGPTL4 gene 

expression. Previous studies showed that a change in mRNA level was correlated with a 

change in protein secretion, but measuring the relative change in ANGPTL4 mRNA is more 

sensitive than determining the protein secretion when evaluating the potential regulation of 

ANGPTL4 by different treatments (Alex et al., 2013). The food transit time in the small 

intestine is approximately 4–5 h, so for physiological relevance cells were treated for 6 h with 

milk or milk constituents. This length of time was sufficient to provide a measurable 

difference in mRNA levels between different treatments. To investigate the mode of action of 

ANGPTL4, the release of protein to either the apical (lumen) or basolateral (tissue) side of the 

epithelial tissue layer was investigated using the enzyme-linked immunosorbent assay 

(ELISA). To measure the secreted protein, cells were incubated with treatment samples for 24 

h, which ensured that there was sufficient time for a measurable difference in protein release, 

before the culture medium was collected for analysis. 

To determine the relative amount of mRNA, the total RNA from cells was purified with a 

commercially available RNA isolation kit (RNeasy mini kit, Qiagen). Frozen tissue samples 

from the intervention study were homogenised in TRIzol, and total RNA was extracted. 

Isolated RNA was dissolved in RNase free water and quantified by measuring the absorbance 

at 260 nm. The purity was evaluated by the 260/280 nm ratio, which was always above 1.8. 

 

3.4.1 RT-qPCR 

The polymerase chain reaction (PCR) was developed by Kary Mullis and co-workers in the 

mid-eighties (Saiki et al., 1985), and Mullis was awarded a Nobel Prize in Chemistry in 1993. 

PCR amplifies nucleic acid sequences in a cyclic chain reaction to generate a large number of 

identical copies. PCR is performed on a DNA template using deoxynucleotide triphosphates 
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(dNTP), a heat stable polymerase and forward and reverse primers that flank the sequence to 

be amplified. The reaction is performed by temperature cycling. High temperature is applied 

to separate the strands of the double helical template DNA (denaturation), followed by 

lowering the temperature to allow the primers to anneal to the template (annealing), and 

finally the temperature is increased to an optimum for the polymerase to extend the primers 

by incorporating dNTPs (elongation) (Fig. 9A) (Kubista et al., 2006). PCR amplification 

results in a exponentially increasing amount of product, and then eventually reaches a plateau 

phase in which product accumulation ceases as the reaction exhausts either one of the 

reagents (i.e., primers or dNTPs) (VanGuilder et al., 2008).  

The limitation of traditional PCR was that quantification could only be performed as an 

endpoint analysis of the PCR product (i.e., in the plateau phase), resulting in low sensitivity 

and poor precision as the PCR gave rise to essentially the same amount of product in the final 

phase regardless of the initial amount of template. This problem was solved in 1992 with the 

introduction of RT-qPCR (Higuchi et al., 1992). In RT-qPCR, the amount of product formed is 

monitored during the course of the reaction by measuring the fluorescence of dyes or probes 

introduced into the reaction, which is proportional to the amount of product formed (Kubista 

et al., 2006). During the initial cycles, the signal is weak and cannot be distinguished from 

background. As the amount of product is amplified during each cycle, the fluorescence signal 

increases, initially exponentially and later reaching a plateau because the signal is dependent 

on the product produced (Fig. 9B). The response curves of different PCR experiments 

normally plateau at the same level but are separated in the growth phase of the reaction, 

which reflects differences in the initial amounts of template. The difference in the initial 

amounts of template is relatively quantified by comparing the number of amplification cycles 

required for the reactions to reach a particular threshold fluorescence level (Ct value) as 

shown in Fig. 9B (Kubista et al., 2006). The threshold should be set in the exponential growth 

phase of a PCR, although the amplification response curves are expected to be parallel in the 

exponential growth phase of the reaction and the precise setting of the threshold level is not 

critical (Kubista et al., 2006). Hence, the advantage of RT-qPCR is the possibility of 

comparing the relative quantity of PCR product at any point in the growth phase of the 

reaction, which provide higher sensitivity, simplicity, automation and reproducibility.   
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Fig. 9: (A) The PCR temperature cycle. First, the temperature is raised to melt the double 

stranded DNA. Then the temperature is lowered to allow the primers to anneal. Lastly, the 

temperature is increased to allow polymerase to extend the primers. (B) RT-qPCR 

amplification curve divided into an exponential growth phase and a plateau phase. A 

threshold level is set above background, and the cycle number to reach the set threshold is 

registered. Figures are inspired from (Kubista et al., 2006). 

 

Several fluorescent reporters are on the market, and they can be divided into two main 

categories: probes and dyes (Kubista et al., 2006). In the present project, TaqMan probes was 

used. The great advantage of using probes is their high specificity and the possibility of 

multiplexing, where several products are amplified in the same tube and detected in parallel 

using different coloured probes (Wittwer et al., 2001). TaqMan probes are hydrolysis probes, 

which require a two-step PCR. First, the purified RNA was reverse transcribed using 

SuperScript III Reverse Transcriptase and oligo(dT) to convert RNA to complementary DNA 

(cDNA). The analysis was normalised to have equal RNA concentrations. Second, the relative 

difference in mRNA levels between samples was measured from the cDNA using RT-qPCR 

and the TaqMan probes. 

The TaqMan hydrolysis probe has a fluorescent reporter dye attached to its 5´ end and a 

quencher at its 3´ end. While the probe is intact, fluorescence resonance energy transfer 

occurs and the fluorescence emission of the reporter dye is absorbed by the quencher. In the 

presence of a template, the TaqMan probe anneals to the target sequence downstream from 

one of the primer sites and is cleaved by the nuclease activity of Taq polymerase during the 
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elongation phase of the PCR. Cleavage of the probe separates the reporter and quencher, 

thereby increasing fluorescence from the reporter dye. Furthermore, cleavage removes the 

probe from the target strand allowing primer extension to continue and does not interfere 

with the exponential accumulation of the PCR product (Fig. 10) (Arya et al., 2005).  

 

Fig. 10: Mechanism of the TaqMan probe. First, the primer and Taqman probe anneal to the 

template DNA strand following denaturation. Second, Taq polymerase synthesizes a new DNA 

strand complementary to the DNA template strand. Third, the polymerase cleaves the probe 

allowing for fluorescence emission. The result is a doubling of the product and fluorophores 

emitting fluorescence.   

The primers and probes targeted for the TaqMan probe RT-qPCR were designed using Primer 

Express software (Table 6), so that either the probe or primers crossed an exon-exon 

boundary. To verify the specificity of the primers and probes, nucleotide searches were 

performed using the basic local alignment tool by the National Center for Biotechnology 

Information. Primers and probes were added to samples of genomic DNA and H2O, which 

showed no amplification with RT-qPCR.  
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Table 6: Sequence of forward primer (F), reverse primer (R) and probe (P) of target genes 

and reference genes. 

Gene Primers and TaqMan probes (5´-3´) 

Human ANGPTL4 F: GACCCGGCTCACAATGTCA 

R: ATCTTGCAGTTCACCAAAAATGG 

P: TGCACCGGCTGCCCAGGG 

Porcine ANGTL4 F: TCTCTGGTGGTTGGTGGTTTG 

R: GCTGCCGAGGGATGGAAT 

P: CCACTCCAACCTCAATGGCCAGTACTTC 

β-Actin F: ACCCAGATCATGTTCGAGACCTT 

R: TCACCGGAGTCCATCACGAT 

P: CTGTATGCCTCTGGCCGCACCA 

GADPH F: GTCGGAGTGAACGGATTTGG 

R: CAATGTCCACTTTGCCAGAGTTAA 

P: CGCCTGGTCACCAGGGCTGCT 

 

In RT-qPCR, comparing samples requires normalisation to compensate for errors introduced 

due to differences in the starting amount of RNA, quality of RNA or efficiency of cDNA 

synthesis and PCR amplification. In addition, normalisation is required to correct for sample-

to-sample variation. Therefore, a reference gene is simultaneously amplified with the target 

gene. Reference genes are expressed at a constant level among different samples. Several 

reference genes exist among different tissues, although one universal reference gene has not 

yet been identified (Kubista et al., 2006). In the present project, β-actin was used as a 

reference gene for normalisation of ANGPTL4 mRNA expression in the cell culture studies. 

The ANGPTL4 mRNA level in the tissue samples from the dietary intervention study were 

normalised to the geometric mean of β-actin and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) according to previously published methods (Vandesompele et al., 2002). Using the 

geometric mean of two reference genes improved the normalisation, which increased the 

reliability and stability of the results. These results were measured using multiplex RT-qPCR. 

The efficiency of the RT-qPCR experiment was estimated from a standard curve based on a 

serial dilution of a cDNA sample. The efficiency depends on several factors such as the 
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presence of inhibitors in the biological samples or the probe:template binding ratio, which 

decreases during the course of a reaction (Kubista et al., 2006). The relative mRNA 

expression was calculated for each treatment and corrected for PCR efficiencies (Livak and 

Schmittgen, 2001). The average of the control samples was arbitrarily set to 1, and the 

treatments expressed relative to that. 

 

3.4.2 ELISA 

ELISA uses the high specificity of antibodies to target specific molecules, such as proteins, and 

analyse their concentration in a sample. The ANGPTL4 protein concentration was determined 

by sandwich ELISA (Fig. 11), according to the procedure used by Kersten et al. (2009) with 

minor modifications. The advantage of sandwich ELISA is its high sensitivity as the protein is 

bound by a capture and detection antibody. Increased sensitivity is especially advantageous 

when measuring the protein concentration in a complex matrix, such as blood plasma or cell 

culture medium (Grange et al., 2014). The anti-human ANGPTL4 polyclonal goat IgG 

antibody detects the full-length and the C-terminal fragment of human ANGPTL4 (Kersten et 

al., 2009). The coating time of the capture antibody was increased from 24 h in the original 

protocol to 72 h, which improved the detection signal. A standard curve with recombinant 

human ANGPTL4 protein with concentrations ranging from 0.0–1.8 ng/ml was used to 

determine the protein concentration in the samples, and the background signal from pure 

culture medium was subtracted.  
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Fig. 11: Overview of sandwich ELISA to detect human ANGPTL4 protein. A microtiter plate is 

coated with the capture ANGPTL4 antibody, which will bind the human ANGPTL4 present in 

the sample. Afterwards, a biotinylated detection ANGPTL4 antibody binds to ANPGTL4 and 

streptavidin -conjugated horseradish peroxidase (HRP) binds to the capture antibody. The 

addition of tetramethylbenzidine (TMB) substrate reagent will act as a hydrogen donor to 

HRP, resulting in the development of a blue colour. A stop reagent (10% H2SO4) is added, 

which converts TMB into a yellow colour detected at 450 nm. 

 

3.5 Mechanism of ANGPTL4 activation 

PPARs are transcription factors that are activated upon ligand binding, which alters their 

conformation to enhance the transcription of target genes. Upon its discovery, ANGPTL4 was 

identified as a target of PPAR, and later ANGPTL4 was found to contain several putative 

PPAR response element consensus sequences within its promoter region (Kim et al., 2011). 

Depending on the type of tissue, the effect of FAs could be mediated by different PPAR 

subtypes (Kersten et al., 2009); hence, this study investigated the involvement of the three 

PPAR subtypes (α, δ and γ) and RXR, which binds as a heterodimer with PPAR as described 

previously. To determine the activation of PPAR and RXR, a luciferase reporter assay (one-

hybrid assay) was used.  

To supplement these studies and to investigate the effect of PPAR on ANGPTL4 gene 

expression, a PPAR specific antagonist was preincubated with cells 1 h before the addition of 

the treatment samples. PPAR antagonists inhibit ligand binding to PPAR to prevent its 

activation. An observed stimulation of ANGPTL4 gene expression by different treatments 

would then be independent of the specific PPAR subtype. Furthermore, the effect of specific 
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PPAR agonists on ANGPTL4 mRNA was measured to establish a link between PPAR 

activation and ANGPTL4 gene expression.  

 

3.5.1 Transfection and luciferase reporter assay 

The luciferase reporter assay is very sensitive in identifying PPAR subtype agonists. Activation 

of the luciferase reporter is indicative of ligand-dependent stimulation of the investigated 

PPAR subtype. Cells were transfected (Felgner et al., 1987) in a solution using metafectene 

lipofectamine (Fig. 12A) with a mixture of three plasmids. The first plasmid contained a Gal4 

responsive Photinus luciferase reporter controlled by an upstream activating sequence, which 

binds to the transcription factor Gal4 and activates the transcription of Photinus luciferase. 

Photinus luciferase catalyses the ATP-dependent oxidation of D-luciferin to oxyluciferin, 

which emits light. The second plasmid encoded a fusion between the Gal4 DNA binding 

domain and either one of the three human PPAR subtypes or the RXR ligand binding domain 

(Fig. 12B). The third plasmid was a CMV-Renilla plasmid, which is a constitutively active 

reporter encoding Renilla luciferase that is used for normalization of data. After the 

treatments, the cells were lysed, and the Photinus and Renilla luciferase activities were 

directly measured by luminometry. 
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Fig. 12: (A) Illustration of the lipofection process, which inserts vectors into the nucleus of a 

mammalian cell. A vector is mixed to form a solution with a lipofection reagent to create a 

DNA-lipid complex and incubated with a mammalian cell. The DNA-lipid complex is taken up 

by the mammalian cell and releases its contents. (B) Illustration of the luciferase reporter 

assay. A ligand binds to the PPAR ligand binding domain (PPAR-LDB), which changes its 

conformation. The Gal4 DNA binding domain (Gal4-DBD) binds to the upstream activating 

sequence (UAS). As a result, luciferase is produced and its activity is measured by the addition 

of D-luciferin.  

 

3.6 Statistics 

Analyses were carried out using R 2.140. For the mRNA expression levels, a general linear 

mixed model adjusted for multiple comparisons using Tukey’s honest significant difference 

(HSD) post-hoc test was used to compare the treatments. The experiment and repetition were 

considered as random variables. The analysis was performed using ∆Ct values, and the level of 

significance was defined as P < 0.05. The Student’s t-test was applied to compare the level of 

individual FAs in the milk samples.  

In the animal study, the results were analysed as a mixed model with diet (control, milk and 

inulin) as the fixed effect and litter as the random variable. Multiple comparisons using 

Tukey’s HSD post-hoc test were used to compare diet groups. The change in blood parameters 

from baseline to after the intervention was analysed with the paired t-test.   
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4. Study I: Milk induced ANGPTL4 gene expression 

 

4.1 Objective 

The purpose of study was to investigate milk-induced activation of ANGPTL4 gene expression 

in intestinal epithelial cell cultures and to suggest a possible mechanism behind this 

activation. This study seeks to address the hypothesis described in the objectives, namely, that 

milk contains compound(s) that induce the expression of ANGPTL4 in intestinal epithelial 

cells and that it is possible to identify and isolate such compound(s)/fraction(s). Furthermore, 

it investigates the hypothesis that ANGPTL4 induction is affected by different milk processing 

parameters (pasteurisation and homogenisation). This study is composed of papers I and II, 

and additional preliminary results will be presented here.  

 

4.1.1 Paper I: Summary of findings 

Whole milk was used to investigate milk-induced activation of ANGPTL4 gene expression in 

several different cell lines. The fat fraction of whole milk was removed by centrifugation, and 

its impact on regulating ANGPTL4 gene expression was evaluated. The skimmed milk was 

further divided into casein, whey and RC fractions to investigate the effects of the different 

fractions on ANGPTL4 gene expression. Additionally, the ability of whole and skimmed milk 

to activate each of the PPAR subtypes using a luciferase reporter assay was investigated. 

Raw whole milk upregulated ANGPTL4 gene expression tenfold. In contrast, skimmed milk 

only exerted a fivefold upregulation, which was equal to the effect of pasteurized whole milk. 

Fractionation of the skimmed milk revealed an upregulation of ANGPTL4 expression levels 

when exposed to casein, but the whey and RC fractions had no effects. In addition, whole milk 

activated all three PPAR subtypes (PPARγ, PPARα and PPARβ) in a dose-dependent manner. 

In contrast, skimmed milk only activated PPARα, which was ascribed to the whey and casein 

fractions.  

The results of this paper demonstrate the effects of milk and milk constituents on ANGPTL4 

gene expression in intestinal cells. From this study, it was hypothesised that the effect was due 

to the FFA in milk in addition to the casein fraction. Furthermore, whole milk showed a clear 

activation of all three PPAR subtypes in intestinal cells.  



45 

 

4.1.2 Paper II: Summary of findings 

To investigate the hypothesis that FFAs from milk fat induce ANGPTL4 gene expression and 

PPAR activation, as suggested by paper I, this study took advantage of the indigenous 

lipoprotein lipase in milk to introduce variations in the levels of FFAs in the milk samples. 

These experiments also investigated ANGPTL4 induction by individual FFAs. Furthermore, 

this study investigated the effect of disrupting milk fat globules through homogenization on 

the ability of milk to induce ANGPTL4 gene expression.  

The FFA content in whole milk correlated positively with ANGPTL4 gene expression and 

activation of all three PPAR subtypes. The highest response was by PPARδ, indicating the 

involvement of this pathway in milk induction of ANGPTL4 gene expression. The MCFAs 

(caprate and laurate) were superior to the SCFA (butyrate) and the long chain saturated 

(palmitate) and monounsaturated (oleate) FAs. However, the diverse composition of milk fat-

derived FAs showed a greater effect than a similar concentration of a single FA in 

upregulating ANGPTL4 gene expression. Disruption and changes in milk fat globule size by 

homogenization had no effect on the ability of milk to induce ANGPTL4 gene expression. 

The results of this paper demonstrate that the induction of ANGPTL4 gene expression in 

intestinal cells is due to the FFAs in milk, and not the fat globules or the availability of 

triglycerides. 

 

4.2 Preliminary results 

The results presented in this section are preliminary and are not finalised. These results 

contribute to the discussion and could form the basis for future research. 

 

4.2.1 Materials and methods 

The experimental methods were conducted as described in papers I-III. Sample preparation 

and changes to cell assays, applied to conduct the preliminary results presented here are 

described in the following. 

 

4.2.1.1 Cells 

HCT 116 and Caco-2 cells were cultured according to paper I and III, respectively.  
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HCT 116 cells were seeded into 24 well plates at a density of 1 × 105 cells cm-2 the day before 

the experiment. Casein hydrolysates (CHs) studies were carried out by incubating cells with 

experimental medium for 6 h. PPAR antagonist and agonist studies were carried out by pre-

incubating cells with 500 µL cell culture medium supplemented with or without one of the 

three PPAR antagonists dissolved in 0.5 µL DMSO for 1 h. Afterwards cells were added an 

additional 500 µL of cell culture medium containing the experimental sample and the PPAR 

antagonist to maintain its concentration.  

Caco-2 cells were seeded into 24 well plates at a density of 6.5 × 104 cells cm-2. After two days, 

cells were confluent, and were left in culture for 21 days to spontaneous differentiate with 

regular change of cell culture medium. After 21 days after the cells was added cell culture 

medium containing the experimental sample; 1.4 mM of either butyrate, caproate, caprylate, 

caprate or laurate. 

 

4.2.1.2 Milk 

Whole milk was obtained from a pool of fresh milk from the herd of Danish Holstein cows at 

Aarhus University, Foulum. To increase FFA concentration, milk was homogenised followed 

by pasteurisation, (65 °C for 30 min) (medium-FFA milk) or homogenized and incubated 

overnight at room temperature followed by pasteurisation (high-FFA milk). 

Whole milk was skimmed by centrifugation at 1700 x g for 30 min at 4 °C followed by removal 

of the fat fraction. The resulting skimmed milk was ultracentrifuged at 200.000 x g for 120 

min at 4 °C, dividing it into three fractions of 1) RC, 2) whey and 3) casein from the top, 

middle, and bottom layers, respectively. Each fraction was added cell culture medium to 

regain a concentration similar to that of the sample prior to fractionation.  

 

4.2.1.3 In vitro gastric digestion of casein 

Pasteurised skimmed milk was ultracentrifuged at 200,000 × g for 120 minutes at 4 °C to 

divide it into three fractions. The whey and RC fractions were removed, and the casein 

fraction was washed three times in demineralized water followed by centrifugation (1700 × g 

for 5 minutes at 4 °C). Afterwards, the water was removed and the casein pellet was dissolved 

in simulated gastric fluid (SGF, 0.034 M NaCl) to a concentration equal to the amount in the 

milk from which it was derived (approximately 2.8 g of casein/100 mL) by stirring overnight 
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at 4° C. The following day the dissolved casein was heated to 37 °C with stirring, and the pH 

was adjusted to 2.0. Pepsin (Sigma Aldrich), from a stock of 10 mg/mL in SGF, was added to a 

final concentration of 0.092 mg/mL. After 60 minutes, the pH was adjusted to 7.0 with 

NaHCO3 and pancreatin enzyme solution was added from a stock to a final concentration of 

74 µL/mL. Aliquots were collected from the pancreatic digestion at different time intervals (t 

= 0, 10, 30 and 60 minutes) and heated to 95 °C for 10 minutes to inactivate the enzymes. The 

pancreatin enzyme stock solution was prepared by dissolving 10 mg/mL pancreatin (Sigma 

Aldrich) in SGF followed by centrifugation. The supernatant was transferred to a fresh tube, 

and constituted the pancreatin enzyme solution. 

 

4.2.1.4 Statistics 

Statistical analysis was performed in R version 2.14.0 and an analysis of variance model or a 

general linear mixed model with Tukey’s HSD post-hoc test were used to compare the values 

between treatments, and the level of significance was determined at P < 0.05. 

 

4.2.2 Results 

4.2.2.1 Casein hydrolysates 

The effect of hydrolysed casein fractions on ANGPTL4 gene expression was investigated in 

vitro using HCT 116 cells. The CHs were dissolved in SGF, which alone had no effect on 

ANGPTL4 gene expression in cells. Casein caused a threefold upregulation of ANGPTL4 gene 

expression, in agreement with the result presented in paper I.  

CH digested with pepsin and additionally digested for 0 or 30 minutes with pancreatin (CH 

60-0 and CH 60-30, respectively) showed no effect on ANGPTL4 gene expression. CH 

digested for 30 or 60 minutes with pancreatin (CH 60-30 and CH 60-60, respectively) 

produced a minor downregulation of ANGPTL4 gene expression (Fig. 13A), though this could 

not be confirmed by other studies (Fig. 13B).  

Skimmed milk induced ANGPTL4 gene expression fourfold, which was equal to what was 

found using a combination of the three fractions casein + whey + RC (similar to skimmed milk 

in composition). CH 60-60 was combined with the whey and RC fractions obtained from 

skimmed milk to investigate the effect of hydrolysing the casein fraction on the ability of 

skimmed milk to upregulate ANGPTL4 gene expression. The RC and whey fractions combined 
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without casein showed no effect on ANGPTL4 gene expression and neither did CH 60-60 or 

the combination of the CH 60-60 + whey + RC fractions (Fig. 13B).  
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Fig. 13: ANGPTL4 gene expression in HCT 116 cells exposed to casein (CN) and casein 

hydrolysates (CH) for 6 h. (A) CN was digested for 1 h with pepsin followed by hydrolysis with 

pancreatin for 0, 10, 30 and 60 minutes (CH 60-0, CH 60-10, CH 60-30 and CH 60-60, 

respectively). (B) Skimmed milk was separated into three fractions of residual cream (RC), 

whey and CN, by ultracentrifugation. RC + whey + CN is the recombined fractions. CH 60-60 

was prepared as described in part A. Results are shown as the mean ± standard deviation 

(SD), n = 3. Letters indicate significantly different values between treatments (P < 0.05). 

