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PREFACE 
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i. ButCoIns – Concepts for Enhanced Butyrate Production to Improve Colonic Health 
and Insulin Sensitivity (Project No. 10-093526), financially supported by The 
Danish Strategic Research Council 

ii. The Nordic Centre of Excellence SYSDIET – System Biology in Dietary Intervention 
and Cohort Studies (Project No. 070014), financially supported by Nordforsk 

The industrial partners in the project were Lantmännen R&D, DuPont Nutrition & 
Biosciences Aps, and KMC Amba. 

The Ph.D. project included a stay abroad in collaboration with Professor Achim Kohler at 
Centre for Integrative Genetics, Department of Mathematical Sciences and Technology, 
Norwegian University of Life Sciences, Norway. The stay abroad was from November till 
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The aim of this PhD thesis was to study the effects of increased short-chain fatty acids on 
the metabolic responses in two different pig models. Overall, the results from these studies 
provide additional knowledge concerning the metabolism of fermentable carbohydrates 
from either whole grain cereals or resistant starch by using the pig as a model for human 
nutritional studies. In addition, these results provide insight into the gastrointestinal 
degradation and bioavailability of nutrients with possible implications for human health. 
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SUMMARY 

Consumption of diets high in dietary fibre (DF) is associated with decreased risk of 
developing lifestyle-related diseases such as obesity, type-2 diabetes, cardiovascular 
disease, and colon cancer. This positive link has been correlated with colonic fermentation 
and production of short-chain fatty acids (SCFAs). Studies suggest that SCFAs contribute 
to mammalian energy metabolism and affect host health, both locally in the colon and in 
peripheral tissues. However, the underlying mechanisms remain elusive, and a better 
understanding requires detailed studies in an in vivo model. 

To investigate the impact of augmented SCFA on metabolic responses, three diets with 
contrasting sources and levels of DF were fed to two porcine models. The diets were a 
Western-style diet (WSD), high in easily digestible carbohydrates and fat, and low in DF. 
The high-fibre diets were a resistant starch-enriched diet (RSD) and an arabinoxylan-
enriched diet (AXD). In the first study, a multi-catheterised pig model was used to study 
the metabolic response to the high-fibre diets. Six pigs equipped with permanent catheters 
in the portal and hepatic vein, in the mesenteric artery, and a flow probe around the portal 
vein were fed the experimental diets in a repeated crossover study. Repeated collection of 
blood samples from the catheters for 5 hours after feeding allowed quantification of the 
nutrient and hormone fluxes from the gastrointestinal tract and metabolite uptake by the 
liver. In a parallel study, 30 intact pigs were fed the experimental diets for three 
consecutive weeks. After the experimental period, the pigs were slaughtered, and urine and 
liver tissue samples were collected, along with colonic content and tissue samples. 

In the catheterised pig study, the source of DF affected postprandial glucose and insulin 
fluxes differently. Compared with WSD-fed pigs, net glucose absorption was delayed and 
prolonged in RSD-fed pigs, but apparent insulin secretion was not affected. In contrast, 
AXD consumption reduced apparent insulin secretion, but without affecting glucose 
absorption. A lower protein content than intended in the AXD may, however, potentially 
have affected the insulin responses. The two high-fibre diets both increased SCFA 
absorption, but to a different extent, with the AXD being most efficient in stimulating total 
SCFA production and absorption, and butyrate absorption in particular. In addition, 
fasting arterial non-esterified fatty acids (NEFA) were lower after consumption of AXD, 
suggesting that intake of arabinoxylan lead to a prolonged SCFA absorption from the 
gastrointestinal tract, even after an overnight fast. Hepatic clearance of propionate and 
butyrate was high (80-95%) and intermediate for acetate (~40%), irrespective of diet. 
Supplementation with DF increased hepatic insulin clearance, regardless of DF source, 
lowered arterial cholesterol concentrations, and increased hepatic 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGCR) mRNA expression, compared to the WSD. The effects of 
DF on inter-organ fluxes of other plasma lipid markers (high-density lipoprotein (HDL), 
low-density lipoprotein (LDL), and triglycerides) were, however, less clear in the present 
study. 

Non-targeted LC-MS based metabolomics analysis of samples from intact pigs revealed 
significant effects of the dietary intervention on the metabolic profiles of gastrointestinal 
content and urine samples. In gastrointestinal content and urine samples, AXD was clearly 
separated from WSD and RSD. In contrast, the WSD and RSD could not be distinguished 
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using unsupervised and supervised multivariate analyses. The metabolites responsible for 
the separation in the gastrointestinal content were mainly sulphate- and acetic acid 
conjugated oxylipins and small dicarboxylic acids, whereas consumption of AXD increased 
the urinary excretion of phenolic compounds, which is in agreement with the high content 
of phenolic compounds in the diet. 

In conclusion, these studies provided additional knowledge regarding the effects of 
different sources of DF on the postprandial metabolic responses, and provided additional 
insight to the impact of an increased flux of SCFA metabolism in the liver. Moreover, 
metabolomics analyses of samples from different compartments revealed novel 
degradation intermediates of rye caused by microbial fermentation in the caecum and 
colon.  
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DANSK RESUMÉ 

Indtagelse af fødevarer med højt fiberindhold er forbundet med nedsat risiko for at udvikle 
livsstilsrelaterede sygdomme såsom fedme, type-2 diabetes, hjerte-kar sygdomme og 
tyktarmskræft. Denne positive sammenhæng er blevet korreleret med øget fermentering i 
tyktarmen og produktionen af kortkædede fedtsyrer (SCFA). Studier har vist, at 
kortkædede fedtsyrer bidrager til dyr og menneskers energi omsætning og påvirker 
helbredet, både lokalt i tyktarmen samt i de perifere væv. Imidlertid er de bagvedliggende 
mekanismer på nuværende tidspunkt for en stor del ukendte, og en bedre forståelse kræver 
detaljerede undersøgelser under in vivo forhold. 

For at undersøge effekten af forhøjet niveau af kortkædede fedtsyrer på det metaboliske 
respons blev tre diæter med forskelligt indhold og sammensætning af kostfibre fodret til to 
grisemodeller. Diæterne bestod af en diæt som typisk indtages i velstående lande (WSD, 
kontrol), med et højt indhold af letfordøjelige kulhydrater og fedt, og et lavt 
kostfiberindhold og to højfiberdiæter. Højfiberdiæterne var en diæt beriget med resistent 
stivelse (RSD) og en diæt beriget med arabinoxylan (AXD). I det første studie blev en 
multi-kateteriseret grisemodel brugt til at undersøge det metaboliske respons på 
højfiberdiæterne. Seks grise med permanente katetre i portåren, levervenen, og i 
mesenteriearterien, samt en flowprobe omkring portåren blev fodret med de 
eksperimentelle diæter i et gentaget overkrydsningsdesign. Gentagne opsamlinger af 
blodprøver fra katetrene 5 timer efter fodring tillod kvantificering af nærings- og hormon-
fluxer fra mave-tarmkanalen, samt leverens optag af metabolitter. I et parallelt studie blev 
30 grise fodret de eksperimentelle diæter i tre uger. Efter interventionsperioden blev 
grisene slagtet, og urin- og levervævsprøver, samt tarmindhold- og tarmvævsprøver blev 
indsamlet. 

I forsøget med de kateteriserede grise påvirkede kostfibrene det postprandiale glukose- og 
insulinrespons forskelligt. I sammenligning med kontroldiæten forsinkede og forlængede 
RSD-diæten nettoabsorptionen af glukose, men uden at påvirke insulinsekretionen. I 
modsætning til dette reducerede indtag af AXD-diæten insulinsekretion, men uden at 
påvirke glukoseabsorptionen. Dog kan et lavere proteinindhold end tilsigtet i AXD 
potentielt have påvirket insulin responset. Begge højfiberdiæter øgede absorptionen af 
kortkædede fedtsyrer, men i forskellig grad; AXD gav den højeste produktion og 
absorption af kortkædede fedtsyrer, og især en høj butyratabsorption. Desuden var de 
arterielle koncentrationer af frie fedtsyrer (NEFA) lavere efter indtag af AXD, hvilket 
indikerer at indtag af arabinoxylan medfører en forlænget absorption af kortkædede 
fedtsyrer fra mavetarm-kanalen, selv efter at grisene havde fastet natten over. Leveren 
fjernede 80-95 % af den absorberede propionat og butyrat, og cirka 40 % acetat, uanset 
diæt. Det højere niveau af kostfibre øgede mængden af insulin, som blev fjernet af leveren, 
uanset typen af fiber, sænkede de arterielle kolesterol koncentrationer, og øgede mRNA 
udtrykket af 3-hydroxy-3-methyl-glutaryl-CoA reduktase (HMGCR) i leveren, 
sammenlignet med WSD. Effekten af kostfibre på fluxen af andre plasmalipider (high-
density lipoprotein (HDL), low-density lipoprotein (LDL), og triglycerider) mellem 
organerne var derimod mindre tydelig i dette studie. 
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En analytisk fremgangsmåde, uden forudbestemte hypoteser, baseret på væske-
kromatografi kombineret med massespektrometri (LC-MS), afslørede betydelige effekter af 
diæt-interventionen på den metaboliske profil i tarmindhold og urin. I tarmindhold og 
urin adskilte prøver fra AXD-fodrede grise sig fra WSD- og RSD-fodrede grise. Derimod 
var det ikke muligt at skelne prøver fra WSD- og RSD-fodrede grise med hverken ikke-
superviserede eller superviserede multivariate analyser. Metabolitterne, der gav ophav til 
adskillelsen i tarmindholdet, var hovedsageligt sulfat- og acetat-konjugerede oxylipiner og 
små dicarboxyliske syrer, mens AXD-fodring øgede udskillelsen af fenoliske komponenter i 
urinen, det sidste i god overensstemmelse med det højere indhold af fenoliske syrer i 
diæten. 