 

4.2.2.2 Individual FAs 

In paper II, the effects of the pure, water-soluble FFAs, namely, butyrate, caproate, caprylate, 

caprate and laurate, were investigated for their potential to induce ANGPTL4 gene expression 

in HCT-116 cells. These experiments were repeated using differentiated Caco-2 cells (Fig. 14). 

Treatment with 1.4 mM of butyrate, caproate, caprylate, caprate or laurate caused an 

upregulation of ANGPTL4 gene expression by approximately fivefold, twofold, twofold, 

fourfold and twofold, respectively. 
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Fig. 14: Effect of 1.4 mM butyrate (C4), caproate (C6), caprylate (C8), caprate (C10) and 

laurate (C12) on ANGPTL4 gene expression in differentiated Caco-2 cells after 6 h. Results are 

shown as the mean ± standard error of the mean (SEM), n = 3. Letters indicate significantly 

different values between treatments (P < 0.05). 

 

4.2.2.3 PPAR agonist and antagonist 

Findings in paper I and II, showed that milk activated all three PPAR subtypes (γ, β and δ) in 

HCT-116 cells. Based on these results, it was hypothesised that milk induced ANGPTL4 gene 

expression through the PPAR subtypes. To investigate a direct correlation between PPAR 

activation and increased ANGPTL4 gene expression, the effects of a PPAR agonist and 

antagonist on ANGPTL4 gene expression were investigated.  

 

PPARγ 

Preincubating cells with GW9662 (PPARγ antagonist) inhibited the twofold upregulation of 

ANGPTL4 gene expression induced by rosiglitazone (PPARγ agonist), whereas GW9662 had 

no impact on the sixfold induction of ANGPTL4 gene expression observed with the addition of 

medium-FFA milk (Fig. 15).  
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Fig. 15: Effect of PPARγ antagonist GW9662 (5 µM) on induction of ANGPTL4 gene 

expression by rosiglitazone (Rosi [PPARγ agonist], 2 µM) or medium-FFA milk (10%) in HCT 

116 cells. Cells were preincubated with or without GW9662 for 1 h prior to the addition of the 

experimental sample for 6 h. Results are shown as the mean ± SD, n = 3. Letters indicate 

significantly different values between treatments (P < 0.05). 

 

PPARα 

GW6471 (PPARα antagonist) downregulated the expression of ANGPTL4, whereas 50 nM 

GW7647 (PPARα agonist) had no effect. High-FFA milk induced ANGPTL4 gene expression 

tenfold, and preincubation with GW6471 had no effect on this expression (Fig. 16). 
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Fig. 16: Effect of PPARα antagonist GW6471 (10 µM) on induction of ANGPTL4 gene 

expression by GW7647 (PPARα agonist, 50 nM) or high-FFA milk (10%) in HCT 116 cells. 

Cells were preincubated with or without GW6471 (1 h) prior to the addition of the 

experimental sample for 6 h. Results are shown as the mean ± SD, n = 3. Letters indicate 

significantly different values between treatments (P < 0.05). 

 

PPARδ 

The PPARδ antagonist GSK0660 downregulated ANGPTL4 gene expression. In contrast, the 

PPARδ agonist L-165,041 caused a twofold upregulation in ANGPTL4 gene expression, which 

was converted to downregulation when the cells were preincubated with GSK0660. The high-

FFA milk produced a ninefold upregulation of ANGPTL4 gene expression, which was not 

affected by the addition of GSK0660 (Fig. 17A). Medium-FFA milk produced a sevenfold 

upregulation of ANGPTL4 gene expression, which was not significantly affected by the 

addition of GSK0660 (Fig. 17B). 
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Fig. 17: (A) Effect of PPARδ antagonist GSK0660 (10 µM) on the induction of ANGPTL4 

gene expression by L-165,041 (PPARδ agonist, 2 µM) or high-FFA milk (10%) in HCT 116 

cells. Cells were preincubated with or without GSK0660 (1 h) prior to addition of the 

experimental sample for 6 h. (B) Cells were initially treated as in part A of this figure and 

added to the experimental samples: L-165,041 (2 µM) or medium-FFA milk (10%). Results are 

shown as the mean ± SD, n = 3. Letters indicate significantly different values between 

treatments (P < 0.05). 
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5. Study II: Fatty acid-induced ANGPTL4 gene expression 

 

5.1 Objective 

The results from study 1 clearly showed that FFAs from milk fat induce ANGPTL4 gene 

expression. However, this result was shown using a cancerous form of intestinal cells in 

culture. The aim of this study was to examine the effect of milk-derived FAs on the activation 

of ANGPTL4 gene expression in an entire piece of small intestinal tissue to validate the results 

under more in vivo-like conditions.  Furthermore, several studies have suggested functions 

for the released ANGPTL4 protein, but there is still insufficient data on whether ANGPTL4 is 

secreted to the lumen or tissue side in intestinal tissue. Therefore, this study aims to 

investigate the effect of milk-derived FAs using a monolayer of Caco-2 cells grown on a 

permeable membrane on the secretion of ANGPTL4 protein to either the apical or basolateral 

side to elucidate the possible mode of action. This study is composed of paper III, which 

includes all the methods and results of the study.  

 

5.1.1 Paper III: Summary of findings 

Initially, FA (butyrate, caproate or caprylate) induction of ANGTL4 was investigated using 

entire tissue dissected from a porcine small intestine. The tissue was mounted onto Ussing 

chambers to keep it alive during exposure to experimental samples consisting of FAs and to 

investigate the transport of FAs across the intestinal epithelium. To continue to investigate the 

FA induction of ANGPTL4 gene expression and protein secretion, a monolayer of 

differentiated Caco-2 cells grown on a permeable membrane was used. In addition, the 

inhibitory effect of the PPARγ antagonist GW9662 on the ability of rosiglitazone (PPARγ 

agonist) and butyrate to induce ANGPTL4 gene expression was investigated. 

The most potent induction of ANGPTL4 gene expression and protein secretion was observed 

with butyrate followed by caprylate and caproate. The effect of short-term exposure (6 h) to 

1.4 mM of butyrate had an almost equal effect on ANGPTL4 gene induction as exposure to 9 

mM for 24 h, indicating a possible adaption to the FA stimulation. Upon butyrate induction, 

the ANGPTL4 protein was secreted to both the apical and basolateral sides of the intestinal 

monolayer, with the highest secretion to the apical side. In contrast, caprylate only increased 

the ANGPTL4 protein secretion to the apical side. The PPARγ antagonist GW9662 diminished 
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the effect of rosiglitazone; however, no effect on butyrate-induced ANGPTL4 gene expression 

was found.  

The absorption of caprylate was higher compared to butyrate and caproate, but less caprylate 

was transported across the tissue compared to butyrate and caprylate.  

The paper contributes to the knowledge regarding FA induction of ANGPTL4 gene expression. 

Moreover, these data provide information regarding ANGPTL4 protein secretion to either the 

tissue or lumen side of the epithelial lining of the intestinal wall, which is valuable for further 

studies of its function. 

 

5.2 Supplementary notes 

We tried to add milk on the mucosal side of the Ussing chamber, but this approach resulted in 

a gel-like substance sticking to the glass tubes, which possibly formed from an interaction 

between the milk and the Ringer’s solution. Hence, no effect was observed on the intestinal 

scrapings. Furthermore, we tried adding BSA-conjugated FAs, but this approach resulted in a 

large foam formation that spilled over the glass tubes, which depleted the Ringer’s solution in 

the Ussing chamber.  
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6. Study III: Dietary intervention 

 

6.1 Objective 

Milk is rather unique in that it contains a high amount of butyrate and MCFA, which was 

shown to be a potent inducer of ANGPTL4 gene expression in study I and II. Furthermore, 

bacterial fermentation of dietary fibre, such as inulin, result in production of butyrate among 

other SCFAs in the colon. The study seeks to address the hypothesis that dietary milk and 

inulin can upregulate ANGPTL4 gene expression in different types of tissues. This study is 

composed of manuscript IV, which may later include further results, and is still a work in 

progress. 

 

6.1.1 Paper IV: Summary of findings 

Twenty-seven female pigs were used as a model in the dietary intervention study (21 days). 

Within each litter, three pigs were assigned to receive a diet of control feed with soybean oil 

that was high in unsaturated FAs, a diet supplemented with whole milk that was high in 

saturated FAs, or a control feed enriched with inulin.  

The inulin enriched diet lowered the amount of total cholesterol, HDL cholesterol and 

triglycerides compared to baseline. Feeding pigs with milk-enriched diet increased ANGPTL4 

gene expression in the small intestine, but otherwise there was no effect on ANGPTL4 gene 

expression due to the dietary intervention in the investigated tissues. The constitutive gene 

expression of ANGPTL4 was highest in fat tissue followed by liver, small intestine and skeletal 

muscle.  

The paper provides data on the blood lipid changes due to diets rich in soybean oil, inulin or 

milk. Furthermore, it suggests that milk is a more potent inducer of ANGPTL4 gene 

expression than soybean oil, which might be explained by its FA composition. Increased levels 

of ANGPTL4 protein have previously been positively associated with a decreased risk of 

diabetes, atherosclerosis and overweight. 
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6.2 Supplementary notes 

The amino acid sequence of human ANGPTL4 is 80% homogenous to that of porcine 

ANGPTL4. The human ANGPTL4 antibody towards the full-length and C-terminal human 

ANGPTL4 protein did not cross-react with porcine ANGPTL4, and no antibody against 

porcine ANGPTL4 was available. Hence, the ANGPTL4 protein concentration could not be 

determined from blood samples collected in the pig study. We also investigate ANGPTL4 gene 

expression in the pancreas of the 27 pigs; however, the mRNA levels were below the detection 

limit.   
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7. Discussion 

 

Numerous studies have suggested that the consumption of milk has positive effects on weight 

reduction and metabolic diseases, despite the fact that milk is high in energy and rich in 

saturated FAs. These associations are based on the consumption of dairy products, but it 

remains to be established which components in milk are responsible for milk’s influence on 

lipid metabolism and fat storage. One suggested mechanism is that there is increased faecal 

fat excretion due to the calcium content in milk. However, dairy calcium shows higher effects 

than non-dairy calcium, indicating that there are unexplained factors in milk that may 

increase the excretion of fat (Zemel, 2005, Lorenzen and Astrup, 2011).  

In the present project, in vitro systems were used to investigate ANGPTL4 gene expression. 

The experiments aimed to confirm a link between milk and ANGPTL4 gene expression and to 

identify ANGPTL4-inducing milk compounds. The expression of the ANGPTL4 protein was 

also investigated in vitro using an intact monolayer of cells grown on a permeable membrane 

as a model of the intestinal epithelial layer to measure protein secretion to either the luminal 

or the tissue side. The results from these in vitro studies formed a basis for conducting an in 

vivo experiment where the effects of milk and inulin were investigated using pigs as a model 

for humans.   

Previous studies have suggested that an increase in intestinal ANGPTL4 may block adipocyte-

associated LPL activity, thereby preventing uptake of FFAs in adipose tissues (Bäckhed et al., 

2004). Furthermore, recent findings from Mattijssen et al. (2013) suggested that ANGPTL4 

protein might inhibit pancreatic lipase activity, resulting in decreased uptake of lipids from 

the lumen of the intestine. 

 

7.1 Milk-induced ANGPTL4 Expression 

Intestinal cells in culture were exposed to milk or different milk fractions to investigate the 

effect of milk on ANGPTL4 gene expression. The food transit time in the small intestine is 

approximately 4 h (Read et al., 1986). Hence, to ensure physiological relevance and sufficient 

time to see an upregulation of the mRNA level, cells were exposed to experimental milk 

samples for 6 h.  
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Whole milk induced ANGPTL4 gene expression in the three different intestinal cell lines 

tested, indicating a robust response towards milk. The response magnitude varied according 

to the cell line used, and this variation was also observed in previous studies that investigated 

the effect of butyrate (Korecka et al., 2013). To identify the components in milk responsible 

for inducing ANGPTL4 expression, whole milk was defatted by skimming. The results 

revealed that the ANGPTL4-inducing compounds were partly in the fat fraction of milk. Milk 

pasteurisation had an effect equal to that of skimming on the ability of milk to induce 

ANGPTL4 gene expression (Paper I). LPL is the lipolytic enzyme in milk, which is 

responsible for the release of FFAs from the milk fat globules of raw milk (Bengtsson and 

Olivecrona, 1980, Hohe et al., 1985), and it can be easily inactivated by mild pasteurisation 

(65 °C, 15 s) (Andrews et al., 1987). The results indicated that inactivation of LPL or the 

removal of fat, which serves as the substrate for LPL-driven FFA release from the TGs in milk, 

were the main reasons for the decreased upregulation of ANGPTL4 gene expression when 

milk was skimmed or pasteurised (Paper I).  

Using a combination of homogenisation, activation and pasteurisation, it was possible to 

regulate the activity as well as the substrate availability of LPL and to introduce variations in 

the levels of FFAs in the milk samples (Paper II). This method was used to investigate the 

effect of milk-derived FFAs on ANGPTL4 gene expression. A positive correlation between the 

level of FFAs in whole milk and its ability to increase ANGPTL4 expression was found. The 

ANGPTL4 gene induction by whole milk with high levels of FFAs was recreated using a 

mixture of pure FFAs at levels comparable to that of milk with the highest level of hydrolysed 

fat. These results corroborate previous studies showing that FFAs induces both ANGPTL4 

gene expression and protein secretion in many different cell types (Staiger et al., 2009, Alex et 

al., 2013).  

The remaining upregulation effect by skimmed milk could mainly be attributed to the casein 

fraction, though a simulated gastric digestion of the casein fraction caused the effect to 

disappear. However, casein is known to clot in the stomach and is slowly digested; hence, a 

contribution from more or less intact casein may be relevant in inducing ANGPTL4 

expression in the gastrointestinal tract (Mahe et al., 1996, Boirie et al., 1997, Deglaire et al., 

2009). In addition, intact BSA protein was also shown to upregulate ANGPTL4 gene 
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expression (Paper II), though the levels of BSA in the whey fraction were not sufficient to 

induce an increase in ANGPTL4 gene expression.  

The homogenisation step alone did not have any effect on ANGPTL4 gene induction by milk, 

indicating that the reduced fat globule size that resulted in a higher TG surface area did not 

contribute to regulating ANGPTL4 gene expression (Paper II). Hence, the effect of milk 

processing parameters only affected the indigenous LPL activity in raw whole milk, which 

thereby affected the release of FFAs and indirectly affected the in vitro effect of raw whole 

milk on ANGPTL4 gene expression. However, upon consumption of whole milk, lipases 

expelled into the gastro-intestinal tract are responsible for the release of FFAs from TGs 

bound in milk fat globules (Goodman, 2010). A previous study showed that pasteurisation 

and homogenisation modifies the rate of digestion of milk fat in the small intestine (Gallier et 

al., 2013). However, to what degree this would affect the ability of milk to upregulate 

ANGPTL4 gene expression in intestinal tissue needs further investigation. 

This study showed for the first time that a complete food matrix such as whole milk, which 

includes carbohydrates, proteins and fats, has the ability to increase ANGPTL4 gene 

expression in intestinal epithelial cells, with most of the effect contributed by the milk fat-

derived FFAs. Milk fat is a heterogenic mixture of FAs ranging in length from C4–C18. Hence, 

these FAs were individually investigated to identify the contribution of a single FA on the 

upregulation observed by the pool of milk fat-derived FFAs. 

 

7.2 FA-induced upregulation of ANGPTL4 

Previous studies have reported a strong relationship between individual FAs and ANGPTL4 

gene expression (Alex et al., 2013, Korecka et al., 2013) (Table 3). However, the focus on FA-

induced intestinal ANGPTL4 gene expression has been on SCFAs from bacterial fermentation, 

and very little research has examined FAs derived from the diet. Thus, a range of milk fat-

derived FAs with chain lengths ranging from C4–C12 and the FAs most abundant in milk fat 

(oleate and palmitate) were examined in vitro.  

The water-soluble saturated FAs (butyrate, caproate, caprylate, caprate and laurate) were 

investigated and compared using two intestinal epithelial cell lines (HCT 116 [Paper II] and 

Caco-2) under the same conditions for their potential to induce ANGPTL4 gene expression. 
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Using HCT 116 cells, the MCFAs caprylate, caprate and laurate caused high induction of 

ANGPTL4 gene expression, but caproate did not. Butyrate showed almost as high a potential 

as the MCFAs in inducing ANGPTL4 gene expression. In Caco-2 cells, butyrate showed the 

highest induction of ANGPTL4 gene expression, followed by caprate, whereas caproate, 

caprylate and laurate had lesser effects on ANGPTL4 gene expression. According to the 

previously reported effects of FAs (Table 3), it is evident that among the SCFAs, butyrate has 

the highest potential effect on ANGPTL4 gene expression and protein secretion. These results 

are confirmed by the high effect of butyrate found in this project. The combined data from the 

present study suggested that butyrate and caprate have the highest potential to induce 

ANGPTL4 gene expression. Milk is unique in that it is the only dietary source of butyrate, 

which is also one of the most abundant FAs in milk. Furthermore, milk is one of the few 

dietary sources of caprate, indicating that the specific FA composition of milk makes it a 

potent inducer of ANGPTL4 gene expression.  

The transport of these nonesterified SCFA and MCFAs across the porcine epithelium was 

studied in this project. In combination with data from Hermann et al. (2011), the results of 

this study revealed that the chain length of the carbon atoms greatly influences FA absorption 

and transport across the intestinal tissue. A positive correlation between tissue-metabolized 

loss of FAs and chain length was observed, and an inverse correlation between serosal release 

of the nonesterified FAs and chain length was found (Paper III). Absorbed butyrate is a 

major energy source for epithelial cells, whereas the dietary MCFAs have been suggested to be 

transported directly to the liver via the portal vein and used as an energy source. Hence SCFAs 

and MCFAs are not as dependent on being incorporated into chylomicrons to enter the 

circulation as LCFAs are (Bergman, 1990, Nagao and Yanagita, 2010). In addition, the intake 

of saturated SCFAs and MCFAs has not been associated with increased blood lipid 

concentrations, in contrast with saturated LCFAs. Besides their potent ability to increase 

ANGPTL4 gene expression, butyrate has been found to protect against diet-induced obesity, 

and MCFAs have been reported to reduce body fat and weight via an increase in energy 

expenditure (Tsuji et al., 2001, St-Onge et al., 2003). These physiological functions of SCFA 

and MCFA in addition to their role as potent inducers of intestinal ANGPTL4 gene expression, 

suggests that intake of these FAs are beneficial towards metabolic diseases. 
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The LCFAs in milk are not water-soluble, so they are expected to be located in the milk fat 

globules and almost completely removed in skimmed milk. To study the effects of palmitate 

and oleate, the two major LCFAs in milk were conjugated to the water-soluble protein BSA as 

they are when they are transported as nonesterified FAs in the circulation. BSA-conjugated 

oleate increased ANGPTL4 gene expression in HCT 116 cells above the effect of BSA alone, 

whereas BSA-conjugated palmitate had no additional effect compared to that of BSA. The 

effect of oleate was minor, and did not differ from that of BSA-conjugated palmitate. 

However, the induced ANGPTL4 gene expression by BSA alone possibly masked the effect of 

the individual FAs, and further investigation of different FAs are needed to elucidate their 

effects.   

In addition to examining the individual FAs, little attention has been paid to combinations of 

FAs in previous studies; however, dietary fat is a heterogeneous combination of many 

different FAs (Dyer et al., 2008, Amer et al., 2013). The results of this study showed that an 

equal or higher effect could be obtained from a combination of FAs compared to individual 

FAs, which otherwise had the most promising potential to induce ANGPTL4 gene expression 

(Paper II+III). It seems possible that this result is due to the combined activation of 

different pathways because ANGPTL4 gene expression can be upregulated through all three 

PPARs in addition to other mechanisms as suggested by the results of this project and 

previously studies (Korecka et al., 2013) (Paper I+II).   
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Table 7: Effects of individual FAs on ANGPTL4 mRNA levels and protein secretion in 

intestinal cells. The table includes results from this Ph.D. project and those of previous 

studies.  

 
Fatty acid 

Concentration 

(duration) 

mRNA 

(fold change)a 
Protein (ng/ml) Reference 

In vitro 

T84 (H) Acetate 1–8 mM (24 h) 5× 0.5–1.0 (Alex et al., 2013) 

 Propionate 1–8 mM (24 h) 5–30× 2.4–2.7 (Alex et al., 2013) 

 Butyrate 1–8 mM (24 h) 20–40× 2.6–3.0 (Alex et al., 2013) 

      

HT-29 (H) Acetate 1–8 mM (24 h) 1× (NS)–5× 0 (NS)–0.1 (Alex et al., 2013) 

  10 mM (6 h) 10× 0.3 (Korecka et al., 2013) 

 Propionate 1–8 mM (24 h) 5–50× 0.1–0.7 (Alex et al., 2013) 

  5 mM (6 h) 45× 0.7 (Korecka et al., 2013) 

 Butyrate 1–8 mM (24 h) 15–90 0.4–0.9 (Alex et al., 2013) 

  2 mM (6 h) 120× 1.0 (Korecka et al., 2013) 

      

HuTu-80 (H) Acetate 1–8 mM (24 h) 1× (NS) 1.0 (NS) (Alex et al., 2014) 

 Propionate 1–8 mM (24 h) 1(NS)–3× 1 (NS)–2 (Alex et al., 2014) 

 Butyrate 1–8 mM (24 h) 2–3.5× 1.8–2.0 (Alex et al., 2014) 

      

HCT 116 (H) Butyrate 1.4 mM (6 h) 4× - (Nielsen et al., 2014a) 

  2 mM (6 h) 3.5× - (Korecka et al., 2013) 

 Caproate 1.4 mM (6 h) 2×   

 Caprylate 1.4 mM (6 h) 6× - (Nielsen et al., 2014a) 

 Caprate 1.4 mM (6 h) 7× - (Nielsen et al., 2014a) 

 Laurate 1.4 mM (6 h) 7× - (Nielsen et al., 2014a) 

 Palmitate 1.4 mM (6 h) 1× (NS)c - (Nielsen et al., 2014a) 

 Oleate 1.4 mM (6 h) 1.3×c - (Nielsen et al., 2014a) 

      

Caco-2 (H) Butyrate 
3–9 mM (24 h) 2–6× 

0.3–0.4 apical 

0.2–0.3 basolateral 
(Nielsen et al., 2014b) 

  1.4 mM (6 h) 5× - (Nielsen et al., 2014b) 

 Caproate 9 mM (24 h) 3× - (Nielsen et al., 2014b) 

  1.4 mM (6 h) 2× - (Nielsen et al., 2014b) 

 Caprylate 
3–9 mM (24 h) 2–4× 

0.2 apical 

0.1(NS) basolateral 
(Nielsen et al., 2014b) 

  1.4 mM (6 h) 2× - (Nielsen et al., 2014b) 

 Caprate 1.4 mM (6 h) 4× - Unpublished 

 Laurate 1.4 mM (6 h) 2× - Unpublished 

      

INT-407 (H) Butyrate 2 mM (6 h) 17× - (Korecka et al., 2013) 

      

MSIEb (M) Oleate 0.1 mM 6× - (Kersten et al., 2009) 

 Linoleate 0.1 mM 4× - (Kersten et al., 2009) 
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Table 7 continued… 

In vivo 

Small intestine Butyrate 1g/kg (2×, 24 

h) 

11× - (Korecka et al., 2013) 

a Compared to the control. 

b Primary intestinal cells from a mouse.  

c Results were compared to a BSA control, which also upregulated ANGPTL4 mRNA levels 

and hence possibly masked the effect derived from FA exposure.  

Abbreviations: NS, nonsignificant from control; H, human; M, mouse. 

 

The in vitro assays conducted used human intestinal cancer cells in culture. However, 

ANGPTL4 gene expression has been found to be elevated in cancer cells (Tan et al., 2012). 

Hence, there was a need to validate the results in more in vivo-like conditions. The Ussing 

chamber system uses an entire piece of tissue dissected from an animal, and the technique 

makes it possible to get close to the in vivo situation, while maintaining the advantages of 

controlled conditions that in vitro systems offers. The constitutive ANGPTL4 gene expression 

along the small intestine and colon was investigated to determine which area of the intestine 

should be used in this setup. No significant difference in the constitutive expression of 

ANGPTL4 was found along the small intestine. However, there was a tendency for increased 

expression along the ileum part of the small intestine (Paper III). This finding is consistent 

with previous studies using mice and pigs (Haenen et al., 2013, Mattijssen et al., 2013). 

However, the study by Haenen et al. (2013) reported lower expression of ANGPTL4 in the 

colon compared to the small intestine. This result was only partly confirmed in this study 

because only the proximal part of the colon showed lower constitutive expression of the 

ANGPTL4 gene than the distal part of the small intestine.  

The proximal part of the ilium was selected for the Ussing chamber assays as it showed high 

constitutive expression of ANGPTL4. The results of these studies confirmed that a mixture of 

milk-derived FAs (butyrate, caproate and caprylate) induced ANGPTL4 gene expression in the 

epithelial cells of the porcine small intestine (Paper III). The magnitude of induction 

correlated well with what has been shown in a study of the mouse small intestine that 

compared a high-fat diet and a low-fat diet (Mattijssen et al., 2013). 
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The in vitro assay results showed that FFAs from milk fat were able to induce ANGPTL4 

expression in intestinal epithelial cells and that certain FAs had a higher effect than others. 

There has been no previous focus on total dietary fat, and the results of the present study 

show for the first time that a combination of FAs is superior or equally as effective in inducing 

ANGPTL4 expression as individual FAs. The results provide a more comprehensive 

understanding of dietary fat-induced ANGPTL4 gene expression and provide a basis for future 

studies.   

The in vitro results also formed a basis for conducting an in vivo assay that investigated the 

effect whole milk and inulin. Inulin is a dietary fibre, which is fermented by microbiotic 

residents in the colon. This fermentation results in the production of SCFAs, such as butyrate, 

which is shown here to be a potent inducer of ANGPTL4 gene expression.   

 

7.3 Dietary intervention  

Pigs were used as a model for humans in the in vivo experiments because they are 

evolutionary closer to humans than rodents, as confirmed by the higher homology of the 

ANGPTL4 gene between humans (UniProt.org, 2014a) and pigs (UniProt.org, 2014c) 

compared to the homology between humans and rodents (UniProt.org, 2014b). In humans, 

the ANGPTL4 gene is ubiquitously expressed. ANGPTL4 is most highly expressed in the liver 

followed by the adipose tissue, and the small intestine, and it is found at lower levels in the 

skeletal muscle (Kersten et al., 2009). In pigs, the highest levels of ANGPTL4 gene expression 

were found in the adipose tissue rather than in the liver, which is similar to what has been 

reported in mice (Yoon et al., 2000, Zhu et al., 2012). With this exception, the expression 

pattern in the investigated tissues was comparable to what has been reported in humans 

(Paper IV).  

To this point, previous studies have shown that a high-fat diet upregulates ANGPTL4 gene 

expression in intestinal tissue compared to a low-fat diet (Mattijssen et al., 2013), and very 

little has been done to investigate the impact of diets with different sources of fats. Hence, this 

study investigated the effect of milk in a dietary intervention, where pigs were fed a basal diet 

supplemented with either whole milk, soybean oil or soybean oil enriched with inulin. The 

study showed that dietary intake of milk as a whole, including carbohydrates, protein and fat, 
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induced an increase in the ANGPTL4 gene expression of small intestinal epithelial cells 

compared to an isocaloric control diet with soybean oil. In addition, the dietary intervention 

with soybean oil enriched with inulin showed a tendency towards higher ANGPTL4 gene 

expression in the ileum than with soybean oil alone, even though the breakdown of inulin 

occurs primarily in the cecum (Yasuda et al., 2007) (Paper IV). A similar finding was 

reported by Haenen et al. (2013), which revealed that pigs fed resistant starch showed 

increased ANGPTL4 gene expression in the distal part of the small intestine.   

 

7.4 Role of PPAR in milk-induced ANGPTL4 expression 

FAs are potential ligands for PPAR transcription factors, which could drive the upregulation 

of ANGPTL4 induction by milk and milk fat-derived FFAs. Upon its discovery, ANGPTL4 was 

found to be a target of PPAR in the liver and fat tissue (Kersten et al., 2000b, Yoon et al., 

2000). Later, the ANGPTL4 gene was found to contain several putative PPRE consensus 

sequences within its promoter region (Kim et al., 2011).  

The results of this project confirmed that PPAR-specific agonists and antagonists were able to 

stimulate or inhibit ANGPTL4 gene expression in intestinal cells, respectively. Furthermore, 

the results showed that whole milk has the ability to activate all three PPAR subtypes in a 

dose-dependent manner, whereas skimmed milk only showed minor activation of PPARα 

(Paper I). A positive correlation between FFA levels in whole milk and activation of PPAR 

(Paper II) further confirmed that milk-derived FAs were potent activators of PPARs. As a 

matrix, milk activated PPARδ sevenfold more than PPARγ and tenfold more than PPARα, 

suggesting that PPARδ is particularly involved in milk-induced ANGPTL4 gene expression. 

The important role of PPARδ in ANGPTL4 gene regulation has previously been reported in 

many other types of tissue, such as cardiac tissue, skeletal muscle, macrophages and liver 

(Sanderson et al., 2009, Staiger et al., 2009, Georgiadi et al., 2010, Georgiadi et al., 2013). 

Previous studies showed that several FAs have the potential to induce transcription of the 

ANGPTL4 gene in different cell cultures and that LCFAs regulate expression of ANGPTL4 

through a PPARδ-dependent pathway (Staiger et al., 2009, Robciuc et al., 2012). These results 

agree with the high activation of PPARδ by whole milk and with the more pronounced 

upregulation of ANGPTL4 gene expression by whole milk compared to skimmed milk because 

most of LCFAs are expected to be located in milk fat (Amer et al., 2013). Butyrate is abundant 
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in skimmed milk (Amer et al., 2013) and has been suggested to be involved in the induction of 

ANGPTL4 gene expression through a PPARγ-dependent pathway (Alex et al., 2013). Skimmed 

milk was only shown to activate PPARα. This activation was attributed to the casein and whey 

fractions of skimmed milk, although these fractions alone had no effect on ANGPTL4 

expression levels. Hence, PPARα is not likely to be involved in ANGPTL4 gene regulation by 

skimmed milk (Paper I). 

Contrary to expectations, the observed upregulation effect of milk on ANGPTL4 gene 

expression was not reduced by the use of antagonists towards any of the three PPAR subtypes. 

Furthermore, it was not possible to inhibit butyrate-induced ANGPTL4 gene expression with 

GW9662, a specific PPARγ antagonist. Hence, the reported findings of Alex et al. (2013) 

revealing that butyrate induced ANGPTL4 through activation of PPARγ in T84 cells could not 

be reproduced using HCT 116 cells. Our results support those of Korecka et al. (2013), who 

reported that butyrate and rosiglitazone (a PPARγ agonist) induced ANGPTL4 gene 

expression by utilizing independent pathways in HT-29 cells. Hence, the results indicate that 

milk-induced ANGPTL4 gene expression has a complex pathway. 

As a direct link between PPAR and milk-induced ANGPTL4 gene expression was not found, it 

is possible that the milk-induced activation of PPAR subtypes targets other genes than 

ANGPTL4. Activation of PPARs potentially regulates multiple genes that have been associated 

with beneficial effects on human health, and PPAR ligands have been developed as 

therapeutic drugs against T2DM (Kersten et al., 2000a). Intestinal activation of PPARδ 

controls lipid uptake from the intestine by upregulating various genes such as CD36 

(Grimaldi, 2007) and reducing enterocyte cholesterol absorption, which was suggested as a 

mechanism to explain the improved lipoprotein profile produced by PPARδ agonists (Riserus 

et al., 2008, Neels and Grimaldi, 2014). Furthermore, activation of PPARα has been 

associated with induced satiety in mice (Fu et al., 2003). Milk activation of PPAR may provide 

an additional effect of milk consumption along with inducing ANGPTL4. In combination, 

these pathways could explain some of the beneficial effects of milk consumption found in 

observational studies. 
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7.5 Nutritional perspective 

The present project was initiated to study the effect of milk on ANGPTL4 gene expression, and 

how it could influence fat uptake from the lumen of the small intestine and the storage of fat 

in adipose tissue. The results of the present study show that the intestinal epithelial 

monolayer secretes ANGPTL4 protein to both the apical and basolateral side. This secretion is 

elevated upon stimulation with FFAs of milk origin, and the apical release is superior to the 

basolateral release when stimulated with FFAs (Table 3) (Paper III). However, the findings 

of the current study are contrary to results from Grootaert et al. (2011) which showed that the 

ANGPTL4 protein is only released to the basolateral side of an intestinal cell layer using the 

same in vitro method and cell line. Differences in the antibodies and methods used for 

analysis may have caused the differences in findings. However, the antibodies and methods 

used in this study have been validated in several published papers (Kersten et al., 2009, Alex 

et al., 2013, Jonker et al., 2013, Alex et al., 2014). The results of the present project indicate 

that the huge area of the intestinal epithelial cell wall has a dual function in regards to 

ANGPTL4 protein function. ANGPTL4 released to the luminal side of the small intestine 

could function as an inhibitor of pancreatic lipase to result in a higher excretion of faecal fat, 

as previously suggested (Mattijssen et al., 2013). ANGPTL4 released to the tissue side most 

likely functions as an endocrine organ because LPL is expressed at low levels in the small 

intestine; hence, the released ANGPTL4 protein could be transported with the circulation and 

inhibit LPL in tissue with high expression of this enzyme (Bäckhed et al., 2004, Dijk and 

Kersten, 2014). These results are in agreement with the suggestion that ANGPTL4 functions 

as a negative feedback mechanism to protect against cellular lipid overload by reducing 

extracellular TG hydrolysis and thus decreasing FFA uptake (Zhu et al., 2012, Dijk and 

Kersten, 2014). 

The potential of the presented results should be evaluated with regard to the physiological 

relevance. The results in the present study showed that consumption of whole milk together 

with a regular diet increased ANGPTL4 gene expression approximately threefold in the 

porcine small intestine compared to a diet with soybean oil (Paper IV). The ANGPTL4 

protein concentration in blood samples from this dietary intervention was unfortunately not 

determined because a pig ANGPTL4 antibody was not available. Hence, the results must be 

compared to studies using human intestinal cells in culture. Using Caco-2 cells, results from 

this project showed that a 0.6 cm2 area of the intestinal epithelial monolayer constitutively 



68 

 

secretes 0.1 ng/ml ANGPTL4 to both the apical and basolateral sides over a time course of 24 

h. This value was elevated 300–350% and 200–250% upon stimulation with butyrate to the 

apical and basolateral sides, respectively, with a simultaneous two- to sixfold induction in 

ANGPTL4 gene expression (Paper III).  

Previously, it was shown that an ANGPTL4 protein concentration of 2 µg/mL decreases 

pancreatic lipase activity by approximately 40% (Mattijssen et al., 2013). Taking into 

consideration the huge surface area of the small intestine (Helander and Fandriks, 2014) 

compared to its relatively low volume (Schiller et al., 2005), it seems plausible that ANGPTL4 

is a regulator of lipid digestion and uptake from the lumen of the small intestine. 

Furthermore, milk-induced ANGPTL4 gene expression could potentially increase luminal 

protein secretion and subsequently decrease fat digestion in the small intestine. In support of 

this hypothesis, previous studies found that ANGPTL4 knockout mice was heavier than their 

wild-type counterparts, and this difference in weight was independent of food intake, energy 

expenditure and locomotor activity. Furthermore, the ANGPTL4 knockout mice had 

decreased lipid content in their stools, which coincided with their elevated luminal lipase 

activity (Mattijssen et al., 2013). 

The evidence that calcium increases faecal fat excretion is convincing (Zemel et al., 2004, 

Zemel, 2005, Christensen et al., 2009, Lorenzen and Astrup, 2011); however, dairy calcium 

has a higher effect than non-dairy calcium, which indicates that unidentified factors in milk 

may increase the excretion of fat (Zemel, 2005). Furthermore, it was shown that calcium in 

combination with a high dairy fat diet resulted in a higher faecal fat excretion than calcium 

with a low dairy fat diet (Lorenzen and Astrup, 2011). In addition to the effect of calcium, the 

present project suggests that the ability of milk fat to increase ANGPTL4 gene expression and 

protein synthesis could explain the effect of milk on faecal fat excretion.  

 

7.6 Dietary consumption of milk  

Several health benefits have been associated with increasing unsaturated fat consumption, 

which has led to recommendations for lowering the intake of saturated FAs and increasing the 

intake of unsaturated FA (Nordic Council of Ministers, 2014). Current nutritional 

recommendations suggest lowering intake of saturated fats and not exceeding a daily intake of 

10 %E. These recommendations are based on previous results showing that replacing dietary 
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saturated FAs with unsaturated FAs lowers serum LDL cholesterol and HDL cholesterol 

concentrations. However, replacing saturated FAs with carbohydrates potentially leads to an 

increase in blood TGs, smaller LDL particle size and lower HDL cholesterol concentrations 

(Siri-Tarino et al., 2010).  

In Denmark, the intake of fat has decreased from 44 E% in 1985 to 34 E% in 2001, which was 

mainly due to a decrease in the consumption of butter and milk products (Dansk 

fødevareforskning, 2005) but also driven by a major switch from consumption of high-fat 

milk to low-fat milk (Danmarks Fødevare- og Veterinærforskning, 2004). The negative impact 

of milk fat on human health is a heavily debated subject, and the results of several studies 

support a beneficial effect of milk fat (Smedman et al., 1999, Pereira et al., 2002, Scharf et al., 

2013). The issue is relevant because consumers obtain less calories from milk and more 

calories from sweetened beverages today than 20–30 years ago, and this change in 

consumption is especially observed among children and young adults (Nielsen and Popkin, 

2004, Veterinærforskning, 2004, Astrup et al., 2010). In the light of this trend, Maersk et al. 

(2012) further showed that the consumption of sucrose-sweetened beverages increased 

visceral fat, liver fat and blood pressure compared to isocaloric semi-skimmed milk (Maersk 

et al., 2012).  

The body consists of a high amount of saturated fats, and they are important for membrane 

and brain function, which are essential for sustaining optimal life conditions (Rioux and 

Legrand, 2007). Due to their multiple potential origins, it has been difficult to quantify the 

importance of dietary saturated FAs in comparison to endogenous saturated FAs, especially 

palmitic acid (Rioux and Legrand, 2007). Furthermore, increasing evidence indicates that the 

total matrix of a food is more important than its FA content alone when predicting the effect 

of a food on the risk of CVD (Astrup et al., 2011).  

Milk fat is considered unhealthy because its high content of saturated FAs may raise total 

cholesterol and LDL cholesterol levels. However, studies on milk intake and blood cholesterol 

have not provided consistent data that saturated FAs in milk fat produce this theoretical 

effect. Intake of whole milk has been associated with either no effect on blood cholesterol or a 

higher concentration of total cholesterol and LDL cholesterol, whereas skimmed milk has 

been shown to lower LDL cholesterol compared to whole milk (Huth and Park, 2012). No 

change in blood cholesterol was observed in the pig intervention study, and this result 
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supports the results of studies showing no effect of whole milk consumption on blood 

cholesterol (Paper IV). Results from this project suggests that a possible explanation for 

these results is that lower fat uptake is mediated by an increase in ANGPTL4 protein secretion 

to the lumen. Furthermore, an increased secretion of ANGPTL4 to the tissue side after 

exposure to milk may have beneficial effects on metabolic diseases, which is compatible with 

the results reported in observational studies of milk consumption. 

Overexpression of the ANGPTL4 gene increases blood TG levels in mice (Mandard et al., 

2006); however, this result has not been confirmed in humans (Dijk and Kersten, 2014). 

From our studies, no change in blood TG levels was found in the pigs with increased levels of 

ANGPTL4 gene expression in the intestine (Paper IV), which supports the data in humans.  

Part of the beneficial effect of milk may lie in its rather unique fat composition. This idea is 

suggested by this research and supported by several studies that have reported a higher 

beneficial effect of whole milk than skimmed milk on metabolic conditions (reviewed in (Kratz 

et al., 2013)). Whole milk contains a high amount of butyrate and several MCFAs, which have 

been shown to have a high potential in inducing ANGPTL4 gene expression. The 

recommendation to limit milk fat intake may lead to the exclusion of some of the beneficial 

effects of whole milk. However, these results need to be studied further and confirmed in 

human studies. 
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8. Conclusions 

 

The present Ph.D. thesis shows that milk as a total food matrix is a potent inducer of 

ANGPTL4 gene expression. The project also broadens the current knowledge about the effects 

of dietary fat on ANGPTL4 gene expression in the intestine, and the effects of individual FAs 

and combinations of FAs on ANGPTL4 gene expression. Furthermore, the results show that 

ANGPTL4 protein is secreted to both the basolateral and apical side of the intestinal 

epithelium and this is stimulated upon exposure to fatty acids of milk origin. This result 

indicate a possible new mechanism that explains how milk decreases fat uptake from the 

intestine, and suggests that it could partly be mediated by an increase in ANGPTL4 protein 

secretion. 

The results confirmed the stated hypothesis that milk contains ANGPTL4-inducing 

compounds. These compounds were identified to be in the FFAs derived from milk fat and the 

intact casein fraction; however, digestion of casein caused the effect of the casein fraction to 

disappear. As the identified ANGPTL4-inducing milk compounds were the combined FFAs 

released from milk fat, the initial project aim to isolate and concentrate ANGPTL4-inducing 

milk compounds from milk for use in in vivo studies was less relevant.  Instead, the dietary 

intervention was conducted with whole milk as a total food. Furthermore, it was hypothesised 

that the processing parameters affect milk-induced ANGPTL4 gene expression. Pasteurisation 

and homogenisation had an indirect effect on ANGPTL4 gene expression that was mediated 

via the indigenous LPL activity in milk, which regulated the release of FFAs when studied in 

vitro. However, this effect is not relevant in terms of milk consumption. 

The results from this study showed that milk derived FFA could function as ligands for PPAR 

subtypes and that specific PPAR agonist and antagonist could regulate ANGPTL4 gene 

expression, but an association between milk-activated PPAR and ANGPTL4 gene expression 

was not established, suggesting that other pathways could be involved. 
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In summary, based on the results presented in this Ph.D. thesis, the following can be 

concluded: 

 The constitutive ANGPTL4 gene expression in pigs did not differ along the entire small 

intestine and colon; however, the first part of the colon showed lower expression of the 

ANGPTL4 gene compared to two points of the proximal small intestine. In pigs, tissue 

expression of ANGPTL4 was highest in fat, followed by the liver, small intestine and 

muscle, and expression was lowest in the pancreas. 

 

 Milk has the potential to induce ANGPTL4 gene expression in the intestinal tissue, 

investigated using several intestinal cell lines and pigs fed a basal diet supplemented 

with milk.  

 

 FFAs from milk fat and intact casein were identified as the ANGPTL4-inducing milk 

components. These findings were confirmed in intestinal cell lines and in an entire 

piece of tissue dissected from the porcine small intestine, which was examined using 

the Ussing chamber technique. Reduction of the fat globule size to result in a higher 

surface area of the TGs seems to have no effect on milk-induced ANGPTL4 gene 

expression. 

 

 Among the investigated FFAs, the ones with the greatest potential for inducing 

ANGPTL4 expression were butyrate and caprate. However, equal or higher effect could 

be obtained from a combination of FAs compared to individual FAs. 

 

 ANGPTL4 was secreted to both the apical and basolateral sides of the intestinal 

epithelium, which was stimulated upon exposure to FFAs, with the highest release to 

the apical side. 

 

 Milk fat and FFAs derived from milk fat had the potential to activate all three PPAR 

subtypes, and PPARδ and PPARγ specific agonists induced ANGPTL4 gene expression. 

However, a direct link between PPAR and milk-induced ANGPTL4 gene expression 

was not established, suggesting that other pathways could be involved.  
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 Transportation of the FFAs butyrate, caproate and caprylate across the small intestine 

showed that there was a higher mucosal disappearance and a lower serosal release of 

caprylate than observed for butyrate and caproate.  

 

 A dietary intervention using pigs with a high consumption of whole milk showed that 

blood cholesterol levels were not affected by the consumption of whole milk. However, 

intake of inulin lowered the TC, HDL cholesterol and TG levels and tended to lower 

LDL cholesterol compared to the baseline (before intervention).  
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9. Future perspectives 

 

The present Ph.D. thesis provides insight into the ability of milk-derived FFAs to upregulate 

ANGPTL4 gene expression and protein secretion in the intestine. However, further studies are 

needed to elucidate the impact and function of milk-induced ANGPTL4 in the intestinal 

tissue. The effects of different dietary FAs could be investigated in further detail to clarify 

their influences on ANGPTL4 expression. However, as dietary fat intake is a mixture of many 

FFAs derived from different lipid sources, combinations of FFAs should be investigated as 

well. MCFAs, and caprate in particular, were found to be good inducers of ANGPTL4 gene 

expression in intestinal tissue. Dietary intake of MCFAs has been associated with health 

effects, which correlate well with the effects of ANGPTL4 as described in paper II. To gain 

more insight into this association, a dietary intervention study with MCFAs could be 

conducted to measure the effects of MCFAs on ANGPTL4 protein concentration and gene 

expression in vivo. In addition, the FA composition in milk fat can be modified through 

feeding, so it is possible to investigate the effects of changing the FA composition of milk fat 

on its ability to induce ANGPTL4 gene expression in the intestine. Eventually, this type of 

study could result in the design of milk with a healthier fat composition.  

This effect of milk on ANGPTL4 gene expression and protein secretion has the potential to 

inhibit pancreatic lipase activity in the small intestine, which would decrease fat uptake. In 

addition, the increased ANGPTL4 protein secretion from the intestine to the tissue side could 

function as an endocrine organ, and potentially decrease adipose tissue-associated LPL 

activity, hence decreasing fat storage or elevating fat mobilisation in adipose tissue. A 

limitation in the dietary intervention study with pigs is the unavailability of porcine ANGPTL4 

antibodies. Hence, it was not possible to measure the ANGPTL4 protein concentrations in the 

blood samples. In the FIAF project, intervention studies in both humans and mice are being 

conducted by other participants that have a similar experimental setup to that used in the pig 

dietary intervention, and these studies will measure ANGPTL4 blood concentrations.   