Resultaterne af disse studier bidrager til forståelsen af effekten af forskellige fiberkilder på 
det postprandiale metaboliske respons, og giver yderligere indsigt i betydningen af en øget 
flux af kortkædede fedtsyrer på omsætningen i leveren. Derudover afslørede metabolomics 
analyserne af prøver fra mavetarmkanalen nye nedbrydningsprodukter af rug forsaget af 
mikrobiel fermentering i blind- og tyktarm.  
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ABBREVIATIONS 

AX Arabinoxylan 
AXD Arabinoxylan-rich diet 
CVD Cardiovascular disease 
DF Dietary fibre 
ESI Electrospray ionization 
GIP Glucose-dependent insulinotropic peptide 
GLP-1 Glucagon-like peptide-1 
HAM-RS2 High amylose maize 
HDL High-density lipoprotein 
HMGCR 3-hydroxy-3-methyl-glutaryl-CoA reductase 
LC-MS Liquid chromatography – Mass spectrometry 
LC-MS/MS Liquid chromatography – tandem mass spectrometry 
LDL Low-density lipoprotein 
MBPLSR Multi-block partial least squares regression 
NEFA Non-esterified fatty acid 
NHF Net hepatic flux 
NPF  Net portal flux 
NSP Non-starch polysaccharides 
PCA Principle component analysis 
PYY Peptide YY 
RS Resistant starch 
RSD Resistant starch-rich diet 
SCFA Short-chain fatty acid 
T2DM Type-2 diabetes mellitus 
TG Triglyceride 
UHPLC Ultra high performance liquid chromatography 
WSD Western-style diet  
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1. INTRODUCTION 

Global trends towards urbanization in combination with sedentary lifestyle and easy access 
to energy dense foods high in easily digestible carbohydrates and fat, and low in DF, 
increase the incidence of metabolic diseases, such as obesity, type-2 diabetes (T2DM), 
cardiovascular disease (CVD), and certain types of gastrointestinal disorders (1-3). 
According to the International Diabetes Federation, there were 382 million diabetics in 
2013; a number expected to increase to 592 million by 2035 (4). Treatment of these 
lifestyle-related diseases poses an increasing economic and health burden worldwide, 
making prevention and management a major public health concern. Low-cost 
interventions, such as dietary changes by reduced calorie intake and substitution of refined 
food cereal products with whole grain products, together with increased physical activity 
have proven highly effective in the management of lifestyle related diseases (5). Current 
management strategies include an integrated approach, involving weight reduction, 
increased level of physical activity, smoking cessation, and changes in dietary habits (6). 

Nutritional composition has implications for human health and disease, and changing the 
relative contributions of these nutrients affects digestion processes and nutrient 
absorption throughout the gastrointestinal tract. Epidemiological studies have over the 
years generated strong indications for the health benefits in the protection against obesity, 
T2DM, CVD, and cancer (7-9). The mechanisms for the protective effects of increased DF 
intake in relation to a reduced risk of certain chronic diseases are diverse, including 
physiological effects and as a source of potential bioactive components (10). In general, DF 
consumption is considered to lower the glycaemic and insulinaemic response; however, the 
exact mechanisms are to some extent unknown (10). Results from intervention studies 
have been inconsistent, suggesting that other factors than those commonly attributed to 
DFs contribute to the nutritional and protective effects in humans. The colonic microbial 
community may contribute to the beneficial effects of DF via the production of SCFA, 
mainly acetate, propionate and butyrate (11). The type and amount of DF can be used to 
modify the production and relative ratios of SCFAs. In addition to contributing to host 
energy metabolism, SCFAs are believed to have beneficial effects both locally in the colon, 
and in peripheral tissues (12). However, despite the potential role of SCFA in human 
health, the underlying physiological, biochemical and molecular mechanisms on whole 
body metabolism remain elusive. 

Therefore, to study the implications of an increased colonic fermentation and augmented 
SCFA production, two parallel animal studies were conducted, forming the basis for this 
thesis. The experimental diets used in both animal studies were a control Western-style 
diet high in easily digestible carbohydrates and fat, and low in DF, and two high-DF diets 
with similar DF content, but based on different sources of DF. All diets had a similar fat 
content. The overall aim was to identify the underlying mechanisms for improved insulin 
sensitivity and glucose homeostasis, and detecting potential biomarkers for gut health. The 
first animal study was a short-term study of the acute metabolic responses to the 
experimental diets using multi-catheterised growing pigs. The second animal study was a 
medium-term study using intact pigs. Samples were collected from both animal 
experiments and analysed using classical biochemical methods and non-targeted 
metabolomics analysis.  
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2. BACKGROUND 

2.1. DIETARY FIBRES IN HUMAN NUTRITION AND THEIR HEALTH BENEFITS  

2.1.1. LIFESTYLE-RELATED HUMAN DISEASES 

The global incidence of obesity is increasing in affluent societies (13). Obesity is a 
significant risk factor for developing the metabolic syndrome associated with increased 
risk of T2DM and CVD (14). The metabolic syndrome is characterised by a range of 
metabolic abnormalities, including glucose intolerance, insulin resistance, dyslipidaemia, 
and hypertension (15). The implications of increased obesity prevalence and the related 
health complications include reduced life quality, an increased risk of early death and 
substantial healthcare expenses. The aetiology of these lifestyle-related diseases is diverse, 
but there are common features. Typically, these diseases progress slowly over many years 
before diagnosis, and they elicit a broad range of physiological characteristics, such as 
increased waist circumference, dyslipidaemia, hypertension, fasting and postprandial 
hyperglycaemia and/or insulin resistance (14). These problems highlight the need for 
development of simple, cost-efficient prevention and management strategies with broad 
applicability in the near future. 

Obesity is characterised by increased abdominal and visceral fat accumulation, chronically 
elevated levels of circulating glucose and blood lipids, including NEFA, cholesterol and 
triglycerides, as well as chronic systemic inflammation (16). Perturbations in hormonal 
signalling pathways related to energy metabolism and satiety, such as insulin, leptin and 
adipokines is also a common symptom (17). Chronic positive energy balance causes 
increased triglyceride storage in adipose tissues and non-adipose tissues, resulting in 
visceral and subcutaneous obesity. In contrast to previous believes, adipose tissues are 
metabolically active tissues, secreting biologically active substances such as adipokines 
including adiponectin, leptin and NEFA. Elevated levels of circulating NEFA have been 
suggested to be one of the main risk factors for insulin resistance (18). Overweight 
significantly increases the risk of developing insulin resistance, and is therefore a key risk 
factor for developing chronic lifestyle related conditions, such as T2DM and certain types 
of gastrointestinal diseases. 

Maintaining plasma glucose levels within a narrow range throughout the day is crucial in 
humans (Figure 1a). The concentration of glucose in blood is defined by three main 
factors: i) intestinal absorption rate of carbohydrate-derived metabolites (mainly glucose 
and lactate), ii) energy state of the liver (determines whether metabolites are being net 
taken up or released), and iii) peripheral glucose uptake. However, large fluctuations 
and/or a continuous supply of nutrients from intestinal absorption of carbohydrate-
derived metabolites and fats have potentially detrimental effects, and increases the risk of 
developing metabolic syndrome and T2DM (Figure 1b). 
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Figure 1. Normal glucose homeostasis (a) and pathophysiology of T2DM (b). Under normal 
postprandial conditions, plasma glucose concentrations increase because of absorption from the gut, 
which stimulate pancreatic insulin secretion. Beta cells in the islets of Langerhans release insulin in two 
phases. The first phase release is rapidly triggered in response to increased blood glucose levels. The 
second phase is a sustained, slow release of newly formed vesicles triggered independently of sugar. 
Insulin reduces plasma glucose and fatty acid concentrations by increasing glucose uptake and 
utilisation in insulin-sensitive tissues such as the liver, skeletal muscles and adipose tissues. Non-
esterified fatty acid (NEFA) release from lipolysis in adipose tissues and hepatic glucose production is 
also suppressed by insulin. 
Prolonged and excessive calorie intake (high fat and high glucose) in combination with reduced physical 
activity gives rise to high concentrations of free blood glucose and free NEFA. Increased blood levels of 
glucose and NEFA causes β-cell dysfunction, which in turn reduces insulin secretion, thus exacerbating 
plasma hyperglycaemia and lipidemia, as well as peripheral insulin resistance. Excess fatty acid storage 
in adipose and non-adipose tissues causes an increase in visceral and subcutaneous adipose tissue mass. 
Inspired by Kelly and Jones, 2013 (19) and Stumvoll et al, 2005. (20). 

Insulin is a key hormone in carbohydrate and lipid metabolism. The most prevalent form 
of diabetes is T2DM, characterised by hyperglycaemia, pancreatic β-cell dysfunction and 
insulin resistance (20). Abnormal β-cell function is critical in T2DM pathogenesis, and 
may be caused by prolonged insulin hypersecretion due to excessive nutrient intake. This 
may lead to insulin resistance and/or impaired insulin secretion (20). The mechanisms 
causing insulin resistance are currently unclear; however, increased circulating 
concentrations of NEFAs, adipokines and inflammatory cytokines, and increased plasma 
glucose and lipid concentrations have been suggested (16). Genetic factors may also 
increase the risk of developing type-2 diabetes, as well as age and gender (20). 
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2.1.2. BENEFICIAL EFFECTS OF DIETARY FIBRE ON HUMAN HEALTH 

According to European Food Safety Authority (EFSA), DF is defined as the non-digestible 
carbohydrate fraction: “Non-starch polysaccharides (NSP) – cellulose, hemicelluloses, 
pectins and hydrocolloids (i.e. gums, mucilages, β-glucans); resistant oligosaccharides – 
fructo-oligosaccharides, galacto-oligosaccharides, other resistant oligosaccharides; 
resistant starch – consisting of physically enclosed starch, some types of raw starch 
granules, retrograded amylose, chemically and/or physically modified starches, and lignin 
associated with dietary fibre polysaccharides” (21). A common characteristic for DF is that 
they are resistant to enzymatic hydrolysis and absorption in the small intestines, and 
instead passes to the colon where it becomes a substrate for microbial fermentation. The 
main component of DF is the NSP-fraction, a diverse collection of polymers, highly 
variable in monomer composition, molecular size and structure. Main dietary sources of 
dietary fibre are whole grain cereals, legumes, fruits, vegetables and potatoes (21), and 
especially the lignified outer layer of whole grain products are predominant DF sources 
(22). 