The effect of the milk-induced release of the ANGPTL4 protein on fat excretion could be 

further elucidated by comparing fat excretion due to high-fat dairy intake in wild-type and 

ANGPTL4 knockout mice. Studies could be done in combination with calcium to investigate 

the additive effect of calcium and the ANGPTL4 protein on fat excretion. 
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Finally, the mechanism behind FA upregulation of ANGPTL4 expression in small intestinal 

tissue should be investigated further. A more clear understanding of the mechanism would 

make it possible to develop function foods or drugs that could increase or decrease intestinal 

ANGPTL4 gene expression, depending on the goal of the therapy. 
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a b s t r a c t

Studies have shown a negative correlation between milk intake and obesity indicating that milk intake
may impact on the regulation of body weight. Angiopoietin-like 4 (ANGPTL4) is suggested to be a
regulator of lipid metabolism and is known to inhibit lipoprotein lipase. Milk-induced activation of
ANGPTL4 gene expression and the mechanism behind it were investigated. Raw whole milk up-regulated
ANGPTL4 mRNA ten-fold while skimming only exerted a five-fold up-regulation, as determined in the
human epithelial colon cancer cell line HCT 116. Fractionation of the skimmed milk revealed an up-
regulation of ANGPTL4 mRNA levels when exposed to casein, but no effects of the whey or residual
cream fractions. Whole milk activated all three peroxisome proliferator-activated receptor (PPAR) sub-
types in a dose-dependent manner, whereas skimmed milk only activated PPARa and casein had no
effect. Thus, the fat fraction might be explained by PPAR activation but the effect of caseins needs further
investigation.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Milk is a rich source of many nutrients for both infants and
adults, but has a high energy content and also contains high
amounts of saturated fatty acids. Intake of saturated fat containing
food is generally positively correlated with obesity (Field, Willett,
Lissner, & Colditz, 2007). However, human cross-sectional survey
studies have revealed a negative correlation between milk intake
and obesity, indicating that milk has the ability to influence the
regulation of body weight and energy metabolism (Beydoun et al.,
2008). Research has focused on the lipid-binding effect of calcium
from milk in the intestine, but studies indicate that the weight-
regulating effect of milk cannot exclusively be ascribed to the cal-
cium content of milk (Christensen et al., 2009).

In 2000, angiopoietin-like 4 (ANGPTL4) was independently
discovered by several research groups as a new protein that was
similar to the members of the angiopoietin family (Kim et al.,
2000). The gene was a target of peroxisome proliferator-activated
receptor (PPAR)g in adipose tissue (Yoon et al., 2000) and PPARa
lsgaard).
in the liver (Kersten et al., 2000b). Since then it has been found to
play a role in lipid metabolism (Zhu, Goh, Chin, Kersten, & Tan,
2012). ANGPTL4 is a w45e65 kDA protein, with a coiled-coil
structure at the N-terminal, and a large fibrinogen-like C-terminal
domain. The full length ANGPTL4 can form dimers and tetramers
prior to secretion from the cell (Yin et al., 2009). Upon secretion
from the cell, ANGPTL4 is cleaved into an N-terminal and a C-ter-
minal region (Lichtenstein & Kersten, 2010).When secreted into the
blood stream, the N-terminal portion of ANGPTL4 is present as a
homo tetramer, and in this oligomeric conformation, it can inhibit
lipoprotein lipase (LPL) (Yin et al., 2009), which mediates the
lipolytic cleavage of triglycerides within plasma lipoproteins. LPL is
tethered to the capillary endothelium and catalytically active when
present in its dimeric conformation. ANGPTL4 inhibits LPL by
promoting conversion of the LPL dimer into inactive monomers in
the blood stream. Besides LPL inactivation by ANGPTL4, recent data
showed that both intracerebroventricular and intraperitoneal
administration of ANGPTL4 to mice led to a decrease in food intake
and body weight with a short and long term effect, respectively
(Kim et al., 2010). This indicates that an elevated level of ANGPTL4
in plasma may decrease food intake and body weight (Kim et al.,
2010) and that ANGPTL4 acts as an anorexigenic factor, possibly

mailto:trine.dalsgaard@agrsci.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idairyj.2014.01.015&domain=pdf
www.sciencedirect.com/science/journal/09586946
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via inhibition of hypothalamic AMP-activated protein kinase ac-
tivity (Zhu et al., 2012).

Several factors capable of modulating the gene expression of
ANGPTL4 have been identified including free fatty acids (FFA),
bacterial metabolites, fasting, and transforming growth factor beta
(Grootaert et al., 2011).

In addition to its involvement in LPL inhibition, ANGPTL4 has
been found to affect regulation of lipolysis in adipose tissue, glucose
metabolism, angiogenesis, cancer development and wound healing
(Zhu et al., 2012). The aim of the work was to study the potential of
milk to regulate the expression of the ANGPTL4 gene. Well estab-
lished cell lines, previously used for ANGPTL4 regulation studies,
were used for studying effects of this complex matrix and for ease
of comparisons. Furthermore, we examined which fraction(s) of
milk, such as fat, whey and casein (CN) that contain(s) the
ANGPTL4-inducing milk component(s) and if these are involved in
possible activation of one or more of the PPAR subtypes or the
retinoid X receptor (RXR).

2. Materials and methods

2.1. Milk

Rawwhole milk was obtained from a pool of freshmilk from the
herd of Danish Holstein cows at Research Centre Foulum (Tjele,
Denmark). The raw milk was pasteurised in a water bath with
shaking at 65 �C for 30 min or plate pasteurised at 72 �C for 15 s,
methods typically used in laboratory and industrial scale, respec-
tively. Raw whole milk was skimmed by centrifugation at 1700 � g
for 30 min at 4 �C followed by removal of the fat fraction. Fat and
protein contents were measured using of a Milkoscan FT120 (Foss
Electric, Hillerød, Denmark). The experimental milk samples were
stored at �20 �C until use.

2.2. Separation of milk

Skimmedmilk was ultra-centrifuged at 200,000� g for 120 min
at 4 �C, dividing it into three fractions of 1) residual cream (RC), 2)
whey and 3) CN (Jensen, Poulsen,Moller, Stensballe, & Larsen, 2012)
from the top, middle, and bottom layers, respectively. Each fraction
was added to cell McCoy’s 5A growth medium to regain a con-
centration similar to that of the sample prior to fractionation. The
dissolved CN fraction was left overnight at 5 �C with stirring to
completely dissolve. All samples were then stored at �20 �C until
use.

2.3. Cell culture

Human HTC-116 (American Type Culture Collection, CCL247)
cells were cultured in 75 cm2

flasks in 10 mL growth medium
consisting of McCoy’s 5A growth medium containing 10% foetal
bovine serum (FBS) and 1% penicillin/streptomycin. HT29 (ATCC,
HTB-38) and LoVo (ATCC, CCL-229) cells were cultured with Dul-
becco’s Modified Eagle Medium þ 10% FBS and 1% penicillin/
streptomycin.

Cells were seeded into 24 well plates at a density of
1 � 105 cells cm�2. The next day, wells were washed with phos-
phate buffered saline (PBS), and added 500 mL growth medium.
After 1 h incubation, an additional 500 mL growth medium con-
taining 100 uL experimental sample (or growthmedium as control)
was added (to triplicate wells) and cells were incubated at 37 �C for
6 h. Afterwards cells were washed with PBS three times and lysed
with 350 mL lysis buffer (RNeasy Mini Kit, Qiagen, Copenhagen,
Denmark). The cell lysatewas vortexed for 30 s and stored at�80 �C
until use.
2.4. Quantification of free fatty acids

To test for release of FFA during incubation 10% of milk fractions
(rawwholemilk, RC, whey, CN, or CNþwheyþ RC) were incubated
in growth medium at 37 �C for 6 h without cells. Samples were
taken before and after 6 h and the content of FFA was immediately
analysed with the ECFeFFA method as described by Amer et al.
(2013).

2.5. Reverse transcription

RNA was purified from cell lysate using RNeasy Mini Kit ac-
cording to the manufacturer’s instructions. The isolated RNA dis-
solved in RNase free water was quantified by measuring the
absorbance at 260 nm, and purity evaluated by the 260/280 nm
ratio, which was always above 1.8. Reverse transcription was per-
formed as described by Rasmussen, Zamaratskaia, and Ekstrand
(2011). cDNA samples were diluted 1:1 in RNase free water and
stored at �80 �C until further use.

2.6. Realtime polymerase chain reaction

The method for realtime polymerase chain reaction (RT-PCR)
was as described by Rasmussen et al. (2011) with minor modifi-
cations with respect to primers. The relative amount of cDNA was
quantified by polymerase chain reaction (PCR) using TaqMan
probes. cDNA, primers and probes were mixed with TaqMan�2X
Universal PCR Master Mix (Applied Biosystems, Carlsbad, CA, USA).
Human ANGPTL4 forward primer, reverse primer and probe,
50GACCCGGCTCACAATGTCA03, 50ATCTTGCAGTTCACCAAAAATGG03
and 50TGCACCGGCTGCCCAGGG30, respectively, were designed us-
ing Primer Express 2.0 software and supplied by DNA technology.
The relative mRNA amount was normalised against the mRNA
expression of b-actin (Yla-Ajos et al., 2007). The mRNA expression
of b-actin was not affected by the milk treatment. The average of
the control wells was arbitrary set to 1 and the treatments
expressed relative to that.

2.7. Transfection and luciferase reporter assay

For analysis of PPAR- and RXR-mediated transactivation, HCT 116
cells were transfected in a 96 well plate using Metafectene (Biontex,
Martinsried, Germany). For each well a total of 71 ng DNA
(0.00375 mg normalisation vector pRL-CMV (Promega, Nacka,
Sweden)þ45ngof theGal4-responsive luciferase reporterþ22.5ng
of either pM-hPPARg-LBD, pM-hPPARd-LBD, pM-rRXR-LBD or
2.25 ng pM-hPPARa-LBD) were mixed with 2.0 � 104 cells in 100 mL
growthmedium. Six hours after transfection, the cells were added to
another 100 mL treatmentmedium. After 12 h, the cells werewashed
twicewithPBS (200mLperwell) and lysedwitha lysis solution (20mL
per well) consisting of 100 mM potassium phosphate, 0.4% Triton
N-101, 100 mM phenylacetic acid, 100 mM oxalic acid. Assay for
Photinus and Renilla activities were measured directly in the plate
using an Envision luminometer (PerkinElmer, Skovlunde, Denmark)
and a luciferase assay system (Envision, PerkinElmer). Photinus ac-
tivities were normalised to the corresponding Renilla activities to
compensate for differences in transfection efficiency.

2.8. Statistical analysis

R version 2.14.0 and an ANOVA model or a general linear mixed
model with Tukey’s HSD Post Hoc test were used to compare the
values between treatments, and the level of significance was
determined at P < 0.05. Students’ t-test was used to compare levels
of FFA in milk samples.
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Fig. 2. ANGPTL4 mRNA level of HCT 116 cells before (Control) and after exposure to
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3. Results

The experimental procedure for investigating the ability of milk
to induce ANGPTL4 gene expression was optimised for cell density
(0.5 � 104e5.0 � 104 cells cm�2), incubation time (3e7 h) and
concentration of experimental sample (1e35%) (results not shown).
A cell density of 1.0 � 104 cells cm�2 and an incubation time of 6 h
with 10% experimental sample were chosen as standard experi-
mental procedure.

To study the effect of milk on the gene expression of ANGPTL4,
commercial whole milk (3.5% fat and 3.4% protein) was added to
three different lines of epithelial colon cancer cells; HCT 116, LoVo
and HT29, together with regular growth medium (Fig. 1). The
morphology of HCT 116 and LoVo cells are similar and they both
had a five-fold up-regulation of ANGPTL4 mRNA while HT29 grows
in clusters and showed a twelve-fold up-regulation of ANGPTL4
mRNA,when thesewere exposed to 10% commercial wholemilk for
6 h at 37 �C compared with their control. Both HCT 116 and HT29
have previously been used to examine ANGPTL4 gene expression
(Korecka et al., 2013), and as the HT29 cell line showed colony
growth, it was decided to use the HCT 116 cell line for further in-
vestigations. Different brands of commercial whole milk were
Control Comm. whole
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Fig. 1. ANGPTL4 mRNA fold change levels of different colonic cell lines before (Control)
and after 6 h treatment with 10% commercial, pasteurised whole milk (3.5% fat; Comm.
whole). A: HCT 116, B: LoVo, and C: HT29). Results are shown as means � SEM, n ¼ 4
(P < 0.05).

different milk samples for 6 h. Milk was commercial, pasteurised whole milk (3.5% fat;
Comm. whole), raw whole milk (Raw whole), plate pasteurised (72 �C, 15 s) whole milk
(Plate past. whole) or pasteurised (65 �C, 30 min) in a water bath (Water past. whole).
Results are shown as means � SEM, n ¼ 3 (P < 0.05).
tested and no difference between these where found (results not
shown).

The commercial whole milk inducing ANGPTL4 expression had
been both pasteurised and homogenised. The impact of pasteur-
isation on ANGPTL4 induction is shown in Fig. 2, where commercial
whole milk is compared with raw whole milk (3.9% fat and 3.5%
protein) without or after one of two types of pasteurisation. Cells
incubated with rawwhole milk for 6 h had a ten-fold up-regulation
of ANGPTL4mRNA compared with the control, but this was reduced
to a four-fold up-regulation following either of the two tested
pasteurisation methods, which is not significantly different from
the up-regulation conferred by the commercial milk.

To identify the fraction of milk containing the ANGPTL4
inducing compound(s), several different batches of raw whole milk
were skimmed (0.1% fat and 3.5% protein). Skimming reduced the
up-regulating effect of milk on ANGPTL4 expression from ten-fold
to five-fold (Fig. 3) with no difference between the batches.

Further fractionation of the skimmedmilk into RC, whey and CN
fractions, revealed that only CN gave a significant up-regulation of
the ANGPTL4 gene expression (Fig. 4). However, this up-regulation
was lower than that observed with skimmed milk. Reconstitution
of the three fractions into one (composition corresponding to
skimmed milk), gave an up-regulation of ANGPTL4 mRNA equal to
that of skimmed milk.

Fractionation revealed that whole milk, skimmed milk and CN
had an up-regulating effect on ANGPTL4mRNA levels in cells. It was
further shown that pasteurisation lowered the ability of wholemilk
to up-regulate ANGPTL4 gene expression. To investigate the effect of
pasteurisation on all samples showing ANGPTL4 induction, whole
milk, skimmed milk and CN were exposed to the cell, either in the
raw or the pasteurised form (Fig. 5). Pasteurisation of whole raw
milk resulted in the same reduction as previously described in
Fig. 2, but no effect was observed with the pasteurised skimmed
milk. However, surprisingly, pasteurisation enhanced the ability of
the CN fraction to increase ANGPTL4 mRNA.

As a high up-regulatory effect of the milk was located in the fat
fraction, fatty acids could potentially be a factor of interest.
Therefore the level of FFA was quantified in all the investigated
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fractions (Fig. 4). During incubation of rawmilk samples at 37 �C for
6 h, the release of FFA from the triglycerides was measured (Fig. 6).
Rawwholemilk, had a ten-fold increase in FFA acids (Fig. 6A), while
the three fractions of skimmed milk, RC, whey and CN (Fig. 6B) had
no significant increase in the amount of FFA from the residual fat
that could be in these samples. After reconstitution of the three
fractions RC, whey and CN, to one that is similar in composition to
skimmed milk, there was a two-fold increase in the content of FFA
after 6 h of incubation (Fig. 6B).

Due to the impact of FFA on the ANGPTL4 gene, the PPARs
pathway could be of interest as the ANGPTL4 gene regulation is
highly responsive to PPAR activation (Fig. 7). Commercial whole
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milk was found to activate all three PPARs; PPARg (Fig. 7A), PPARd
(Fig. 7B) and PPARa (Fig. 7C), in a dose-dependent manner, but the
activation of PPARd was ten-fold higher than the two other PPARs.
PPARa was the only subtype to become significantly activated by
skimmedmilk and only with 10% milk and not with 1 and 3%. RXRa
was not activated by any milk samples (Fig. 7D).

Skimmedmilk had been divided into RC, whey and CN, and each
fraction was added in 10% concentrations (Fig. 8). RC and whey
exerted a weak activation of PPARa (Fig. 8C), while whey also
weakly activated PPARg (Fig. 8A). No activation of PPARd was
observed (Fig. 8B). CN did not confer any activation of the three
PPAR subtypes (Fig. 8AeC).

4. Discussion

Several studies have investigated the relationship between milk
consumptionsandobesity. Onehypothesis is thatdietarycalciumhas
the potential to increase faecal fat excretion, and this could be rele-
vant for prevention of weight gain (Christensen et al., 2009). More
recently peptides derived from digested CN has been suggested to
increase satiety (Ricci-Cabello, Herrera, & Artacho, 2012). However,
the results obtained on the expression of the ANGPTL4 gene in the
present studymay actually lead to a broader view onmilk intake and
possible mechanisms responsible for prevention of weight gain.
Food transit time in the small intestine is approximately 4 h, and
after approximately 5.5 h, half of the food has reached the colon
(Read, Aljanabi, Holgate, Barber, & Edwards,1986). Exposure to cells
for 6 h is thus physiologically relevant and the consistent induction
of ANGPTL4 in all three tested colon cell lines indicates a very robust
response.

Throughout the Western world, milk is processed at dairies
prior to consumption. Therefore, effects of the most common in-
dustrial milk processing steps; skimming and pasteurisation were
investigated. Skimming revealed that the ANGPLT4-inducing com-
pounds were partly in the fat fraction. It is recognised that ANGPTL4
is the most highly induced gene upon fatty acid stimulation in
several cell types (Mattijssen & Kersten, 2012), and the induction of
ANGPTL4 by fatty acids probably serves to protect cells against
cellular lipid overload by reducing extracellular triglyceride hy-
drolysis and subsequent fatty acid uptake (Zhu et al., 2012). Previ-
ous studies showed that several FFAs have the potential to induce
transcription of ANGPTL4 in different cell cultures (Grootaert et al.,
2011; Kersten et al., 2009; Staiger et al., 2009), and long chain fatty
acids regulate expression of ANGPLT4 through a PPARd-dependent
pathway (Robciuc et al., 2012; Staiger et al., 2009). This is consistent
with the high activation of PPARd from whole milk and with the
more pronounced up-regulation of ANGPTL4 expression by whole
milk compared with skimmed milk in the present study, as most of
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the long chain FFAs are expected to be located in the milk fat (IDF,
1991), shown most recently by Amer et al. (2013). The residual up-
regulating effect of skimmedmilk may be induced by water soluble
short chain FFAs and the CN fraction. Short chain FFAs are abundant
in skimmed milk (Amer et al., 2013) and this has recently been
shown to be involved in the induction of ANGPTL4 gene expression
(Alex et al., 2013). Skimmedmilk was shown to only activate PPARa,
though short chain fatty acids have previously been demonstrated
to up-regulate ANGPTL4 by the PPARg-dependent pathway (Alex
et al., 2013). This could indicate that the activation of PPARa may
be caused by the unsaturated FFAs found in skimmed milk (Amer
et al., 2013), previously described to be high affinity ligands for
PPARa (Kersten, Desvergne, &Wahli, 2000a). Thewhey fraction and
RC fraction of skimmed milk caused activation of PPARa, though
these alone were shown to have no effect on ANGPTL4 levels, hence
PPARa is not likely to be involved in ANGPTL4 gene regulation by
skimmed milk. The up-regulating effect of skimmed milk on
ANGPTL4 gene expression therefore needs more investigation, as
the present study did not reveal any mechanisms for its up-
regulatory effect on the ANGPTL4 gene expression, and we specu-
late that the FFA may induce ANGPTL4 through other mechanisms
as previously proposed for butyrate by Korecka et al. (2013).

LPL is the principle lipolytic enzyme in milk and responsible for
the release of FFA from milk fat globules (Bengtsson & Olivecrona,
1980; Hohe, Dimick, & Kilara, 1985). LPL is easily inactivated by
mild pasteurisation, (65 �C, 15 s) (Andrews, Anderson, &
Goodenough, 1987); however, other resistant bacterial lipases
could also be present in raw milk (Deeth, Khusniati, Datta, &
Wallace, 2002). During the 6 h of incubation with cells, the milk
LPL was allowed to act and consequently FFAs were released from
the unpasteurised milk samples. Thus, the decreased up-regulation
of ANGPTL4 mRNA upon pasteurisation of raw whole milk, irre-
spective of the pasteurisation method used, may very well reflect
an inactivation of LPL.

Further fractionation of the skimmed milk showed that about
half of the five-fold up-regulation induced by skimmed milk could
be attributable to the CN fraction. However, neither the RC nor the
whey fractions alone induced the ANGPTL4 gene. At least 90% of the
lipase in milk is associated with the CNmicelles (Gaffney, Harper, &
Gould, 1966) and it has been reported that LPL activity of ultra-
centrifuged skimmed milk is mainly located in the CN fraction
while the RC and whey fractions contain very small amounts of LPL
(Hohe et al., 1985). Thus, ultracentrifugation separates the lipase
from the fat in the RC fraction leading to the reduced ANGPTL4
induction individually by the three fractions compared with the
skimmed milk. This hypothesis is further supported by the
restoring of the full induction potential after reconstitution of the
three fractions into skimmed milk; CN, whey and RC and the
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increase in FFA during incubation of this reconstituted skimmed
milk. However, as pasteurisation of the CN fraction very surpris-
ingly resulted in a higher up-regulation than observed for the raw
CN fraction, the CN fraction in itself seems to pose an additional
ANGPTL4 inducing activity. CN peptides have previously been
correlated with increase in satiety (Ricci-Cabello et al., 2012), but it
is the first time that CN has been connected to an increase in
ANGPTL4 gene expression and future studies should investigate this
effect in more detail.

The present study suggests that ingested milk has the potential
to induce ANGPTL4 gene expression in epithelial cells lining the
intestinal wall, most likely mediated via a PPAR-dependent
pathway. Therefore, the activation of the ANGPTL4 has to be
considered together with the effect of dietary calcium (Christensen
et al., 2009) and increased satiety by casein peptides (Ricci-Cabello
et al., 2012). Taken together, these very different processes may
contribute to the complexity of how milk is able to regulate
bodyweight and possibly reduce the risk of obesity.

5. Conclusion

Milk has the ability to up-regulate ANGPTL4 gene expression in
different human colon cancer cell lines. Raw whole milk has a
higher effect on ANGPTL4 gene expression in HCT 116 cells than
commercial milk, and this difference seems to be caused by the
pasteurisation step in the production of commercial milk. The
compounds in milk responsible for this effect are located in the fat
fraction and in the CN fraction. The ANGPTL4 inducing effect may be
caused by synergy between these two constituents of milk. Milk
was also able to activate all three PPAR subtypes in a dose-
dependent manner, and the fat fraction of milk seemed to be
important for this. The RC andwhey fraction of milk had little effect
on PPARa, while CN had no effect, though it had been found to be
the fraction of the skimmed milk that most strongly induced
ANGPTL4 gene expression.
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Abstract 

Milk fat has been shown to induce expression of the angiopoietin-like 4 (ANGPTL4) 

gene, which in part might explain the weight regulating effects of dairy products. The present 

study took advantage of the indigenous lipoprotein lipase in milk to generate elevated levels of 

free fatty acids (FFA) and used the human colon cell line HCT 116 to investigate the ability of 

milk with different levels of FFA to induce expression of ANGPTL4 mRNA. The role of the 

generated classes of FFAs in the milk was investigated. The level of FFA content in whole milk 

correlated positively with ANGPTL4 gene expression. Highest induction of ANGPTL4 mRNA 

induction was observed in response to medium chain FFAs compared with short chain FFAs, 

long chain saturated and monounsaturated FFA. The ability of FFAs to induce ANGPTL4 

mRNA expression correlated with the ability to peroxisome proliferator-activated receptors 

(PPARs) with the highest response on PPARδ  
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1.  Introduction 

As a part of a healthy, balanced diet, milk provides many important nutrients for both 

infants and adults. However, the public perception of milk fat is to a certain extent negative 

because of its high content of saturated fatty acids. These are generally  linked to obesity 

(Field, Willett, Lissner & Colditz, 2007) and have been associated with metabolic syndrome 

and cardiovascular disease (CVD), thus leading to consumer avoidance of dairy products 

(Kratz, Baars & Guyenet, 2013). However, an increasing number of studies have shown an 

inverse correlation between intake of dairy products and both overweight (Beydoun, Gary, 

Caballero, Lawrence, Cheskin & Wang, 2008; Pereira, Jacobs, Van Horn, Slattery, Kartashov 

& Ludwig, 2002; Smedman, Gustafsson, Berglund & Vessby, 1999), metabolic syndrome 

(Pfeuffer & Schrezenmeir, 2007) and CVD (Elwood, Pickering, Givens & Gallacher, 2010; 

Soedamah-Muthu et al., 2011).  