The protective mechanism of increased whole grain DF consumption is complex and 
multifactorial, with different effects as the DF passes through the gastrointestinal tract 
(23). The acclaimed health benefits of fibre-rich foods on glucose homeostasis, lipid 
metabolism and calorie intake have been ascribed to various properties of DFs (Figure 2). 

 

Figure 2. Physiological effects of dietary fibre on hormonal, intrinsic, and colonic factors. SCFA, short-
chain fatty acids. Adapted from Slavin, 2005 (23). 

Addition of DF reduces the energy density of the diet by replacing available carbohydrates 
(energy concentration 16.7 kJ/g) with DF (7.8 kJ/g) (24), thus reducing energy intake. 
Generally, DF can be categorised as either soluble or insoluble, based on their 



10 
 

extractability which is indicative for their physiological effects. The insoluble DF 
constituents are responsible for increasing faecal bulk and help prevent constipation by 
increasing passage rates in the gut (Figure 2). Inclusion of soluble DF results in a viscous 
environment in the stomach, thereby delaying gastric emptying, and thus prolonging the 
feeling of satiety (Figure 2). The nutrients become physically trapped, thus inhibiting 
nutrient digestion and absorption (25), including the reabsorption in the ileum of bile 
acids. The reduced reabsorption of bile acids cause the liver to increase the synthesis of bile 
acids from cholesterol, thus lowering plasma levels of cholesterol and LDL (26). The 
combination of these processes decreases the rate of absorption and reduces the 
postprandial glycaemic response; lower plasma glucose levels reduce the need for insulin 
required to clear the glucose load, potentially increasing insulin sensitivity (27). Indeed, 
studies have suggested that both soluble and insoluble DF play a role in preventing and 
improving insulin sensitivity and glucose homeostasis (28, 29).  

Finally, intake of DF is crucial for maintaining a viable and beneficial gastrointestinal 
microbial community (30), which have been shown to exert multiple beneficial effects on 
host metabolism, both by stimulating the growth of a beneficial colonic microbiota, and 
through the production of beneficial metabolites. 

2.1.3. DIETARY FIBRE; RESISTANT STARCH AND ARABINOXYLAN 

Cereals, breads, and vegetables are significant sources of DF in the human diet. Starch is 
the most common glucose polysaccharide consisting of long chains of amylose and 
amylopectin (Figure 3); amylose in linear and linked by α-(1→4)-glycosidic bonds, 
whereas amylopectin contains linear α-(1→4)-linked chains with α-(1→6)-linked branch 
points (31). Resistant starch (RS) is defined as starches and starch degradation products 
that evade enzymatic digestion in the stomach and small intestines (31). The nature and 
association of the starch polysaccharides affect starch resistance-properties; a high 
amylose:amylopectin ratio is associated with lower digestibility rates. Cereal starches are 
normally low in amylose content (20-30%), whereas high-amylose starches, such as high-
amylose potato or maize starches, can have higher quantities (32). The physiological 
behaviour of RS is similar to that of both insoluble and soluble fibre; RS increases the 
faecal bulk and undigested RS enters the large intestines where it is fermented by the 
intestinal microbiota, giving rise to microbial fermentation products. Resistant starch can 
be classified into four general subtypes based on botanical source and processing (31). The 
four classes of RS are: (RS1) physically inaccessible starch embedded in indigestible plant 
material, e.g. intact grains and seeds; (RS2) native granular starch, in e.g. uncooked 
potatoes and high amylose maize starch; (RS3) retrograded starch, e.g. cooked and cooled 
potatoes and rice; (RS4) chemically modified starches, e.g. cross-linked or glycosylated 
starch.  
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Figure 3. Structure of starch. The higher degree of branching in amylopectin makes it more prone to 
enzymatic degradation compared to amylose. Adapted from Witwer, 2013 (33). 

Whole grain cereal products rich in DF also contain numerous bioactive compounds such 
as minerals, vitamins and phenolic compounds, mainly located in the outer layers of the 
grain, with proposed antioxidant and anti-carcinogenic properties (34). Rye is the second 
most commonly consumed whole grain cereal after wheat in the Scandinavian countries, 
traditionally used in crispbread, rye breads and breakfast cereals (Figure 4). 
Arabinoxylan (AX) constitute the main DF in rye, with minor amounts of fructans and 
mixed linked β-(1→3,1→4)-D-glucan (β-glucan) (35). The AX is present throughout the 
grain, but especially the aleurone layer of the bran and the endosperm are rich in AX (22). 
The AX can be both soluble and insoluble, depending on the tissue of origin; the AX from 
the endosperm is more soluble than AX in the pericarb/testa layer which has a high degree 
of crosslinking (36). Rye AX is made up by a linear backbone of β-(1-4)-linked D-
xylopyranosyl residues with a varying degree of α-L-arabinofuranosyl substitutions at the 
O-2, O-3, or O-2,3 positions (35). The degree and distribution of substituents along the 
xylan backbone significantly affects the physicochemical properties (solubility and 
digestibility) of AX; a high degree of branching makes the AX more soluble and easily 
digestible. Phytochemicals such as phenolic and hydroxycinnamic acids may also be 
present on the side chains, generally linked in the O-5 position, mainly ferulic acid and to a 
lesser extent hydroxycinnamic acids (37). The phenolic acids bound to the AX matrix are 
released by microbial fermentation in the colon with potential beneficial antioxidant and 
anticarcinogenic effects. 
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Figure 4. Cross secion of a whole grain rye kernel with location of the main bioactive compounds. Rye 
kernel adapted from www.grain-gallery.com and inspired by Fardet, 2010 (34). 