Associations of this kind are made on the basis of consumption of dairy products, but it 

remains unclear which milk constituents contribute to these effects. Previous studies have 

focused on the increase in faecal fat content when milk products are part of the diet and this 

has been ascribed to the lipid-binding effect of calcium from milk in the intestine, although 

the involvement of other bioactive components was also suggested (Christensen et al., 2009; 

Zemel, Thompson, Milstead, Morris & Campbell, 2004). Similarly, milk peptides have been 

suggested to have a weight regulating effect (Ricci-Cabello, Herrera & Artacho, 2012), but 

several studies report larger weight reductions following high-fat dairy intake compared to 

that from a low-fat dairy diet, and attribute the effect to the fat fraction (Beydoun et al., 2008; 

Kratz et al., 2013; Scharf, Demmer & Deboer, 2013). Recently, by using an in vitro cell-based 

model we showed that whole milk up-regulated angiopoietin-like 4 (ANGPTL4) gene 

expression more than skimmed milk (Nielsen, Young, Mortensen, Petersen, Kristiansen & 

Dalsgaard, 2014). 

  ANGPTL4 was discovered as a target of peroxisome proliferator activated receptor 

(PPAR) γ in adipose tissue (Yoon et al., 2000) and a target of PPARα in the liver (Kersten et 

al., 2000). PPAR regulates gene expression by binding to a specific peroxisome proliferator 

response element in enhancer sites of regulated genes. Each PPAR binds to the peroxisome 

proliferator response element as a heterodimer with retinoid X receptor. Upon ligand binding, 

the conformation of PPAR is altered, and a binding cleft is created and co-activators are 

recruited, resulting in an increased gene transcription (Poulsen, Siersbæk & Mandrup, 2012). 
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The structures of PPARs reveal relatively large ligand binding pockets, with differences 

between the three PPAR subtypes, explaining their varying affinity towards different fatty 

acids (FA) (Grimaldi, 2007).  

ANGPTL4 is highly induced in several cell types upon FA exposure (Mattijssen & 

Kersten, 2012) and is known to suppress the clearance of circulating triglycerides and to 

reduce the uptake of free fatty acids (FFA) within the surrounding tissue. ANGPTL4 achieves 

this by inhibiting the activity of lipoprotein lipase (LPL), tethered to the capillary 

endothelium, by promoting the conversion of the active LPL dimer into its inactive monomer 

(Yau, Wang, Lam, Zhang, Wu & Xu, 2009; Yoshida, Shimizugawa, Ono & Furukawa, 2002). 

Hence, ANGPTL4 plays a role in lipid metabolism and can decrease body weight and fat mass 

in mice (Kersten et al., 2000). 

Recently, it was shown that pasteurisation of milk significantly reduced ANGPTL4 

induction in intestinal epithelial cells, possibly through inactivation of the indigenous LPL in 

the milk. These results led to the hypothesis that FFAs in milk could regulate ANGPTL4 gene 

expression (Nielsen et al., 2014). 

The composition of FA in milk fat is different from many other lipid sources such as 

sunflower oil, soybean oil, palm oil and fish oil (Dyer, Stymne, Green & Carlsson, 2008; Zhu, 

Ye, Verrier & Singh, 2013) as milk contains large amounts of the short chain fatty acid (C4) 

(SCFA) and medium chain fatty acids (C6-C12) (MCFA) (IDF, 1991; Lee, Tang & Lai, 2012). 

SCFAs are already known to be potent inducers of ANGPTL4 expression (Alex et al., 2013), 

while dietary intake of MCFA has been associated with weight loss (Tsuji, Kasai, Takeuchi, 

Nakamura, Okazaki & Kondo, 2001). 

In the present study we investigated the effect of milk FFA on ANGPTL4 gene 

expression and PPAR-γ, α and δ activation in the human colon cancer cell line, HCT 116 to 

elucidate possible mechanisms involved in the milk-induced ANGPTL4 gene activation in a 

human intestinal cell.   

 

2. Materials and medthods 

2.1 Milk 

Raw whole milk was obtained from a pool of fresh milk from the herd of Danish 

Holstein cows at Aarhus University, Foulum (3.8% fat, 3.5% protein). To activate LPL, foetal 

bovine serum (FBS, Gibco, Carlsbad, CA, USA), which contains the LPL co-enzyme ApoCII 
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(Egelrud & Olivecrona, 1973) was added to milk samples to achieve a final concentration of 

10%. The samples were left overnight at room temperature (RT) followed by pasteurisation in 

a water bath with shaking at 65 °C for 30 min to stop the activity of LPL. One milk sample was 

pasteurised (Past) before LPL activation and one was treated with ultra-sonication before LPL 

was activated. To inhibit growth of bacteria during incubation of milk at RT, 1% 

penicillin/streptomycin (P/S) (Sigma Aldrich, Brøndby, Denmark) was added to all samples. 

FBS contained 1 µM FFA. 

 

2.2 Ultrasonic homogenisation  

Raw whole milk (70 mL) was heated to 40 °C in a water bath, followed by probe 

(Sonotrode S7, Hielscher, Berlin, Germany) homogenisation with stirring for 0.5 min, 2 min 

or 4 min. Particle size distributions were determined by integrated light scattering using a 

Mastersizer 2000 (Malvern Instruments Ltd., Malvern, UK). A homogenisation time of 1 min 

was chosen for further experiments, as the mean fat globule size of the whole milk (0.75 µm) 

was similar to that of commercial whole milk (0.73 µm).  

 

2.3 Cell culture 

Human HTC 116 (American Type Culture Collection, CCL247) cells were cultured in 

175 cm2 flasks (Thermo Scientific, Roskilde, Denmark) in 25 mL growth medium consisting of 

McCoy’s 5A growth medium containing 10% FBS and 1% P/S.  

Cells were seeded into 24 well plates (Thermo Scientific) at a density of 1 × 105 cells cm-

2. The next day, wells were washed with PBS, and 500 µL cell culture medium was added. 

After 1 h incubation, an additional 500 µL cell culture medium containing the experimental 

sample were added.  

A mixture of sodium salts of butyrate, hexanoate, octanoate, decanoate, dodecanoate, 

myristate, palmitate, stearate, oleate and linoleate (all obtained from Sigma Aldrich), 

conjugated to FA free bovine serum albumin (BSA, Sigma Aldrich) (FA:BSA ratio 1:5) was 

added to the cell culture medium and homogenised for 15 s under stirring to aid conjugation 

and left shaking for 6 h before being added to cells to a final concentration of 1.4 mM. 

The water soluble sodium salts of butyrate, hexanoate, octanoate, decanoate or 

dodecanoate were dissolved individually in cell culture medium to a final concentration of 1.4 
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mM before being added to cells. BSA-conjugated sodium salts of butyrate, dodecanoate, 

palmitate or oleate were added individually to cells at a final concentration of 1.4 mM.   

Cells were incubated at 37 °C for 6 h, washed three times in PBS and lysed with 350 µL 

lysis buffer (RNeasy Mini Kit, Qiagen, Copenhagen, Denmark). 

 

2.4 Reverse transcription and quantitative PCR 

RNA was purified from cell lysate using RNeasy Mini Kit according to the 

manufacturer’s instructions (Qiagen). Reverse transcription and quantitative polymerase 

chain reaction were performed to determine relative mRNA levels as previously described 

(Nielsen et al., 2014). 

 

2.5 Free fatty acid quantification  

Quantification of the FFA in milk was performed using the ethyl chloroformate (ECF)-

FFA method (Amer, Nebel, Bertram, Mortensen, Hermansen & Dalsgaard, 2013). In principle, 

an in-solution derivatisation using an ECF derivatising reagent followed by gas 

chromatography-mass spectrometry was used to quantify the level of individual FFA in the 

samples. Samples with elevated levels of FFA were diluted before derivatisation to obtain 

FFA-levels within the calibration curve.  

 

2.6 Transfection and Luciferase Reporter assay 

Transfection was performed as previously described (Nielsen et al., 2014). HCT 116 cells 

were transfected in a 96 well plate using Metafectene (Biontex, Martinsried, Germany). For 

each well, DNA was mixed with 2.0 × 104 cells in 100 µL growth medium. Six h after 

transfection, 100 µL treatment medium (2% milk samples giving a final concentration of 1%) 

were added to the wells. After 12 hours, the cells were washed twice with PBS (200 µL/well) 

and lysed with a lysis solution (20 µl/well). Photinus and Renilla activities were measured 

directly in the plate using an Envision luminometer (PerkinElmer, Skovlunde, Denmark) and 

a luciferase assay system (Envision, PerkinElmer). Photinus activities were normalised to the 

corresponding renilla activities to compensate for differences in transfection efficiency. 
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2.7 Statistical analysis 

Analyses were carried out using R 2.14.0. A general linear mixed model with Tukey’s 

HSD Post Hoc test was used to compare the values. Level of significance was defined as 

P<0.05. Students’ t-test was used to compare the level of individual FA in the milk samples. 

 

3. Results 

3.1 Activation of ANGPTL4 by milk.  

To test whether the level of FFA in milk affected its ability to induce ANGPTL4 gene 

expression in intestinal cells, we used the indigenous LPL in milk to produce milk with 

different levels of FFA and tested these preparations with respect to ANGPTL4 gene 

expression. 

Pasteurised milk contained 30 µM FFA in total (Fig. 1A, treatment 1) and incubation of 

the raw milk overnight at RT did not significantly change the level of FFA (Fig. 1A, treatment 

2). Addition of 10% FBS before incubation overnight at RT resulted in a sevenfold increase in 

FFA compared to the incubated milk and the pasteurised milk (Fig. 1A, treatment 3), and a 

tenfold increase in FFA was achieved by homogenisation before pasteurisation, incubation or 

FBS addition (Fig. 1A, treatment 4). Homogenisation prior to either incubation (Fig. 1A, 

treatment 5) or FBS addition followed by incubation (Fig. 1A, treatment 6) resulted in similar 

FFA levels and increased FFAs by sevenfold and fourfold, respectively, compared to samples 

without homogenisation (Fig 1A, treatment 2 and 3, respectively). The concentration of each 

FA in the treatment samples are shown in Fig. 2. 

 Pasteurised milk elicited a fourfold up-regulation of ANGPTL4 gene expression in 

HCT 116 cells (Fig. 1B, treatment 1), compared to that of the control treatment without milk 

(Fig. 1B, treatment 0) and incubation of the raw milk overnight at RT did not significantly 

change ANGPTL4 gene expression (Fig. 1B, treatment 2). Addition of 10% FBS before 

incubation overnight at RT led to a significantly higher expression of ANGPTL4 (Fig. 1B, 

treatment 3) compared to that of pasteurised milk without incubation. Homogenisation of the 

milk before pasteurisation increased the gene expression (Fig. 1B, treatment 4) further. Milk 

exposed to homogenisation followed by incubation with (Fig 1B, treatment 6) and without 

FBS (Fig. 1B, treatment 5) exhibited the highest efficacy with a tenfold activation of ANGPTL4 

gene expression.  
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Fig. 2 shows how the different treatments affected the content of the most abundant 

FFA in milk. Pasteurised milk and incubated milk did not exhibit any difference in FFA 

concentrations, while the addition of FBS before incubation increased the amount of all FAs 

(Fig. 2, treatment 3). Homogenisation prior to any further treatments significantly increased 

the amount of FFA (Fig 2, treatment 4, 5 and 6) in comparison to their non-homogenised 

counterparts (Fig 2, treatment 1, 2, and 3, respectively). Addition of FBS before incubation of 

homogenised milk did not significantly increase the level of FFA compared to the one without 

FBS and hence only incubation.  

 

3.2 Ultrasonic homogenisation 

 Ultra-sonication reduced the mean fat globule size in pasteurised whole milk in a time-

dependent manner from the initial 5.2 µm to 2.3 µm, 0.6 µm and 0.5 µm after 0.5 min, 2 min 

and 4 min, respectively (Fig. 3A). Ultrasonic homogenisation of milk did not affect ANGPTL4 

mRNA of HCT 116 cells (Fig. 3B).  

 

3.3 Activation of PPAR subtypes by milk 

PPARδ (Fig. 4A) and PPARα (Fig. 4B) were activated by milk samples supplemented 

with FBS and incubated overnight (treatment 3 versus treatment 2), and this was further 

augmented by homogenisation prior to FBS addition and incubation, achieving twenty 

sevenfold (Fig 4A, treatment 4) and fourfold activation (Fig. 4B, treatment 4), respectively. 

PPARγ was activated threefold but only by homogenised milk added FBS and then incubated 

(Fig. 4C, treatment 4). 

 

3.4 Activation of ANGPTL4 by FFA 

A mixture of the pure FFA, C4, C6, C8, C10, C12, C14, C16, C18, C18:1 and C18:2 in 

concentrations equal to those found in the freshly homogenised milk supplemented with FBS 

in a final concentration of 10% before incubation (corresponding to treatment 6 in Fig. 1 and 

2). To keep the long chain fatty acids (LCFA) in solution, the mixture was conjugated to BSA 

before being added to the cells. BSA at a concentration equal to that used for conjugation 

showed a threefold up-regulation. The mixture of FA showed a tenfold up-regulation of 

ANGPTL4 gene expression compared to the control and approximately a fourfold up-

regulation compared to that of BSA on its own (Fig. 5). 
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Individual FFAs were tested with respect to their ANGPTL4 inducing capacity. As C4, 

C16, and C18:1 are the most abundant FAs in milk these FFAs were individually tested and 

C12 was included as an intermediate. To solubilise the LCFA, they were conjugated to BSA 

and for comparison C4 was treated the same way. BSA-conjugated C12 and C18:1 increased 

ANGPTL4 mRNA in HCT 116 cells above the effect of BSA alone, whereas C4 and C16 had no 

additional effect compared to that of BSA (Fig. 6).  

The pure, water-soluble FFAs, C4, C6, C8, C10 and C12 were, furthermore, tested 

without BSA, and they induced ANGPTL4 expression of HCT 116 cells by approximately 

fourfold, twofold, fivefold, sevenfold and sevenfold, respectively (Fig. 7).  

 

4. Discussion 

FFAs are known inducers of ANGPTL4 expression and previous studies have suggested 

that an increase in intestinal ANGPTL4 may result in blocking of adipocyte-associated LPL 

activity, thereby preventing uptake of FFA in adipose tissues (Bäckhed et al., 2004). Elevated 

levels of lipids in the blood stream may then occur. However, Mattijssen et al. (2013) 

presented data indicating that ANGPTL4 may inhibit the pancreatic lipase, hence limiting 

uptake of lipids from the intestine. The role of ANGPTL4 in lipid metabolism is far from 

understood, but most recently it was shown that milk up-regulates ANGPTL4 gene expression 

in intestinal cells and that whole milk was a more efficient inducer of the gene compared to 

skimmed milk (Nielsen et al., 2014) indicating a critical role of the fat fraction. So far many 

studies have shown that addition of a single FFA to cells can up-regulate ANGPTL4 gene 

expression and protein secretion (Alex et al., 2013), but also the complex matrix of milk 

including carbohydrates, protein and fat induces an increase in the ANGPTL4 gene expression 

of intestinal cells (Nielsen et al., 2014). Furthermore, FFA released from milk triglycerides 

stimulated ANGPTL4 gene expression of intestinal cells as shown in this study.  

LPL is the principle lipolytic enzyme in milk (Bengtsson & Olivecrona, 1980; Hohe, 

Dimick & Kilara, 1985) and the level of FFAs in raw milk is determined by its activity 

(Bengtsson et al., 1980). The present study mimics the intestinal degradation of triglycerides 

from milk by activating indigenous LPL or modulating substrate availability. The activation of 

LPL was obtained by adding serum (FBS) that contains the co-enzyme APOCII (Egelrud et al., 

1973). APOCII stimulates LPL activity via interaction with the N-terminal part of LPL 

(Egelrud et al., 1973). The substrate availability was improved by homogenisation whereby the 
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fat globule size is reduced (Bermudez-Aguirre, Mawson & Barbosa-Canovas, 2008). 

Homogenisation resulted in a disruption of the fat globule membrane, increasing the surface 

area and thereby substrate accessibility for LPL, which effectively increased the levels of FFAs. 

LPL is easily inactivated by mild pasteurisation (65 °C, 15 sec.) (Andrews, Anderson & 

Goodenough, 1987) and with a combination of homogenisation, activation and pasteurisation, 

we were able to introduce variations in the levels of FFAs in the milk samples, which was used 

to investigate the impact of FFAs on ANGPTL4 gene expression.  

In this study, we show that milk with normal levels of FFA increased ANGPTL4 gene 

expression fourfold compared to the negative control, while the milk with high FFA content 

increased ANGPTL4 gene expression tenfold. A tenfold increase was also observed using a 

mixture of pure FFAs at levels comparable to that of the milk with the highest level of 

hydrolysed fat, corroborating the notion that FFA in the milk may be responsible for the 

ANGPTL4 induction. The homogenisation step alone did not increase ANGPTL4 gene 

expression, indicating that the increased triglyceride availability and a reduced fat globules 

size are not able to increase ANGPTL4 gene expression. 

Hence, we show that it was the level of FFAs that correlated with the up-regulating of 

ANGPTL4 gene expression, which is in agreement with previous studies showing that FFA can 

up-regulate both the ANGPTL4 gene and the protein secretion in many different cell types 

(Grootaert et al., 2011; Kersten et al., 2009). Oleic acid and linoleic acid were shown to up-

regulate ANGPTL4 gene expression in mouse intestinal cells, and propionate and butyrate to 

up-regulate ANGPTL4 protein secretion from several human intestinal cell lines (Kersten et 

al., 2009). Previous studies using other cell lines reported effects of single FAs that were much 

greater than our findings. Hence, the types of human intestinal cell lines used in the different 

studies seem to be a likely reason for this. A study comparing the cell lines HCT 116 and HT29 

exposed to 2 mM butyrate showed that ANGPTL4 expression in HCT 116 cells and HT29 cells 

were increased by threefold and hundredfold, respectively (Korecka et al., 2013).  

In the present study, MCFA showed a higher impact on the ANGPTL4 gene expression 

than SCFA, saturated and monounsaturated LCFA. Milk fat is different from many other fat 

sources as it possesses a high content of the SCFA and MCFA (IDF, 1991). Together with 

coconut oil and palm kernel oil it is established as one of the few food sources containing 

MCFA (Dyer et al., 2008), while no other food source contains SCFAs. Approximately 34% of 

the FFA released from milk fat in this study consists of FA from C4 to C12. SCFAs have 
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previously been identified as very potent inducers of ANGPTL4 gene expression and protein 

secretion in colonocytes through PPARγ activation (Alex et al., 2013); thus, SCFAs have been 

described as a way colon bacteria can modulate human metabolism as they excrete SCFA to 

the surrounding environment (Grootaert et al., 2011; Korecka et al., 2013). High-fat diet 

supplemented with butyrate or propionate protects mice from diet-induced weight gain, 

suggesting a role of SCFA in the regulation of energy metabolism (Lin et al., 2012), and this 

effect might be partially mediated by SCFA-driven expression and release of ANGPTL4 

protein (Korecka et al., 2013). Our study provides information of the correlation between 

MCFA and ANGPTL4 in intestinal cells. The effect relates well to other studies where a diet 

enriched with MCFA was found to reduce body fat and weight (Han et al., 2007; St-Onge, 

Ross, Parsons & Jones, 2003; Tsuji et al., 2001). Many studies ascribe the effect to increased 

energy expenditure (Nagao & Yanagita, 2010; St-Onge et al., 2003), and this correlates well 

with a study finding that intracerebroventricular administration of ANGPTL4 protein to mice 

increased their energy expenditure and also suppressed food intake and body weight (Kim et 

al., 2010).  In a previous study, 100 µM decanoate was shown to have no effect on ANGPTL4 

expression in hepatoma cells, indicating that ANGPTL4 induction from MCFA might be tissue 

specific (Brands, Sauerwein, Ackermans, Kersten & Serlie, 2013) or the levels required for 

induction of ANGPTL4 is normally not found in plasma but may be obtained in the intestinal 

tissue upon exposure to food components.  

Degradation of milk fat releases large amounts of SCFA and MCFA as shown in the 

present study and also previously described by Zhu et al. (Zhu et al., 2013) in a study using the 

pancreatic lipase and may thus affect the metabolism of the consumer. SCFAs are potent 

ligands of PPARγ (Alex et al., 2013) and saturated and unsaturated long chain FAs are found 

to be ligands of PPARδ and PPARα (Berger & Moller, 2002). All three PPAR subtypes are 

known to induce ANGPTL4 expression (Kersten et al., 2000; Yoon et al., 2000). Milk consists 

of a large diversity of FAs which are potential ligand for one or more of the PPAR subtypes, 

and it is therefore not surprisingly that we find an activation of all three PPAR subtypes in 

cells exposed to milk-derived FFA in a dose dependent manner. The relative low up-

regulatory effect of C6 on ANGPTL4 mRNA may be due to a lower binding affinity of C6 to 

PPARγ compared to that of C8, C10 and C12 (Liberato et al., 2012). Milk as a matrix activated 

PPARδ 7 and 10 times more than PPARγ and PPARα, respectively, in HCT 116 cells.   
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Activation of PPARs by milk may not only affect ANGPTL4 expression, but activation 

of PPARs has also been shown to affect the lipid metabolism in the body. PPARα and PPARδ 

control lipid uptake from the intestine through CD36, and PPARα activation has been linked 

to satiety induction in mice (Grimaldi, 2007). 

The N-terminal domain of ANGPTL4 inhibits LPL activity, and consequently, inhibits 

the capacity of triglyceride uptake and storage in diverse tissues, including adipocytes (Ge, 

Yang, Pourbahrami & Li, 2004), where it also induces lipolysis (Lichtenstein et al., 2007; 

Mandard et al., 2006), resulting in elevated circulating triglyceride levels in serum. In human 

studies, diabetes has been associated with decreased serum-levels of ANGPTL4 (Xu et al., 

2005), and obesity has been shown to inversely correlate with serum ANGPTL4 (Robciuc et 

al., 2011). Dietary intake of MCFA either as supplement or in dairy products could therefore 

increase intestinal release of ANGPTL4, hence explain some of the beneficial effects on 

metabolic syndrome from these diets (Nagao et al., 2010).    

Studies have found an increase in faecal fat with the intake of milk, which has partly 

been ascribed to the lipid-binding effect of calcium (Christensen et al., 2009). Previous 

studies have shown that ANGPTL4 can inhibit the pancreatic lipase responsible for the 

hydrolysis of triglycerides and FFA availability for up-take (Mattijssen, Alex, Swarts H J, 

Groen A K, Van Schothorst E M & Kersten, 2013). ANGPTL4-/- mice showed a decreased lipid 

content in their stool (Mattijssen et al., 2013) confirming the hypothesis of a very active 

pancreatic lipase and lipid uptake. We found that milk was able to increase ANGPTL4 gene 

expression in an intestinal cell line and suggest that this pathway is partly responsible for the 

decreased hydrolysis of milk fat and increased faecal fat content, observed in human studies 

upon milk consumption (Christensen et al., 2009). 

Milk fat contains a large amount of saturated FAs and is considered energy dense, 

which on a dietary basis are generally linked with an increase in risk factors of CVD and 

increased risk of obesity (Kratz et al., 2013). However, a large part of milk fat is SCFA and 

MCFA, which we identified to be the highly potent inducers of ANGPTL4 in intestinal cells. 

Therefore, we suggest that the specific FA composition of milk fat induces an increase of 

ANGPTL4, thereby providing a plausible rationale for understanding the large portion of 

human studies that finds an inverse correlation between high-fat dairy intake and obesity. The 

results presented here may contribute to broaden the view of saturated FA present in milk fat 

and its effect on obesity.  
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5. Conclusion 

FFAs released from milk fat by hydrolysis activates PPARγ, PPARδ and PPARα and are 

found to be a potent inducer of ANGPTL4 gene expression in human intestinal colon cells. 

MCFAs seem to very important for the up-regulating effect of milk on the ANGPTL4 gene, but 

the diverse composition of FA in milk showed higher effect then a single FFA. No effect of 

homogenisation on up-regulation of ANGPTL 4 was noted.  
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Figure legends 

 

Fig. 1: The effect of different treatments on the level of free fatty acids in milk and their effect 

on expression of the ANGPLT4 gene. The treatments of fresh whole milk was either (1) 

pasteurised (Past), (2) incubated overnight at room temperature (RT) (inc.) or (3) FBS added 

in final concentration of 10% before inc. The fresh whole milk was also (4) homogenised 

before it was either pasteurised, (5) inc. or (6) supplemented with FBS to a final concentration 

of 10% before incubation. (A) The level of free fatty acids (FFA) and (B) the effect on 

expression of the ANGPTL4 gene. All milk samples were pasteurised after the described 

treatments. Results are shown as means ± SEM, n=3. Letters indicate significant different 

values between treatments (P<0.05).  

Fig. 2: Free fatty acids in milk after different treatments, divided into short chain fatty acids 

(SCFA), medium chain fatty acids (MCFA), long chain fatty acids (LCFA) and unsaturated 

long chain fatty acids (ULCFA). Fresh whole milk was either (1) pasteurised (Past), (2) 

incubated overnight at room temperature (RT) (inc.) (3) or added 10% FBS before inc. The 

fresh whole milk was also (4) homogenised before it was either pasteurised, (5) incubated  or 

(6) supplemented with FBS in a final concentration of 10% before inc. (A) SCFA, (B) MCFA, 

(C) LCFA and (D) LCUFA.  All milk samples were pasteurised after the described treatments. 

Results are shown as means ± SD, n=3. Letters indicate significant different values between 

treatments (P<0.05).  

Fig. 3: Effect of ultra-sonication (0, 30 sec, 2 min and 4 min) on pasteurised whole milk fat 

globule size (A) and on ANGPTL4 mRNA level of HCT 116 cells after 6 hrs exposure at 10% 

(B). A commerical whole milk (Comm.) was used for comparison releative to the control 

without added milk. Results are shown as means ± SD, n=3. Letters indicate significant 

different values between treatments (P<0.05). 

Fig. 4: Activation of (A) hPPARδ-LBD (B) hPPARα-LBD (C) hPPARγ-LBD in HCT 116 cells 

by 12 h exposure to 1% milk samples or control without added milk. For each of the PPAR 

subtypes a known commercial agonist (PPARγ: Rosiglitazone (1 µM), PPARδ: L165041 (1 µM), 

PPARα: GW7647 (50 nM)) is added and compared to its DMSO control. Results are shown as 

means ± SD, n=8. Letters indicate significant different values between treatments (P<0.05). 
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Fig. 5: ANGPTL4 gene expression in HCT 116 cells upon exposure to a mixture of free fatty 

acids (C4, C6, C8, C10, C12, C14, C16, C18, C18:1 and C18:1) combined to give a total 

concentration of 1.4 mM, and conjugated to BSA (molar ratio of 1:5). Results are shown as 

means ± SEM, n=3. Letters indicate significant different values between treatments (P<0.05). 

Fig. 6: ANGPTL4 gene expression in HCT 116 cells upon exposure to 1.4 mM BSA-conjugated 

C4, C12, C16 or C18:1. Results are shown as means ± SEM, n=3. Letters indicate significant 

different values between treatments (P<0.05). 

Fig. 7: Effect of 1.4 mM sodium C4, C6, C8, C10 and C12 on ANGPTL4 gene expression in 

HCT 116 cells. Results are shown as means ± SEM, n=3. Letters indicate significant different 

values between treatments (P<0.05).  



23 
 

Figure 1. 

C
on

tro
l

P
as

t
In

c

FB
S
 +

 in
c

H
om

o 
+ 

pa
st

H
om

o 
+ 

in
c

H
om

o 
+ 

FB
S
 +

 in
c

T
o

ta
l 
F

F
A

 (
m

M
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

A
N

G
P

T
L

4
 m

R
N

A
 (

fo
ld

 c
h

a
n

g
e

)

0

2

4

6

8

10

12

B

a a

b

c

d d
A

a

b

bc
cd

d

e

e

Milk

Inc.

FBS

Homo.

- + + + + ++

- - + + - + +

- - - + - - +

- - - - + + +

Past. + +- - - - -

0 1 2 3 4 5 6ID#  

  



24 
 

Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure 6. 
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Figure 7. 

C
on

tro
l

C
4

C
6

C
8

C
10

C
12

A
N

G
P

T
L

4
 m

R
N

A
 (

fo
ld

 c
h
a

n
g
e
)

0

2

4

6

8

10

12

a

c

b

cd

d d

 

 



 

Paper III 

 

 

Fatty acids induces angiopoietin-like 4 secretion to the apical and basolateral 
side of the intestinal tissue 

 

 

Nielsen S. D., Blaabjerg K., Amer B., Petrat-Melin B., Mortensen G., Jessen R.,  

Poulsen H. D., Dalsgaard T. K., Young J. F. 

 

Submitted to Journal of Lipid Research 



1 

 

Fatty acids induces angiopoietin-like 4 secretion to the apical and basolateral side of the 

intestinal tissue 

 

Søren Drud Nielsen1, Karoline Blaabjerg2, Bashar Amer1, Bjørn Petrat-Melin1, Grith 

Mortensen3, Randi Jessen1, Hanne D. Poulsen2, Trine K. Dalsgaard1, Jette F. Young1 

 

1Department of Food Science, Aarhus University, Denmark 2Department of Animal Science, 

Aarhus University, Denmark 3Arla Foods, Strategic Innovation Centre, Denmark 

 

Corresponding author: 

Jette Feveile Young 

Department of Food Science 

Aarhus University 

Research Centre Foulum 

DK-8830 Tjele, PO Box 50, Denmark 

Phone number: +45 87 15 80 51 

Email: JetteF.Young@agrsci.dk 

 

Abbreviations: ANGPTL4, angiopoietin-like 4; G, epithelial conductance; Isc, short-circuit 

current; MCFA, medium chain fatty acid; MD, mucosal disappearance; Pd, electrical 

potential; SCFA, short chain fatty acid; SMCFA, short and medium chain fatty acids; TER, 

transepithelial resistance; TM, tissue content and metabolized loss. 

  



2 

 

Abstract 

The angiopoietin-like 4 (ANGPLT4) protein is involved in the fat metabolism and is 

known to inhibit lipoprotein lipase in the blood stream. Free fatty acids seem to be major 

regulators of ANGPLT4 gene expression. Transport of butyrate, caproate and caprylate over 

the intestinal epithelium and their induction of ANGPTL4 gene expression and protein 

secretion to the apical and basolateral side of the intestinal wall were investigated using the 

Ussing chamber model and differentiated Caco-2-cells seeded on permeable membranes, 

respectively. The most potent ANGPTL4 inducer was butyrate followed by caprylate and 

caproate.  ANGPTL4 induction by short-term, low level FFA was only slightly lower than that 

of long-term high level exposures. The absorption rate of caprylate was higher compared to 

butyrate and caproate, but less caprylate was transported across the porcine intestinal 

epithelium compared to butyrate and caproate. Upon butyrate induction the ANGPTL4 

protein was secreted to both the apical and basolateral side of the intestinal monolayer, with 

the highest secretion to the apical side. These data indicates that ANGPLT4 may play a role in 

the uptake of fat from the small intestine and not just inhibit the uptake of fat from the blood 

stream to the different tissue.  

 

Keywords: Gene expression, Nutrition, Lipase, PPAR, Secretion, Fatty acid transport, 

Triglycerides, Free fatty acids  
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1. Introduction 

Obesity and overweight is a negative consequence of high energy consumption, and is 

one of the major public health issues with medical, social and economic consequences. 

Lifestyle changes is the initial treatment strategy of obesity and covers dietary changes and 

increased physical activity (1). Nutritional guidelines recommend limited intake of saturated 

FA, and hence avoidance of animal fat including milk fat (2, 3). However, milk intervention 

studies showed no positive correlation between milk intake and obesity (4). On the contrary, 

milk has been associated with decreased risk of overweight and obesity in several studies, 

though results have not been consistent (4).    

Dietary TGs are digested in the gastrointestinal tract by lipases reducing the TGs to 

monoglycerides and FFA. The small intestine is the primary site of dietary FFA absorption. 

Milk fat contains a high amount of saturated FAs and a broad range in chain length (C4-C18). 

Unique to milk fat, it contains high amounts of the short chain fatty acid (SCFA) butyrate, and 

it is one of the few food items with lipids containing medium chain fatty acids (MCFA) (5). 

Studies on rodents suggest that butyrate can protect against diet induced obesity (6, 7) and 

also MCFAs have been shown to positively affect obesity and lipid metabolism as they 

increase thermogenesis and fat oxidation (8).   

SCFA are found in high levels in the colon, where they are produced from bacterial 

fermentation of undigested plant polysaccharides and resistant starch (9). SCFA from 

bacterial activity have been suggested to influence metabolism and affect several health 

conditions such as prevention against colon carcinogenesis, strengthening of the intestinal 

barrier function (10) and a recent metagenome-wide association study also associated low 

amounts of butyrate producing bacteria to patients with type 2 diabetes (11).  

Milk was shown to up-regulate ANGPTL4 gene expression when added to human 

intestinal cell lines, and the FFAs in milk were identified as the major inducers (12). This 

confirms previous studies on FFA induction of ANGPTL4 gene expression in several different 

cell lines (13, 14). At the same time, milk has been shown to inhibit uptake of milk fat due to 

the high calcium content, but dairy calcium shows higher effect than non-dairy calcium 

indicating that unexplained inducers in milk may increase the excretion of fat (15, 16). 

Furthermore, recent results revealed the highest effect of mM short and medium chain fatty 

acids (SMCFA) on the expression of the ANGPLT4 gene compared to longer FAs (17)*, which 
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may be important for the higher fat excretion as high content of SCFAs are quite unique for 

milk (5).  

ANGPTL4 and its role in lipid metabolism has been investigated for more than a 

decade, and so far ANGPTL4 has been suggested to suppress the clearance of circulating TG 

by inhibiting LPL activity, the enzyme hydrolyzing lipoprotein derived TG in the blood stream 

(18). Individual plasma ANGPTL4 levels are relatively stable but increase after long-term 

fasting, chronic reduced caloric intake, or after physical exercise. It is suggested to act as a 

signal protein released from adipocytes and other tissues causing a decreased lipid uptake and 

increased fat mobilization (19). Hence, decreased levels of ANGPTL4 are associated with 

increased bodyweight, increased circulating FFAs, and increased waist-to-hip ratio, strongly 

suggesting a role of ANGPTL4 in fat storage (20, 21). Furthermore, studies have suggested 

that an increased intestinal ANGPTL4 may result in blocking of adipocyte-associated LPL 

activity, thus preventing uptake of FFA by the adipose tissue (22).  

The aim of this study was to investigate the effect of dairy-derived FFAs on ANGPTL4 

gene expression and FFA uptake using dissected pig intestinal tissue as a model (23). 

Intestinal tissue was mounted on Ussing chambers and exposed to FFAs on the mucosal side 

to mimic the impact of FFA on the population of cells lining the intestinal wall. The Ussing 

chamber technique has proven a valuable method for the measurement of electrolyte, nutrient 

and drug transport across intestinal tissue (24).  Furthermore, several studies have suggested 

functions for the released ANGPTL4 protein, but there is still insufficient data on the 

secretion of ANGPTL4 to the lumen or tissue side in intestinal tissue. This study therefore 

aims to investigate the effects of FFAs on the gene expression and protein secretion of 

ANGPTL4 to either side of the intestinal epithelium monolayer to establish a possible mode of 

action. 

 

2. Materials and methods 

The experimental protocols for the animal studies were approved by the Danish Animal 

Experiments Inspectorate, the Danish Ministry of Justice, Copenhagen, Denmark. 

 

2.1 ANGPTL4 expression along the pig intestine 

Three female pigs fed a standard diet optimized according to the Danish 

recommendations for all nutrients were used. The pigs weighed 49 ± 2 kg and were deprived 
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of feed 18 h before they were anaesthetized by stunning with a bolt gun and exsanguinated. 

Immediately after exsanguination, the gastrointestinal tract was dissected. Six and three 

samples were taken from the small intestine and colon, respectively, by removing a 10 cm 

piece of the intestine and placing it in ice cold phosphate buffered saline (PBS). The length of 

the small intestine was 15.1 ± 0.1 m and samples were taken as follows: sample 1 at 20 cm 

posterior to the pylorus and samples 2, 3, 4, 5 and 6 every 3 m so that sample 6 was taken 20 

cm anterior to the ileal-caecal junction. The length of the colon was 3.1 ± 0.1 m  and sample 1 

was taken 25 cm posterior to the caecal-colonic junction, sample 2 at the middle of the colon 

and sample 3 25 cm anterior to the rectum.  The epithelium was stripped of the muscle layers 

(25), and three samples of approximately 3 cm2 from each of the nine stripped epithelium 

pieces was then transferred to cold PBS on ice. The tissue pieces were washed in wells with 

PBS six times, and transferred to a 15 mL tube with 10 mL cell recovery solution (BD 

Bioscience, Albertslund, Denmark) and incubated on ice for 1 h. Subsequently, each tissue 

piece was transferred to a petri dish and the upper cell layer was carefully scraped with a 

flexible inoculation loop. The cell recovery solution containing the free floating cells from the 

tissue was transferred to a 15 mL tube on ice and incubated for 30 min. Afterwards PBS was 

added to a total volume of 15 mL, and centrifuged at 350 x g for 5 min at 4 °C. Cells were 

washed three times in PBS and then lysed in 350 µl RLT lysis buffer from the RNeasy minikit 

(Qiagen, Copenhagen, Denmark). The cell lysate was vortexed for 30 sec and stored at -80 °C 

until purification. 

 

2.2 Transport and effect of fatty acids on ANGPTL4 expression in pig intestine 

Four female pigs weighing 47 ± 1 kg were used and fed a diet optimized according to 

the Danish recommendations for all nutrients, but they were deprived of feed 19 h before 

stunning and dissection of the gastrointestinal tract. The length of the small intestine was 17 ± 

3 m and a 150 cm piece of the distal part of the small intestine (300 cm anterior to the ileal-

caecal junction) was removed and placed in an oxygenated and phosphate-buffered Ringer 

solution (25 mM NaHCO3, 120 mM NaCl, 1.0 mM MgSO4, 6.3 mM KCl, 2.0 mM CaCl, 0.32 

mM phosphate buffer (pH 7.4) and 16 mM glucose) preheated to 38 °C. Within 15 min, the 

epithelium was stripped of the muscle layers. The stripped epithelial sheets were mounted 

onto eight Ussing chambers having an opening area of 1.995 cm2 (WPI, Sarasota, FL, USA) 

and 15 mL aerated (95% O2 and 5% CO2) Ringer solution was used as a bathing medium on 



6 

 

each side. The Ussing chamber procedure has been described in detail by Carlson et al. (26). 

The Ringer solution at the mucosal side contained equal amounts of sodium salts of butyrate, 

caproate and caprylate to a total concentration of 0, 3 or 9 mM (chamber concentration) while 

the Ringer solution at the serosal side contained the same amount of mannitol (chamber 

concentration), respectively, to keep osmolality equal on the two sides. Of the eight chambers, 

two chambers were controls without FFA whereas three chambers each contained 3 or 9 mM 

SMCFAs. Thirty min. after mounting of the epithelium the ringer solution was replaced by an 

identical solution. The difference in the electrical potential (Pd, mV) over the epithelium was 

measured in open circuit at 1, 2 and 2.5 h after mounting of the epithelium. The remaining 

time the Pd was clamped to 0 mV by an external current called short-circuit current (Isc, µA) 

and the epithelial conductance (G), an indirect measure of permeability, was calculated from 

Isc and Pd using Ohm’s law. To test the viability of the tissue, 2.27 mM theophylline (chamber 

concentration), which is a phosphodiesterase inhibitor, was added bilaterally to all chambers 

to measure the cAMP-dependent Cl- secretion of the intestine after 2.5 h. The increase in Isc 

due to theophylline addition was calculated by subtracting the basal Isc measured 5 min 

before stimulation from the peak Isc 15 min after stimulation. At 3 h of incubation, the Ringer 

solution at the mucosal and serosal side was sampled for SMCFA analyses. The epithelium 

was gently removed from the chambers and transferred to ice cold PBS. A heterogenic 

population of epithelial cells was scraped off as described in the previous section.  

 

2.3 Cell Culture 

Human Caco-2 (ATCC, HTB-37) cells were cultured in 75 cm2 flasks (Thermo scientific, 

Roskilde, Denmark) in 25 mL culture medium consisting of Dulbecco's Modified Eagle 

Medium, 10% FBS ( Gibco, Carlsbad, CA, USA), 1% penicillin/streptomycin (Sigma Aldrich, 

Brøndby, Denmark) and 1% non-essential amino acids (Sigma Aldrich). HCT 116 cells were 

cultured in culture medium containing McCoy’s 5A Medium, 10% FBS and 1% 

penicillin/streptomycin. 

Caco-2 cells were seeded in a 24 well plate or on permeable membranes (0.4 µm PCF, 

Millicell, Hellerup, Denmark) placed in a 24 well plate, with a density of 6.5 × 104 cells cm-2 

with 600 µl culture medium on the basolateral side and 400 µl on the apical side. After two 

days, cells were confluent, and were left in culture for 21 days to differentiate (27) with regular 

change of culture medium every 2-3 days. After 21 days, the culture medium was changed, 
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and transepithelial resistance (TER) values were measured twice in each well and a mean TER 

was calculated as 𝑇𝐸𝑅 = (Ωexperimental medium − Ωcontrol membrane) × 𝑐𝑚2, which was 

always above 300 Ω cm2 (28). Ωcontrol membrane was filter membrane with culture medium 

but no cells. Afterwards culture medium was changed on the apical side to treatment sample 

and incubated for 24 h at 37 °C. After 24 h the TER values were measured once again before 

the culture medium from the apical and basolateral side was collected into individual tubes 

and stored at -80 °C until analysis. The cells were lysed with 350 µL lysis buffer (RNeasy Mini 

Kit, Qiagen, Copenhagen, Denmark), and stored at -80 °C until purification. 

Apart from TER values above 300 Ω cm2, the fluorescent dye lucifer yellow was used as 

indicator of an intact monolayer of cells (28). After 24 h incubation less than 1% of lucifer 

yellow crossed the monolayer irrespective of treatment or not. WST-1 was used to monitor cell 

metabolism, and sucrose isomerase gene expression was used as indicator of differentiation 

(29). 

Treatment medium included 9 mM of the pure FFAs butyrate, caproate or caprylate or a 

mixture of 3 mM of each of the FFAs butyrate, caproate and caprylate giving a total 

concentration of 9 mM in culture medium. Pure butyrate, caproate and caprylate were also 

added at a concentration of 1.4 mM for 6 h to determine effects of short term exposure. 

Furthermore, differentiated Caco-2 cells on permeable membranes were added 3 or 9 mM 

butyrate or caprylate to determine ANGPTL4 gene induction and protein secretion to either 

the apical or basolateral side of the Caco-2 monolayer.  

HCT 116 cells were seeded into 24 well plates at a density of 1 × 105 cells cm-2. The 

next day, wells were washed with PBS, and added culture medium with or without 5 µM of 

GW9662 (PPARγ antagonist). After 1 h incubation, culture medium including either 0.3 mM 

butyrate, 1.4 mM butyrate, 2 µM rosiglitazone (PPARγ agonist)or pure culture medium for 

control with or without 5 µM GW9662 was added, and cells were incubated at 37 °C for 6 h. 

 

2.4 Realtime RT-PCR 

RNA purification, reverse transcription and the relative amount of cDNA was quantified as 

described in Nielsen et al. (12). The sequences of forward primers, reverse primers and 

hydrolysis probes were as follows; Porcine ANGPTL4 5’-TCTCTGGTGGTTGGTGGTTTG-3’, 

5’-GCTGCCGAGGGATGGAAT-3’and 5’-CCACTCCAACCTCAATGGCCAGTACTTC-3’, Human 

ANGPTL4;  5’GACCCGGCTCACAATGTCA’3, 5’ATCTTGCAGTTCACCAAAAATGG’3 and  
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5’TGCACCGGCTGCCCAGGG’3, β-actin; 5´- ACCCAGATCATGTTCGAGACCTT-3´, 5´- 

TCACCGGAGTCCATCACGAT-3´, 5´- CTGTATGCCTCTGGCCGCACCA-3´. 

 

2,5 Free fatty acid quantification  

Quantification of the FFA in Ringer was performed using the ethyl chloroformate-FFA 

method (30). FFA concentrations were used for the calculation of epithelial transport rates. 

Mucosal disappearance: 𝑀𝐷 =  𝐶𝑚𝑢𝑐(0) – 𝐶𝑚𝑢𝑐(2.5)  

𝐶𝑚𝑢𝑐(0)  =  𝐹𝐹𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑢𝑐𝑜𝑠𝑎𝑙 𝑅𝑖𝑛𝑔𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [𝑚𝑚𝑜𝑙/𝐿] 

𝐶𝑚𝑢𝑐(2.5)  =  𝐹𝐹𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑢𝑐𝑜𝑠𝑎𝑙 𝑅𝑖𝑛𝑔𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 2.5 ℎ 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚𝑜𝑙/𝐿] 

 

Serosal release: 𝑆𝑅 = 𝐶𝑠𝑒𝑟(2.5) – 𝐶𝑠𝑒𝑟(0)  

𝐶𝑠𝑒𝑟(0)  =  𝐹𝐹𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑒𝑟𝑜𝑠𝑎𝑙 𝑅𝑖𝑛𝑔𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [𝑚𝑚𝑜𝑙/𝐿] 

𝐶𝑠𝑒𝑟(2.5)  =  𝐹𝐹𝐴 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑠𝑒𝑟𝑜𝑠𝑎𝑙 𝑅𝑖𝑛𝑔𝑒𝑟 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑎𝑓𝑡𝑒𝑟 2.5 ℎ 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 [𝑚𝑚𝑜𝑙/𝐿] 

Tissue content and metabolized loss: 𝑇𝑀 =  𝑀𝐷 − 𝑆𝑅 

 

2.6 Determination of ANGPTL4 protein levels. 

ANGPTL4 levels in the culture medium from Caco-2 cells grown on permeable 

membranes were determined using a sandwich enzyme-linked immunoabsorbent assay 

(ELISA) according to Kersten et al. (31) with some modifications. The primary antibody to 

ANGPTL4 (1.6 µg/ml polyclonal goat IgG in 0.1M bicarbonate/carbonate buffer, AF3485, 

R&D Systems) was coated on a flat-bottom 96-well plate for 72 h at 4°C. After blocking the 

plate for 1 h at room temperature (RT) using a PBS buffer (pH 7.4) containing 1% Bovine 

Serum Albumin (BSA) (Sigma-Aldrich), the plate was washed four times with PBS buffer (pH 

7.4) containing 0.1% Tween 20 (Sigma-Aldrich). A standard curve with recombinant human 

ANGPTL4 (3485-AN, R&D Systems, Abingdon, United Kingdom) concentrations ranging 

from 0 to 1.8 ng/ml was prepared in TBS buffer containing 0.1 % BSA and 0.05 % Tween 20. 