2.1.4. COLONIC FERMENTATION 

DFs are the fraction of carbohydrates and lignin that passes through the small intestines, 
undigested by mammalian enzymes, and reaches the large intestine. The environment in 
the large intestine has all the conditions for prolific bacterial growth: dark, warm, moist, 
anaerobic and filled with feed residues that flow at a relatively low speed. These conditions 
favour the growth of anaerobic microorganisms which in numbers can reach 1011-1012 per 
gram (38); the number of microbes present in the gastrointestinal tract may be tenfold 
greater than the number of cells in the human body. The colonising bacteria have a far 
larger repertoire of degrading enzymes and metabolic capabilities than their host, and 
dietary changes may affect or interact with the microbial community and the metabolic 
outcome through several inter-related mechanisms. Firstly, the metabolism is regulated 
within each individual species of gut bacterium, and alternative substrates can give rise to 
different products as a result of fermentation via different metabolic routes. Secondly, the 
same substrate can be processed via different routes depending on the rate of supply or the 
physiology and environment of the bacterial cell (39, 40).  

The outcome of microbial fermentation of DFs is the production of a range of metabolites, 
including SCFA, gasses (CH4, CO2, and H2) and metabolic intermediates (pyruvate, lactate, 
succinate) (31). The three main SCFAs are acetate, propionate and butyrate, with 
production orders of acetate > propionate > butyrate. They are found in the highest 
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concentrations in the proximal colon where DF substrate availability is highest, with 
decreasing concentrations along the colon. Studies in animals have investigated the SCFA 
production in response to DF supplementation (41, 42), whereas human studies are often 
limited to faecal SCFA measurements. However, faecal SCFA represents the excreted 
fraction, and does not reflect the colonic availability, due to the significant absorption of 
SCFA and fluid from the colon. 

There is evidence from in vivo studies that sustained changes in the supply of specific non-
digestible carbohydrates may lead to shifts in the species composition of the colonic 
bacterial community with concomitant changes in the metabolic output (43). It should, 
however, be kept in mind that environmental factors (e.g. food intake, host genotype) and 
previous microbial colonisation events (e.g. way of delivery at birth, infant feeding, 
antibiotics treatment) continue to influence the microflora and hence the metabolic output 
of microbial fermentation (44). 

The produced SCFAs are rapidly metabolised in the colonic lumen. Some microbial species 
may use the SCFAs produced by other bacterial species as a substrate for growth and 
metabolism, a concept known as microbial cross-feeding (45). Any remaining SCFAs are 
absorbed by the colonic epithelial cells, thus contributing to host energy metabolism; the 
contribution to the daily human energy requirements is estimated to be around 10% (46). 
The SCFAs that escape the colonic metabolism can be measured in the portal vein and they 
are detectable in peripheral circulation after passage of the liver (47, 48). Acetate is mainly 
metabolised in the liver or in peripheral tissues such as muscle, heart, kidney, and brain, 
whereas propionate is cleared by the liver as a glucogenic substrate. Butyrate is the main 
energy source for the colonic epithelial cells, as well as a regulator of cell growth and 
differentiation, and has been extensively studied due to its potential anti-carcinogenic and 
anti-inflammatory properties (49). Besides their role in maintaining colonic health and 
host energy metabolism, SCFAs is also believed to be involved in regulation of glucose and 
lipid metabolism. An increased and prolonged absorption of SCFAs from the 
gastrointestinal tract provides a continuous energy supply for peripheral tissues, thus 
diminishing the need for glucose mobilisation in the post-absorptive phase (50). In 
addition, SCFAs has been shown to influence lipid metabolism by increasing lipogenesis 
and inhibiting fatty acid oxidation (51). 

The physiological effects of SCFA are found both locally in the colon and in peripheral 
tissues, and appear to influence host metabolism in a complex manner. Evidence suggests 
that SCFA modify host appetite and food intake by interacting with G-coupled protein 
receptors expressed by the enteroendocrine cells (52). This results in release of hormones 
implicated in satiety regulation, including glucagon-like peptide-1 (GLP-1) and peptide YY 
(PYY). 

On an intestinal level SCFAs and butyrate in particular, influence immune regulation, cell 
growth and differentiation, intestinal barrier function and motility, and inflammatory and 
oxidative status (53). The role of SCFA on an intestinal level is beyond the scope of this 
thesis, but it emphasises the importance of colonic fermentation on human health. 
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2.1.5. HEPATIC METABOLISM 

The liver is a key organ in metabolic homeostasis by regulating carbohydrate, lipid, amino 
acid, and cholesterol metabolism to meet whole body energy requirements and as an organ 
for detoxification. In the postprandial absorptive phase, the liver increases glycogen 
synthesis if glycogen storages have been utilised (glycogenesis). In the post-absorptive 
phase, glucose may be released from endogenous glucose stores (glycogenolysis) and 
glucose may be synthesised from non-glucose precursors like propionate and glucogenic 
amino acids via gluconeogenesis (54). 