Samples were diluted (1:1) in 2 x TBS containing 0.1 % Tween 20. Samples (100 µl) and 

standards were added to the microtiter plate and incubated with the primary capture antibody 

for 2 h at RT. Subsequently, the plate was washed 4 times, and the wells were incubated with a 

secondary biotinylated antibody to ANGPTL4 (0.8 µg/ml polyclonal goat IgG in PBS 

containing 1 % BSA, BAF3485, R&D Systems) for 2 h at RT. After another washing step, 

samples were incubated with streptavidin-horseradish peroxidase (1:200, DY998, R&D 
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Systems) for 20 minutes, followed by an incubation with TMB solution (containing 3,3’,5,5’-

tetramethylbenzidine and H2O2; SMS-gruppen, Rungsted, Denmark) in the dark. Color 

development was monitored by reading absorbances at 640 nm every minute on a microtiter 

plate spectrophotometer (Synergy 2, Bio-Tek, Potton, United Kingdom). When the 

absorbance of 1.5 ng/ml ANGPTL-4 standard reached 1.0, the reaction was stopped by adding 

0.2 M H2SO4 and the absorbance of the yellow end product was measured at 450 nm. Sample 

concentrations were calculated accordingly to a standard curve.  

 

2.7 Statistical analysis 

Statistical analysis of gene expressions, protein concentration and SCFA secretion was 

performed in R 2.14.0 with linear mixed models adjusted for multiple comparisons using 

Tukey’s HSD Post Hoc to compare the values between treatments. Measurements of the 

electrophysiological parameters (Pd, Isc, G and ΔIsctheo) were analyzed by the MIXED 

procedure in SAS and treatment differences were separated by the PDIFF option. Data on Pd, 

Isc and G were analyzed by a model containing the fixed effects of SCFA concentration (0, 3 or 

9 mM) and incubation time (1, 2 or 2.5 h), and the interaction between SCFA concentration 

and incubation time. Pig and pig x intestinal piece x chamber were considered as random 

factors. Incubation time within pig x intestinal piece x chamber was used as repeated 

measure. The results on ΔIsctheo were analyzed by a model containing the fixed effects of SCFA 

concentration (0, 3 or 9 mM). Pig and pig x intestinal piece was considered as a random 

factor. Level of significance was defined as P<0.05. 

 

3. Results 

3.1 Pig studies 

 To investigate the constitutive ANGPTL4 gene expression in the small intestine of pigs 

six pieces of intestinal tissue were dissected from the small intestine and three pieces were 

dissected from the colon (Fig. 1). From the proximal part of the small intestine to the distal 

part there was no difference in the constitutive gene expression of ANGPTL4. The proximal 

part of the colon had a lower expression of ANGPTL4 compared to two points of the distal 

small intestine. Besides this, the colon had a similar constitutive expression of ANGPTL4 as 

the small intestine. We selected the proximal part of the ilium for subsequent use in the 

Ussing chamber technique, as it showed high constitutive expression of ANGPTL4.   



10 

 

 Dissected pig intestinal tissue mounted onto Ussing chambers was used as a model for 

human tissue and exposed to FFAs on the mucosal side to mimic the impact of FFA on the 

population of cells lining the intestinal wall. The experimental parameters, Pd and Isc, were 

not affected by SMCFA irrespective of concentration or by incubation time (Table 1). G 

increased upon exposure to SMCFA (P = 0.06), especially at the highest concentration tested, 

while incubation time had no effect. The increase in Isc (ΔIsc) after adding theophylline 

expresses the net movements of charge over the epithelium. The secretory response to 

theophylline (ΔIscTheo) was significantly reduced after exposure to 9 mM SMCFA showing 

reduced cAMP-dependent chloride secretion. 

Exposing the intestinal epithelium to 3 or 9 mM FFA increased ANGPTL4 gene 

expression of the outermost cell layer of the intestinal wall (Fig. 2), but not dose dependently 

as 3 mM exposure was not significantly different from that of cells exposed to 9 mM FFAs.  

Dietary FAs are rapidly taken up by the intestinal tissue and either metabolized or 

transported across the epithelium either as FFA or in chylomicrons. Thus the transport, 

uptake and metabolized loss of the FFA mix of butyrate, caproate and caprylate (1:1:1) across 

the porcine intestinal epithelium were investigated and the results are shown in Fig. 3A. In 

total 0.23 and 0.58 mM FFA disappeared from the Ringer solution at the mucosal side, while 

0.02 and 0.12 mM FFA appeared in the Ringer solution at the serosal side after 3 h, when 

exposed to 3 and 9 mM FFA, respectively. Ringer collected from either side of the Ussing 

chamber of the control treatment containing 0 mM FFA had no detectable amount of FFA. 

Comparing the three individual FFAs (Fig. 3B), caprylate was taken up by the intestinal 

wall to a higher degree than butyrate and caproate, but less caprylate was transported to the 

serosa side compared with butyrate and caproate indicating a greater epithelial metabolism of 

caprylate compared to that of butyrate and caproate. With a total of 3 mM FFA, the individual 

FA 0.07 mM of butyrate, 0.07 mM of caproate and 0.11 mM of caprylate disappeared from the 

mucosal side after 3 h. Of this a total amount of 0.01 mM butyrate, 0.01 mM caproate and 

<0.01 mM caprylate were released to the serosal side. With a total of 9 mM FFA, the mucosal 

disappearance of the individual FAs was 0.13 mM butyrate, 0.19 mM caproate and 0.30 mM 

caprylate and of this 0.045 mM butyrate, 0.05 mM caproate and 0.03 mM caprylate was 

released to the serosal side. The amount of FFA, which disappears from the mucosal side and 

which is not measured on the serosal side, is residual tissue content and metabolized loss. 

With a total of 3 mM FFA, the individual FA 0.06 mM of butyrate, 0.05 mM of caproate and 
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0,11 mM of caprylate where tissue content and metabolized loss. With 9 mM the same value 

was 0.09 mM of butyrate, 0.14 mM of caproate and 0.27 mM of caprylate. 

 

3.2 Cell studies 

ANGPTL4 protein secretion to the Ringer solution was unfortunately not determined 

since no commercially anti-porcine ANGPTL4 antibody was available. However, the effect of 

the individual FFAs on ANGPTL4 protein secretion was investigated in differentiated Caco-2 

cells, which was used as a model for the intestinal epithelium and a well-established cell line 

for growth on permeable membranes, thereby establishing a cell monolayer with medium on 

both the apical and basolateral side. Long-term exposure (24 h) of all FFA treatments 

increased ANGPTL4 gene expression of Caco-2 cells (Fig. 4). 9 mM butyrate, caproate and 

caprylate induced ANGPTL4 gene expression approximately sixfold, threefold and fourfold, 

respectively, while the equal mixture of 9 mM butyrate, caproate and caprylate gave a sixfold 

up-regulation, which was equal to that of 9 mM butyrate. 

Short-term exposure (6 h) to 1.4 mM FFA concentrations increased ANGPTL4 gene 

expression (Fig. 5). Butyrate up-regulated ANGPTL4 by approximately fivefold, while 

caproate and caprylate up-regulated with a twofold effect.  

The FFAs butyrate and caprylate were the most potent ANGPLT4 inducers at 9 mM, 

and these were added at 3 mM and 9 mM to Caco-2 cells on permeable membranes. Butyrate 

or caprylate at 3 mM showed an equal twofold increase in ANGPTL4 gene expression, while 9 

mM butyrate and caprylate induced a sixfold and twofold increase, respectively (Fig. 6). The 

protein secretion from the apical and basolateral side of the permeable membranes showed 

that butyrate stimulated ANGPTL4 protein release to both the apical (Fig. 7A) and basolateral 

(Fig. 7B) side of the Caco-2 monolayer while caprylate in 3 mM and 9 mM only stimulated the 

apical secretion. The apical release of ANGPTL4 was higher than the basolateral upon 

stimulation with both FAs (Fig. 7C). 

Butyrate showed the highest induction of ANGPTL4 gene expression and has 

previously been suggested to up-regulate ANGPTL4 through a PPARγ-dependent pathway. 

Hence a PPARγ antagonist (GW9662) and a PPARγ agonist (rosiglitazone) were used to 

investigate the mechanism further. The antagonist inhibited the twofold up-regulation of the 

PPARγ agonist (Fig. 8A), however the butyrate induced twofold and fourfold ANGPTL4 gene 

induction were not affected by the pre-incubation and addition of GW9662 (Fig. 8B). 
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4. Discussion 

The main focus of previous studies with respect to expression of ANGPTL4 have been 

on SCFAs from bacterial fermentation in the colon (13, 14, 32) while SMCFA from dietary 

intake has not been a focal point. Nutrient intake and absorption of FAs in the gastrointestinal 

tract are, however, of major interest as they influence general metabolism. FFA are released 

from TG upon hydrolyses in the small intestine (33), and are potent regulators of ANGPTL4 

gene expression (17)*. Dairy products are sources of SMCFA, and these are widely consumed 

in developed countries (34). Butyrate is unique for dairy products, which also holds high 

contents of MCFA. The total concentration of butyrate, caproate and caprylate in milk 

constitutes approximately one-quarter (% Molar) of the total fat, while they are the primary 

FAs in skimmed milk (5). Their transportation across the intestinal tissue and their effect on 

ANGPTL4 expression in the epithelial tissue are highly relevant in order to understand how 

they are utilized in the body. 

ANGPTL4 gene expression is generally elevated in cancer cells (35), which has been the 

model most frequently used in literature (14, 32). Hence, to avoid using cancer cells and to 

come close to the in vivo conditions we investigated the up-regulating effect of FFA on 

ANGPTL4 in entire tissue, using pig intestinal epithelium mounted onto Ussing chambers. 

First, the constitutive gene expression of ANGPTL4 along the epithelial layer of the small 

intestine and colon was investigated. The distal part of the small intestine had a significantly 

higher constitutiv expression of ANGPTL4 than the proximal part of the colon. Though no 

significant difference in expression was found along the small intestine there was a trend for 

increased expression at the lower part of the small intestine. This corresponds with findings in 

mice where the ANGPLT4 gene was equally expressed along the small intestine with a 

tendency to increase at the ileum part of the small intestine (36). A study on pigs from 

Haenen et al. (37) found low expression of ANGPTL4 in the colon compared to the small 

intestine (37), which was only partly confirmed in this study where only the proximal part of 

the colon showed lower gene expression than the small intestine. The proximal part of the 

ilium was selected to study the effect of FFA on ANGPTL4 in living small intestinal tissue 

mounted onto Ussing chambers. The results showed that SMCFAs stimulated the ANGPTL4 

gene of the outermost cell layer of the tissue. These findings support previous studies showing 

increased gene expression of ANGPTL4 in the small intestine of mice when fed a high fat diet 

compared to a low fat diet (36). The advantage of the Ussing chamber technique is the use of 
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living intestinal epithelium and that the technique makes it possible to get close to the in vivo 

situation, while maintaining the advantage of the controlled condition an in vitro system 

offers.  

Using the Ussing chamber technique, the transport of SMCFAs (mixture of acetate, 

propionate, and butyrate) across porcine proximal colon epithelium has previously been 

studied (38). Comparing the concentration of the individual FFAs after 1 h incubation with 

the intestinal tissue, Herrmann et al. (38) showed that butyrate had a higher percentage of the 

mucosal disappearance than propionate and acetate due to metabolized losses, as less of the 

mucosal disappearance of butyrate was found as serosal release. Here we used butyrate, 

caproate and caprylate, and found a higher mucosal disappearance of caprylate, and less 

serosal release than that of both butyrate and caproate. Our studies together with the previous 

study (38) show that the length of the carbon chain significantly influences tissue absorbance, 

as a positive correlation between mucosal disappearance and chain length was found, but we 

also observed an inverse correlation between serosal release and chain length. Generally, 

absorption and transport of SMCFA over the intestinal tissue was positively correlated with 

the concentration of FFAs. 

The basal transport parameters Isc and Pd measured after 1, 2 and 2.5 h were not 

affected by SMCFA concentration. G tended to increase with SMCFA concentration and may 

indicate that SMCFA treatment resulted in a leakier epithelium, which may be partly 

responsible for increased serosal release at higher SMCFA concentrations. In the present 

study, theophylline was used as an indicator of tissue viability. All tissue samples responded 

to theophylline with an increase in ΔIsctheo confirming live tissues after 2.5 h of incubation 

with SMCFAs in the Ussing chambers. This was further supported by the fact that neither Pd, 

Isc nor G were affected by incubation time. Theophylline inhibits phosphodiesterase, the 

enzyme that degrades cAMP. As such, theophylline indirectly stimulates cAMP-dependent 

chloride secretion by blocking the degradation process of cAMP (25, 39, 40). The response to 

theophylline (ΔIsctheo) was lower for the epithelium incubated with 9 mM SMCFA compared 

with 0 or 3 mM SMCFA. This indicates an inhibitory effect of the 9 mM SMCFA on the cAMP-

dependent chloride secretion suggesting that 9 mM SMCFA has an alleviating effect on 

secretory diarrhea.   

When the ANGPTL4 gene is induced, the protein is expected to increase and fulfill a 

signaling function (19). The release of the ANGPTL4 protein from the cells was therefore 
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investigated. For investigating ANGPTL4 protein secretion to the basolateral and apical side, 

Caco-2 cells were used as they grow in a monolayer and show a cylindrical polarized 

morphology, with microvilli on the apical side, tight junctions between adjacent cells and have 

been extensively used for growth on permeable membranes (41).  

Long-term exposure (24 h) of several intestinal cells to 1-8 mM butyrate reveals a dose 

dependent stimulation of the ANGPTL4 gene (14, 32, 42). Here we indicated that 1.4 mM 

butyrate for only 6 h has an almost equal ANGPTL4 gene inducing effect as 9 mM for 24 h, 

indicating both a short and long term effect of butyrate. These findings correlate well with 

recent studies of 6 h exposure to 2 mM butyrate using HT29 cells showing a 120 fold increase 

in ANGPTL4 gene expression (14), while another study using 1 and 8 mM butyrate for 24 h on 

the same cell line showed a 15 and 90 fold increase in ANGPTL4 gene expression respectively 

(32). This indicates that short term exposure to butyrate is at least as potent for ANGPTL4 

gene induction as long term exposure possibly due to adaption. 

Zhu et al. (43) showed that when digesting milk butyrate is the FA most readily 

released by pancreatic lipase, and that butyrate has a high potential to induce ANGPTL4 

expression in the small intestine. In the colon FA concentrations are generally high compared 

to those of the small intestine (37, 44). Long-term exposure to FAs requires a higher 

concentration to gain an induction of ANGPTL4, conditions reached upon production of SCFA 

from bacteria in the colon (9, 32, 37). Butyrate-induced ANGPTL4 has been proposed to be 

both PPARγ dependent (32) and independent (14) using T84 and HT29 cells respectively. We 

found no indications that butyrate induces ANGPTL4 in a PPARγ dependent pathway, and 

hence our results using HCT 116 correlate more with that of Korecka et al. (14) using HT29 

cells. 

Recently it was shown that ANGPTL4 could be released to the luminal side of the small 

intestine, and function as an inhibitor of pancreatic lipase resulting in a higher excretion of 

fecal fat (36). Contradicting these results Grootaert and colleagues showed (2011), using Caco-

2 monolayer and western blot analysis that ANGPTL4 protein was only released to the 

basolaetral side of intestinal cell layer (13). Furthermore, ANGPTL4 has been suggested to be 

part of a negative feedback mechanism to protect against cellular lipid overload by reducing 

extracellular TG hydrolysis and thus FA uptake (18). We show that the intestinal monolayer of 

Caco-2 cells indeed secretes ANGPTL4 to both the apical and basolateral side, confirming that 

the intestinal cell wall has a dual function regarding the ANGPTL4 protein. ANGPTL4 
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released to the luminal side may inhibit pancreatic lipase to reduce fat uptake, while 

ANGPTL4 released to the basolateral side, indicate a function of the intestine as an endocrine 

organ from where LPL in other tissues are inhibited (Fig. 9). Our data implies that the 

physiological relevance of ANGPTL4 functions may need an evaluation, but in vivo system 

investigation is needed. Here we show that a 0.6 cm2 area of Caco-2 cells secrete 0.1 ng/ml 

ANGPTL4 over 24 h to both the apical and basolateral side of the monolayer. This value 

increased 300-350% and 200-250% upon stimulation with butyrate to the apical and 

basolateral side, respectively. Only secretion to the apical side was stimulated approximately 

200% by caprylate. Previously, it was shown that ANGPTL4 in approximately 2 µg/ml would 

decrease pancreatic lipase activity by 40% (36). Taking into consideration the huge surface 

area of the small intestine (45) compared to a relatively low volume (46), it seems plausible 

that ANGPTL4 is a regulator of lipid uptake from the lumen of the small intestine.  

Milk fat contains a large amount of saturated FAs, which on a dietary basis are 

generally linked with an increase in risk factors of CVD and increased risk of obesity (47). 

However, a large part of milk fat is SMCFA, which we identified as potent inducers of 

ANGPTL4 in intestinal cells even after 6 h exposure. Therefore, we suggest that the specific 

FA composition of milk fat induces ANGPTL4, thereby providing a plausible mechanism 

underpinning the numerous human studies finding inverse correlations between high-fat 

dairy intake and obesity. Our data indicates that ANGPTL4 may result in more FFA in the 

intestine, and thus may play an important role in the unexplained increased calcium effect of 

dairy products compared to non-dairy calcium (15). Common nutritional recommendations 

are to lower the intake of saturated fats, and to reduce milk fat. However, we suggest that 

some of the milk fat may have a beneficial effect on ANGPTL4 gene expression and protein 

release from intestinal tissue, hence possibly counteracting the harmful effect of saturated 

fats.  
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Figure legends 

 

Figure 1: Constitutive expression of ANGPTL4 along the small intestine and 

colon of pigs. Results are shown as means ± SEM, n=3 (P<0.05). 

Figure 2: FFA induction of ANGPTL4 gene expression in the small intestinal 

tissue. ANGPTL4 gene expression from cells scraped of the intestinal epithelium exposed to 

a mixture of 3 or 9 mM butyrate, caproate and caprylate (1:1:1) FFAs to the mocusal side for 3 

h. Results are presented as means ± SEM, n=9. Letters indicate significant different values 

between treatments (P<0.05).  

Figure 3: Uptake and transport of FFA across the small intestine.  A: Amount of FA 

disappearing at the mucosal side and appearing at the serosal side of the porcine epithelium 

after 3 h of exposure to an equal mixture of the FAs butyrate, caproate and caprylate to the 

mucosal side at total concentrations of 3 mM or 9 mM and tissue content and metabolized 

loss (TM). Letters indicate significant difference between treatments with 3 and 9 mM FFA 

(P<0.05). B: The concentration of butyrate (C4), caproate (C6) and caprylate (C8) which 

disappeared from the mucosal side after incubation (mucosal disappearance) divided into TM 

and serosal release, using a total of 3 mM or 9 mM FFA. Letters indicate significant different 

values within each of the concentrations 3 and 9 mM (P<0.05). Results are shown as means ± 

SEM, n=12. 

Figure 4: FA-induced ANGPTL4 gene expression. ANGPTL4 gene expression of 

differentiated Caco-2 cells after 24 h exposure to 9 mM of either butyrate, caproate, caprylate 

or an equal mixture of 3 mM butyrate (C4), caproate (C6) and caprylate (C8) giving a total of 

9 mM FFA. Results are shown as means ± SEM, n=3. Letters indicate significant different 

values between treatments (P<0.05).  

Figure 5: Up-regulatory effect of FA on ANGPTL4 gene expression. Effect of 1.4 mM 

sodium butyrate (C4), caproate (C6) and caprylate (C8) FA on ANGPTL4 gene expression in 

differentiated Caco-2 cells after 6 h. Results are shown as means ± SEM, n=3. Letters indicate 

significant different values between treatments (P<0.05). 

Figure 6: Effect of butyrate and caprylate on ANGPTL4 gene expression. 

ANGPTL4 gene expression of differentiated Caco-2 cells grown on permeable membranes 
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after treatment with butyrate (C4) or caprylate (C8) FA at 3 or 9 mM for 24 h. Results are 

shown as means ± SEM, n=3. Letters indicate significant different values between treatments 

(P<0.05). 

Figure 7: ANGPTL4 protein secretion. ANGPTL4 protein release to the A: apical and B: 

basolateral of a Caco-2 monolayer of cells when treated with butyrate (C4) or caprylate  (C8) 

in 3 or 9 mM for 24 h. Results are shown as means ± SEM, n=3. Letters indicate significant 

different values between treatments (P<0.05). C: The relative amount of ANGPTL4 protein 

secretion on the apical side compared to the basolateral side (set to 1) in Caco-2 cells or 

treated with butyrate or caprylate in 3 or 9 mM. Asterisks indicate a significant different value 

compared to the basolateral side (P<0.05). 

Figure 8: PPARγ antagonist effect on C4-induced ANGPTL4 gene expression. A: 

Effect of the PPARγ antagonist GW9662 (GW) at 5 µM on the PPARγ agonist rosiglitazone 

(Rosi) at 2 µM, (n = 6) and B: butyrate (C4) at 0.3 mM or 1.4 mM, for 6 h with or without GW 

(n = 3). Results are shown as means ± SEM. Letters indicate significant different values 

between treatments (P<0.05). 