The liver is involved in SCFA metabolism by using SCFAs both as energy source and as 
metabolic precursors in various pathways. Acetate is converted to acetyl-coenzyme A, 
which is a central metabolite in these biochemical reactions (Figure 5). Indeed, acetyl-
coenzyme A is a precursor for hepatic de novo lipogenesis and cholesterol synthesis (55), 
and it may directly enter the citric acid cycle as ketogenic energy. Butyrate can be 
converted into acetate, and from here enter citric acid cycle (Figure 5). In contrast to 
acetate and butyrate, propionate is a glucogenic precursor which enters the citric acid cycle 
via succinyl-CoA. In humans, propionate may inhibit cholesterol synthesis by inhibition of 
central genes in the mevalonate pathway (56). Hepatic exposure to increased SCFA 
concentrations may increase glucose oxidation, decrease fatty acid release and increase 
insulin clearance – all actions that potentially leads to enhanced insulin sensitivity (57). 

 

Figure 5. Basic catabolic pathways of carbohydrate and lipid metabolism in the liver. Glucogenic 
substrates are highlighted in green, and ketogenic substrates are highlighted in brown. HMG-CoA, β-
hydroxy-β-methylglutaryl-coenzyme A; TG, Triglyceride. Adapted from Blad et al, 2012. (58) and 
inspired by Kristensen and Wu, 2012 (54). 



15 
 

A limited number of studies are available on the fate of absorbed SCFA in vivo because of 
the difficulties in measuring hepatic fluxes; however, these reports provide valuable insight 
into SCFA absorption and hepatic flux with potential implications for peripheral tissues 
and health. 

Dietary lipids are absorbed by different mechanisms compared to water soluble 
compounds. Digestion of lipids takes place in the gut lumen, where bile acids synthesised 
by hepatocytes and secreted from the gall bladder facilitate lipid emulsification before 
lipase hydrolysis. Hydrolyzed lipids are absorbed by the enterocytes and packed into 
lipoprotein particles (chylomicrons) before being released by exocytosis into lymphatic 
vessels draining the small intestines. The lacteals merge to form larger lymphatic vessels 
that transport the absorbed lipids to the thoracic duct where it merges with the circulation 
at the subclavian vein (59). The lymphatic circulation thus bypasses the liver initially, and 
lipids enters the bloodstream approximately two hours after food intake (60). 

2.1.6. REGULATION AND METABOLISM IN PERIPHERAL TISSUE 

Diets rich in DF as either RS or AX have been associated with improved glucose 
homeostasis and improved insulin sensitivity in rodents and healthy human subjects (61, 
62), and may be claimed to be beneficial for patients with metabolic syndrome (63). Both 
RS and AX has been shown to be highly fermentable, resulting in a substantial increase in 
colonic SCFA production, and particularly butyrate (64). The beneficial effects of AX 
mainly in attenuating insulin secretion have been ascribed to the effects of the soluble 
fraction on viscosity and fermentation, whereas DF such as RS has been suggested to play 
a role by affecting adipose tissues (65). A high DF intake has also been proposed to affect 
secretion if the incretin hormones glucose-dependent insulinotropic peptide (GIP) and 
GLP-1 (66), which are secreted from intestinal K and L cells in the upper gastrointestinal 
tract in response to increased blood glucose levels, and potentiate glucose-stimulated 
insulin secretion (67). 

2.2. PIGS AS MODEL FOR HUMAN NUTRITIONAL STUDIES 

To elucidate the effects of a dietary intervention in disease prevention and human health 
improvement, it is of interest to determine the nature and distribution of potentially 
beneficial compounds and metabolites, and to investigate the extent of degradation and 
absorption in an in vivo context. Therefore, it can be useful to get access to various 
compartments along the gastrointestinal tract. However, due to ethical considerations, 
such studies using human subjects are limited. Animal models provide researchers with a 
suitable alternative to study the underlying physiological, biochemical, and molecular 
mechanisms in response to a challenge or intervention in an in vivo context. This is often 
done by more invasive techniques than what is possible in humans by using catheterisation 
and cannulation in living animals, or euthanasia prior to sample collection from different 
gastrointestinal compartments at slaughter. 

Domesticated pigs (Sus Scrofa) are often used in human nutritional and biomedical 
research for studying pathophysiology and the metabolic responses to a nutritional 
intervention. The rationality for choosing the porcine model for human nutrient 
absorption and metabolism studies is owing to the physiological, anatomical and digestive 
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similarities compared with humans (68). Pigs are single-stomach omnivores with similar 
nutritional requirements and absorption processes to that of humans. Although some 
gastrointestinal anatomical differences exists, pigs and humans have overall similar 
physiology and metabolism of digestive processes, as well as comparable gastrointestinal 
transit time (69). Overall, the length of the porcine gastrointestinal tract is longer than in 
humans; however, after correction for total body weight, pigs and humans are very similar. 
Importantly, both pigs and humans extract usable energy generated by the microbiota 
through fibre fermentation (69). The physical and biochemical blood profiles from human 
and porcine fasting samples are generally similar with regards to blood gas, plasma 
hormones levels, and arterial plasma electrolytes and metabolites (70). In human studies, 
social and dietary habits may confound interpretation of the results of a dietary 
intervention. In pigs, however, housing and feeding is easily controlled, thereby limiting 
the effects of social and dietary habits. Furthermore, and as a result of the high degree of 
breeding, domesticated pigs have a similar genetic background, making the genetic 
variation less profound compared to humans (71), although inter-individual variations do 
exist (72). 