Figure 9: Illustrated overview of the proposed angiopoietin-like 4 (ANGPTL4) 

mechanism in the gastrointestinal tract and further lipolysis in the blood or 

lumen. Epithelial cells lining the gastrointestinal wall (orange) will be stimulated with fatty 

acids from the diet (brown) to increase ANGPTL4 gene expression and protein production 

possibly mediated by one of the three PPAR subtypes but also other mechanisms could be 

involved. Post-translation modification of ANGPTL4 includes oligomerization into di- and 

tetramers. Secreted ANGPTL4 protein to the blood (red) can drive the dissociation of 

lipoprotein lipase (LPL) from the active dimeric state, to its inactive monomeric state, and 

thereby inhibit the release of FFA from circulating triglycerides (TG). Secreted ANGPTL4 to 

the intestinal lumen decreases the activity of pancreatic lipase (PL) and hence decrease the 

release of FFA from TG derived from the ingested fat, potentially decreasing the fat uptake by 

the intestinal tissue.  
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Table 1. Effect of adding different FFA concentrations to the Ussing chambers on 

difference in electrical potential (Pd), short circuit current (Isc) and 

conductance (G) measured ex vivo. Basic values were measured after 1, 2 and 2.5 h of 

incubation. In addition, 5 min after measuring the basic values at 2.5 h, theophylline was 

added and induced changes in short circuit current (ΔIsctheo) were measured. Letters indicate 

significant different values between treatments (P<0.05). 

mM SMCFA 0 3 9  SEM P-valuea 

      FA Time FA x Time 

Basic Pd (mV/cm2)         

   1.0 -0.9 -0.6 -0.6  0.2 0.48 0.39 0.30 

   2.0 -1.0 -0.7 -0.7      

   2.5 -1.0 -0.6 -0.6      

Basic Isc (µA/cm2)         

   1.0 38 26 35  9 0.43 0.87 0.06 

   2.0 39 25 37      

   2.5 42 24 36      

Basic G (mS/cm2)         

   1.0 47 47 60  8 0.06 0.52 0.43 

   2.0 48 52 59      

   2.5 48 54 58      

      P-value   

      FA   

    ΔIsctheo 47a 37a 13b  6.2 <0.0001   

         

a P-values shown on the line 1.0 h represents the time 1.0, 2.0 and 2.5 h. 
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Figure 1: Constitutive expression of ANGPTL4 along the small intestine and 

colon of pigs.  
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Figure 2: FFA induction of ANGPTL4 gene expression in the small intestinal 

tissue  
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Figure 3: Uptake and transport of FFA across the small intestine.   
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Figure 4: FA-induced ANGPTL4 gene expression. 
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Figure 5: Up-regulatory effect of FA on ANGPTL4 gene expression. 
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Figure 6: Effect of butyrate and caprylate on ANGPTL4 gene expression. 
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Figure 7: ANGPTL4 protein secretion. 
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Figure 8: PPARγ antagonist effect on C4-induced ANGPTL4 gene expression. 
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Figure 9: Illustrated overview of the proposed angiopoietin-like 4 (ANGPTL4) 

mechanism in the gastrointestinal tract and further lipolysis in the blood or 

lumen.  
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Abstract 

Milk fat is rich in saturated fatty acids. The intake of saturated fatty acids is generally 

considered to increase the risk of cardiovascular diseases mediated through increased low-

density lipoprotein cholesterol, whereas the intake of unsaturated fatty acids from plant oils, 

such as soybean oil, is considered beneficial. Angiopoietin-like 4 (ANGPTL4) is a ubiquitously 

expressed protein involved in lipid metabolism. It is a known inhibitor of lipoprotein lipase 

activity and possibly has a protective role towards atherosclerosis. The present study 

examined pigs fed three different diets: a basal diet with either soybean oil (C), whole milk 

(M) or soybean oil supplemented with inulin (I), to investigate dietary effects on blood 

variables and ANGPTL4 gene expression in different tissues. No changes in cholesterol or 

blood triglycerides were observed in groups M and C; however, group I showed decreased 

total cholesterol, high-density lipoprotein cholesterol and triglycerides compared to the 

baseline. Group M showed a higher level of ANGPTL4 gene expression in the small intestine 

compared to group C, which may help explain the beneficial effect of milk on metabolic 

diseases. 
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1. Introduction 

Obesity and overweight are negative consequences of poor nutritional intake, which may lead 

to an increased risk of developing cardiovascular disease (CVD). Nutritional guidelines 

recommend substituting refined cereal with whole grain cereal to increase the intake of 

dietary fibre, which is associated with a decreased risk of CVD. Furthermore, these guidelines 

recommend substituting whole milk with skimmed milk to reduce the intake of animal fats, 

which are high in saturated fatty acids (FAs) and have been correlated with an increased risk 

of CVD, mediated through increased low-density lipoprotein (LDL) cholesterol (U.S. 

Department of Health and Human Services, 2005, Nordic Council of Ministers, 2014). The 

beneficial effect of dietary fibre intake seems to be well established (Lattimer and Haub, 2010, 

Overby et al., 2013), but the harmful effect of dairy fat is debated. There appears to be no 

evidence that links milk fat with an increased risk of CVD, but epidemiological data suggest 

that there is a beneficial effect of dairy consumption on the risk of type 2 diabetes (Elwood et 

al., 2010, Astrup et al., 2011). 

Several modes of action contribute to the beneficial effects of dietary fibres. For instance, 

dietary fibres serve as a substrate for microbial fermentation to produce short chain fatty 

acids (SCFAs). The major SCFAs produced are acetate, propionate and butyrate, which recent 

evidence suggests are important in a myriad of functions in the body. Butyrate in particular 

has been suggested to have a protective effect towards obesity-related metabolic diseases 

(Brahe et al., 2013). Milk is unique in that it provides a dietary source of butyrate, which is 

one of the most abundant FAs in milk (IDF, 1991, Amer et al., 2013). Recent studies reported 

butyrate to be a major inducer of ANGPTL4 gene expression, which drives its proteins 

secretion (Alex et al., 2013, Nielsen et al., 2014a). 

ANGPTL4 is involved in many physiological functions (Grootaert et al., 2012, Zhu et al., 2012, 

Dijk and Kersten, 2014) and is a key regulator in lipid metabolism, exerting its action through 

the regulation of lipoprotein lipase (LPL) activity. ANGPTL4 inhibits LPL by promoting the 

conversion of dimeric LPL into the inactive LPL monomer, which reduces the release of free 

fatty acids (FFAs) from circulating triglycerides bound in lipoproteins (Yin et al., 2009) and in 

turn reduces FFA uptake by the tissue. The function of ANGPTL4 has been studied with 

ANGPTL4 knockout mice and rodents overexpressing ANGPTL4 in specific tissues. These 

studies have elucidated the function of ANGPTL4 by revealing that decreased levels of 



3 

 

ANGPTL4 are associated with increased body weight, increased circulating FFAs and an 

increased waist-to-hip ratio, which strongly suggests that ANGPTL4 plays a role in fat 

metabolism (Robciuc et al., 2010, Robciuc et al., 2011). 

Macrophages have been extensively studied to examine their role in foam cell formation in the 

vascular wall and their association with atherosclerosis. Lipoprotein uptake by monocyte-

derived macrophages is thought to be one of the earliest pathogenic events in a nascent 

plaque, which results in the development of foam cells (Moore et al., 2013). Macrophages 

express both ANGPTL4 and LPL, and LPL has a facilitating role in LDL uptake by 

macrophages (Babaev et al., 1999, Georgiadi et al., 2013). In accordance with the pro-

atherogenic effect of LPL (Van Eck et al., 2000), ANGPTL4 was found to protect against 

plaque development in mice (Georgiadi et al., 2013, Dijk and Kersten, 2014). Furthermore, 

studies have shown that dietary FAs induce cardiac ANGPTL4 expression, which protects it 

against oxidative stress (Georgiadi et al., 2010). These results support the hypothesis that 

ANGPTL4 has a protective role against atherosclerosis. 

Researchers have suggested developing a potential modulator of ANGPTL4 for use in clinical 

practice (Grootaert et al., 2012, Dijk and Kersten, 2014). Furthermore, another major 

research interest is on functional foods that can modulate key molecules, such as ANGPTL4, 

which are influenced by our diet and involved in obesity, type 2 diabetes and CVD (Grootaert 

et al., 2012). 

The present study aims to investigate the hypothesis that dietary supplementation of either 

inulin or milk can induce ANGPTL4 gene expression in different tissues. We used pigs as a 

model for humans, as they are physiological closer to human than rodents, and porcine 

ANGPTL4 shares 80% homology with human ANGPTL4 (Uniprot.org). Control pigs were fed 

soybean oil (diet C), which is rich in unsaturated FAs (Dyer et al., 2008). Soybean oil was 

replaced with whole milk in the milk group (diet M), and whole milk is rich in saturated FAs 

(Michas et al., 2014). The inulin group was fed soybean oil enriched with inulin (diet I). 

 

 

 

 



4 

 

2. Materials and methods 

2.1 Dietary intervention with milk and inulin 

The experimental protocol was approved by the Danish Animal Experiments Inspectorate, 

Ministry of Justice (Copenhagen, Denmark). The experiment comprised 27 female pigs (Large 

White X Landrace) from 9 litters having an initial body weight of 47.8 ± 4.5. Pigs were 

individually housed in pens with visual and physical contact to neighbouring littermates and 

had ad libitum access to water from nipple drinkers. From each litter, pigs were randomly 

assigned to three experimental diets and were provided the experimental diets twice daily for 

3 weeks after which the pigs were deprived of feed 18 h before they were anaesthetized by 

stunning with a bolt gun and exsanguinated. The composition of the three diets is shown in 

Table 1. Diet C was optimized to according to the Danish recommendations for pigs between 

65 and 105 kg for all nutrients (Pig Research Centre, 2013). Diet I was similar to control diet 

except form 4.5 g inulin/kg as-fed (top-dressed). Likewise, diet M was similar to diet C apart 

from replacing soybean oil with whole milk (Lærkevang, 3.5% fat, Arla, Denmark) which was 

mixed with the solid part of the diet at feeding. The pigs were fed restrictively and the feeding 

level in the first week (diet C: 1.76 kg feed/day; diet M: 1.71 kg feed/day + 0.66 kg milk/day; 

diet I: 1.76 kg feed/day + 0.008 kg inulin/day) was increased by 17 and 33% in the second and 

third week, respectively (Table 1). One pig fed diet C was omitted from the experiment due to 

hernia. None of the remaining pigs had feed refusals and remained healthy throughout the 

experiment. 

Upon termination, tissue samples were taken from the fat, muscle, liver and pancreas and 

immediately frozen in liquid nitrogen. Stripped pieces of epithelium from the proximal part of 

the ileum were transferred to cold phosphate buffered saline on ice, and a heterogenic 

population of epithelial cells were scraped off using methods that were previously described 

(Nielsen et al., 2014b). 

Blood serum was collected the day prior to the dietary intervention and the day before 

termination. The blood samples were allowed to coagulate for 30 minutes at room 

temperature. Then they were centrifuged at room temperature at 3500 rpm for 10 minutes 

and stored at -80 °C until analysis. The serum concentrations of total cholesterol (TC), high-

density lipoprotein (HDL) cholesterol, LDL cholesterol and triglycerides (TG) were measured 

on a Pentra 400 analyser (HORIBA ABX, Montpellier, France) as previously described 

(Lorenzen et al., 2014). 
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2.2 Real-time PCR 

RNA was purified using TRIzol or RNeasy Mini Kit according to the manufactures instruction. 

The isolated RNA quantified by measuring the absorbance at 260 nm, and purity evaluated by 

the 260/280 nm ratio, which was always above 1.8. Reverse transcription and real-time PCR 

was performed as previously described in (Nielsen et al., 2014c). Primers and probes were 

designed using Primer Express 2.0 software and supplied by DNA technology. The sequences 

of forward primers, reverse primers and hydrolysis probes were as following: ANGPTL4; 5´- 

TCTCTGGTGGTTGGTGGTTTG-3´,  5´- GCTGCCGAGGGATGGAAT -3´, 5´- 

CCACTCCAACCTCAATGGCCAGTACTTC-3´, β-actin; 5´- ACCCAGATCATGTTCGAGACCTT-

3´, 5´- TCACCGGAGTCCATCACGAT-3´, 5´- CTGTATGCCTCTGGCCGCACCA-3´. 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH); 5´- GTCGGAGTGAACGGATTTGG-3´, 

5´- CAATGTCCACTTTGCCAGAGTTAA-3´, 5´- CGCCTGGTCACCAGGGCTGCT-3´. The 

relative mRNA amount was normalised against the geometrical mean (Vandesompele et al., 

2002) of β-actin and GAPDH mRNA expression. The average of the control group was 

arbitrary set to 1 and the pigs fed diet M and I were expressed relative to that. 

 

2.3 Statistical analysis 

Results of animal performance data were analysed by the MIXED procedure in SAS. The 

animal performance results were analysed by a model containing diet as fixed effect (C, M, I) 

and the initial weight as covariate. Litter was handled as random variable. Results of blood 

parameter before and after intervention was analysed with a paired t-test. Comparison of 

change in blood lipids and ANGPTL4 gene expression between diet groups were carried out 

using R 2.14.0. A linear mixed model with multiple comparison using Tukey’s HSD Post hoc 

test was used to compare ANGPTL4 gene expression and delta values for blood cholesterol 

between diet groups. A pair-wise t-test was performed to evaluate the change in blood lipids 

from baseline to after the intervention in each diet group. Statistical significance was accepted 

at P<0.05 and tendencies at P<0.1.  
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3. Results 

The constitutive gene expression levels of ANGPTL4 in different tissues are shown in Fig. 1. 

The highest expression of ANGPTL4 was measured in the adipose tissue, followed by the liver, 

small intestine and muscle. 

The dietary interventions with inulin and milk did not affect the daily gross energy intake, 

whereas the daily protein intake was 8% higher for pigs fed diet M compared with diets C and 

I. Consequently, pigs fed diet M tended to have a higher finishing weight and average daily 

gain (ADG) and a lower average feed conversion ratio (FCR) compared with pigs fed the 

control and inulin diets (Table 2). 

Table 3 presents the TC, LDL cholesterol, HDL cholesterol, HDL cholesterol:LDL cholesterol, 

TC:HDL cholesterol and TG values of the three groups before and after the intervention and 

the changes in these values. Pigs fed diet I had lower TC, HDL cholesterol and TG levels 

compared to the respective baselines, but LDL cholesterol only tended to be reduced. In 

comparing the three feeding groups, pigs fed diet I had a lower HDL cholesterol value, and 

pigs fed diet C tended to have a lower TC:HDL cholesterol ratio.  

There was no difference in ANGPTL4 gene expression in the muscle, liver or fat tissue of pigs 

fed diets I or M. In contrast, ANGPTL4 gene expression in the small intestine was significantly 

increased by diet M and tended to increase after inulin consumption as well (P < 0.12) (Fig. 

2).  

 

4. Discussion 

In vivo studies on ANGPTL4 have primarily been performed in rodents and humans (Kersten 

et al., 2000, Yoon et al., 2000, Kersten et al., 2009), and to a lesser extent in pigs (Haenen et 

al., 2013, Ren et al., 2014). In humans, ANGPTL4 is ubiquitously expressed (Kersten et al., 

2009). Its most highly expressed in the liver followed by the adipose tissue and small 

intestine, and it is expressed at lower levels in the skeletal muscle (Kersten et al., 2009). In 

pigs, we found that the adipose tissue had a higher expression of ANGPTL4 than the liver, and 

this expression pattern was also reported in mice (Yoon et al., 2000, Zhu et al., 2012). Apart 

from this difference, the porcine expression pattern in the investigated tissues was similar to 
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that reported in humans. As such, the pig seems to be a suitable model for humans in studies 

of ANGPTL4 expression. 

In the dietary intervention, the finishing body weight, ADG and FCR were used as measures of 

the overall physiological function of the animals. The control diet was optimized according to 

the Danish recommendations for pigs with weights between 65 and 105 kg for all nutrients 

(Pig Research Centre, 2013). The average initial and finishing weights of the pigs were 48 and 

66 kg, respectively. According to the Danish recommendations for pigs (Pig Research Centre, 

2013), the nutrient requirements are greater for pigs weighing between 45 and 65 kg than for 

pigs weighing between 65 and 105 kg. Consequently, the pigs in the present study were 

slightly undersupplied with nutrients, including protein and amino acids. Thus, the higher 

finishing weight and ADG and the lower FCR observed in the pigs fed diet M compared with 

the pigs fed diet C or diet I were most likely due to the higher intake of protein and amino 

acids originating from the milk.  

Human nutritional guidelines recommend limiting the intake of milk fat and increasing the 

intake of dietary fibres (Services and Agriculture, 2005, Ministers, 2014). Dietary fibre has 

been correlated with decreased TC and LDL cholesterol (Ministers, 2014). In contrast, milk fat 

contains a high amount of saturated FAs, and the intake of these FAs have been correlated 

with increased LDL cholesterol in the blood compared to unsaturated FAs (Mensink, 1993). 

Although milk fat is rich in saturated fat, studies have failed to find an association between 

milk intake and obesity, CVD and metabolic syndrome (Soedamah-Muthu et al., 2011). 

Moreover, studies on milk intake and cholesterol levels have been contradictory. In humans, 

intake of whole milk has been associated with either no increase in cholesterol levels or higher 

TC and LDL cholesterol levels. Skimmed milk has been shown to lower LDL cholesterol 

compared to whole milk (Huth and Park, 2012). This study confirms that milk intake has no 

effect on TC and LDL cholesterol compared to soybean oil, which supports studies showing no 

association between increased blood cholesterol and the intake of whole milk. Inulin 

decreased TC and tended to decrease LDL cholesterol, which corroborate the findings of 

previous studies, but contrary to expectations, the intake of inulin also decreased HDL 

cholesterol.  

Previous studies showed that relative changes in ANGPTL4 mRNA are followed by similar 

changes ANGPTL4 protein secretion (Alex et al., 2013, Korecka et al., 2013, Mattijssen et al., 
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2013). The present study showed that milk increased ANGPTL4 gene expression by 

approximately threefold in the pig small intestine. Previously we showed that 3 mM butyrate 

(24 h) induced ANGPTL4 gene expression twofold in intestinal cells (Caco-2) and resulted in 

an increase in ANGPTL4 protein secretion to the apical side by 300% and to the basolateral 

side by 200% (Nielsen et al., 2014b). These findings are consistent with those of Alex et al. 

(2014) who found that 1 and 8 mM of butyrate increased ANGPTL4 gene expression two- to 

fourfold, and produced an approximately 200% increase in protein secretion using the small 

intestinal cell line (HuTu-80) (Alex et al., 2014). ANGPTL4 inhibits pancreatic lipase activity 

in the small intestine. ANGPTL4 knockout mice were heavier than their wild-type 

counterparts, and this difference was independent of food intake, energy expenditure or 

locomotor activity. Furthermore, the ANGPTL4 knockout mice had decreased lipid content in 

their stools, which coincided with elevated luminal lipase activity (Mattijssen et al., 2013). 

Hence, the approximately threefold increase in ANGPTL4 gene expression obtained by the 

addition of milk to the pig diet may be expected to cause a decrease in fat digestion in the 

small intestine. This effect could function in addition to the effect of dairy calcium, which 

several studies have reported to increase faecal fat excretion. In support of this hypothesis, a 

previous study revealed that subjects fed calcium in combination with a high dairy fat diet had 

a higher faecal fat excretion than subjects fed calcium with a low dairy fat diet (Lorenzen and 

Astrup, 2011).  

ANGPTL4 is highly expressed in intestinal enterocytes. However, LPL is very weakly 

expressed in intestinal tissue (Dijk and Kersten, 2014). Hence, ANGPTL4 secretion from 

intestinal tissue most likely has an endocrine function. Furthermore, it has previously been 

suggested that an increase in intestinal ANGPTL4 gene expression may result in blocking 

adipocyte-associated LPL activity, thereby preventing the uptake of FFAs in adipose tissues 

(Bäckhed et al., 2004). Overexpression of ANGPTL4 increases blood TG levels in mice 

(Mandard et al., 2006), although this finding has not been confirmed in humans (Dijk and 

Kersten, 2014). No change was observed in blood TG levels in pigs with increased levels of 

ANGPTL4 in the intestine, which supported the human data. 

Milk increases ANGPTL4 gene expression in pig intestines compared to soybean oil, 

suggesting that the broad range of saturated FAs in milk fat increase ANGPTL4 expression 

compared to unsaturated FAs. Previously Lichtenstein et al. showed that ANGPTL4 knockout 
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mice are extremely sensitive to systematic inflammation after being fed diets rich in long 

chain saturated FAs but not after being fed polyunsaturated FAs. Furthermore, ANGPTL4 was 

reported to have a protective effect against foam cell formation (Lichtenstein et al., 2010, 

Georgiadi et al., 2013). An increased expression level of ANGPTL4 from a large organ such as 

the small intestine could play a role in explaining why milk has no effect or even a protective 

effect on obesity, CVD and type 2 diabetes. One of the reasons that milk seems to be a potent 

inducer of ANGPTL4 gene expression may lay in its unique FA composition. It has a large 

amount of butyrate combined with medium chain FAs, which have been shown to have a high 

potential for inducing ANGPTL4 gene expression (Nielsen et al., 2014a). 
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Figure legends 

 

Fig. 1: ANGPTL4 expression profile in tissues of pigs fed diet C (n = 9). Fat showed the 

highest expression level. 

Fig. 2: ANGPTL4 gene expression in different tissues of pigs fed the control (C), milk (M) or 

inulin (I) diets. (A) Small intestine. (B) Fat. (C) Liver. (D) Muscle. Results are presented as 

means ± SEM (P ≥ 0.05), n = 9. 
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Table 1: Composition and calculated gross energy content in the control (C), milk (M) and 

inulin (I) experimental diets.  

 Ca M I 

Ingredient, g/kg as-fed basis    

   Barley 530 545 530 

   Wheat 200 206 200 

   Soybean meal 196 202 196 

   Molasses 20 21 20 

   Soybean oil 27 - 27 

   Milk - -b - 

   Inulin - - -c 

   Calcium carbonate  11.5 11.8 11.5 

   Monocalcium phosphate  7.7 7.9 7.7 

   Sodium chloride  3.8 3.9 3.8 

   L-Lysine HCl 0.6 0.6 0.6 

   DL-Methionine  0.3 0.3 0.3 

   L-Threonine 0.2 0.2 0.2 

   Vitamin-mineral premix 2.0 2.1 2.0 

Calculated     

   Gross energy, MJ/kg as-fed 4.62 3.42d 4.66e 

 

aDiet C was optimized according to the Danish recommendations for pigs between 65 and 105 

kg for all nutrients (Pig Research Centre, 2013). 

bMilk was mixed with diet M at feeding. The content of gross energy in the milk was 2.64 

MJ/kg. cTop-dressed with 4.5 g inulin/kg as-fed. The content of gross energy in the inulin was 

0.008 MJ/g.  

dMilk included.  

eInulin included.  
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Table 2: Initial and finishing weight, calculated average daily gross energy intake and protein 

intake, average daily gain (ADG) and average feed conversion ratio (FCR; MJ feed/kg gain) of 

pigs fed the control (C), milk (M) or inulin (I) diets. Results are presented as least square 

means ± SEM. 

Item na C M I SEM P-value 

Initial weight, kg 9 48.1 47.0 48.4   

Finishing weight, kg 9 65.4 67.8 65.2 0.9 0.08 

Gross energy intake, MJ/dayb 9 8.11 8.11 8.17   

Protein intake, g/dayb 9 279 301 280   

ADG, g/day 9 798 907 791 43 0.08 

FCR, MJ/kg gain 9 12.45 10.50 12.28 0.78 0.12 

 

a One pig fed diet C was omitted from the experiment due to feed refusals. 

bThe daily gross energy intake and protein intake during the first experimental week (shown 

in Table 3) was increased by 17 and 33% in the second and third week, respectively.  
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Table 3: Concentration of total cholesterol (TC), triglycerides (TG), HDL and LDL before 

(baseline) and after pigs were fed the control (C), milk (M) or inulin (I) diets. Results are 

shown as means ± SEM. 

  C M I 

TC (mmol/l) Baseline 2.63±0.13 2.54±0.16 2.70±0.15 

 After intervention 2.37±0.11 2.35±0.9 2.22±0.06* 

 ∆ TC -0.26a -0.19a -0.47a 

     

HDL-C (mmol/l) Baseline 0.87±0.04 0.96±0.04 0.96±0.03 

 After intervention 0.87±0.03 0.90±0.06 0.73±0.01* 

 ∆ HDL -0.01a -0.06ab -0.22b 

     

LDL-C (mmol/l) Baseline 1.34±0.08 1.26±0.12 1.40±0.14 

 After intervention 1.23±0.09 1.22±0.06 1.18±0.07ǂ 

 ∆ LDL -0.11a -0.04a -0.22a 

     

LDL-C:HDL-C ratio Baseline 1.56±0.11 1.36±0.18 1.47±0.11 

 After intervention 1.43±0.10 1.42±0.15 1.61±0.08 

 ∆ LDL:HDL -0.13a 0.06a 0.14a 

     

TC:HDL-C ratio Baseline 3.04±0.17 2.73±0.21 2.83±0.13 

 After intervention 2.75±0.12ǂ 2.70±0.19 2.99±0.10 

 ∆ LDL:HDL -0.29a -0.03a 0.16aǂ 

     

 TG (mmol/l) Baseline 0.46±0.07 0.56±0.13 0.42±0.04 

 After intervention 0.39±0.02 0.36±0.03 0.31±0.02* 

 ∆ TG -0.07a -0.20a -0.10a 

     

*P < 0.05, ǂ P < 0.1: Mean value was significantly different from that measured before the 

experimental period. Letters indicate significantly different values between groups. 
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Figure 1. 
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