Various porcine animal models exist depending on the purpose of the study. Miniature pig 
breeds, such as Yucatan, Göttingen, and Ossabow pigs, are extensively used as models for 
obesity and cardiovascular disease because of their smaller size at mature weight and 
hence their ease of housing and feeding compared to domesticated pigs (73). The genetic 
background of Ossabow pigs makes them particularly excellent models for metabolic 
syndrome and insulin resistance, as they exhibit three or more signs of metabolic 
syndrome in response to an atherogenic diet (74). However, because these porcine models 
are short in supply and considerably more expensive to purchase, domesticated pigs are 
often used instead, although domesticated pigs have shown to be resistant towards hepatic 
lipid accumulation and development of insulin resistance (75). 

2.2.1. MULTI-CATHETERISED PIG MODEL 

Multi-catheterised pigs are used in quantitative studies of the net flux of water soluble 
nutrients, microbial fermentation products and secreted hormones in response to dietary 
treatment. Permanent catheters in the blood vessels allow simultaneous blood sampling 
from mesenteric arteries, and portal and hepatic venous blood in a conscious animal fed at 
normal levels (76). A flow probe around the portal vein enables measurements of the 
portal blood flow (Figure 6). 
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Figure 6. Schematic representation of the multi-catheterised pig model. Adapted from Bach Knudsen 
et al., 2003 (77). 

Portal concentrations represent metabolites absorbed from the gastrointestinal tract after 
epithelial utilization and microbial cross-feeding, and represent the majority of nutrients 
available for hepatic metabolism. Net hepatic flux represent the amount of nutrients being 
taken up (or released) before net absorbed nutrients are circulated to peripheral 
circulation. Thus, arterial plasma concentrations represent nutrients circulated to all 
tissues within the body, including e.g. the gastrointestinal tract prior to nutrient uptake. 
The concentrations differences across an organ, either the gastrointestinal tract (portal-
arterial difference) or the liver (hepatic vein – portal vein difference) represent the 
metabolic turnover or flux across the organ in question. Due to the fact that the pancreatic 
duct drains directly into the portal vein, pancreatic hormone secretions can also be 
quantified using porto-arterial concentration differences (78). Simultaneous portal blood 
flow measurements allow quantification of the net portal flux (NPF) according to Fick’s 
principle stated as described by the equation below (77): 

NPF = (cp – ca) × F(dt),   

Here, NPF denote the amount of net portal absorbed metabolites or secreted hormones 
within the time period dt. The concentration in the portal vein and the mesenteric artery is 
given by cp and ca, respectively, and F is the plasma flow in the portal vein. Plasma flow 
was calculated using portal blood flow measurements and haematocrit values determined 
from first and last portal blood sample collected on sampling days. 

The net hepatic flux (NHF) is calculated as: 

NHF = hepatic plasma flow × ch – [(portal plasma flow × cp) + (arterial plasma flow × ca)] 
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Here, ch denotes the hepatic concentration, and cp and ca are defined as above. Hepatic 
plasma flow was estimated as portal plasma flow/0.86 from Kristensen et al. (79), and 
arterial plasma flow calculated as hepatic plasma flow – portal plasma flow. 

2.2.2. INTACT PIG MODEL 

While catheterised pigs are valuable models for acute studies of nutrient absorption 
kinetics in blood, intact pigs are used in studies of medium- to long-term metabolic effects 
in the gastrointestinal tract. The gastrointestinal microbial community contributes 
significantly to modulations of host metabolism and health (40), and can be modified 
through dietary interventions (30). However, the protective effects of an increased DF 
intake may take a long time to develop. Therefore, to study the impact of specific 
metabolites, studies of longer duration using intact animals are necessary. As described 
above, the similar physiology and anatomy combined with more invasive techniques than 
possible in humans, makes the pig a good model for studies at a gastrointestinal level. 

2.3. UNTARGETED LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-
MS) BASED METABOLOMICS 

Metabolomics is the study of the global metabolome profile, i.e. the study of all low 
molecular weight metabolites found in a biological system or sample simultaneously, such 
as cells, biofluids, or tissues (80). When working with dietary interventions, changes in gut 
microbial metabolites and biomarkers are reflected in the metabolome (81). The objective 
with metabolomics is to study the profile of all metabolites present in the sample and 
assess the differences or a specific metabolic response in groups caused by different 
internal or external factors (82). Metabolic alterations can be caused by disease, genetic 
features, or nutritional factors, and metabolic profiling provide valuable biological 
information since metabolites are often the end product of specific exogenous and 
endogenous factors (83). 

The research objective determines the analytical strategy; the analytical approach can be 
either targeted or non-targeted. Non-targeted metabolomics is often used to identify 
potential biomarkers by describing all metabolites, including the unknown, in a sample 
and is as such hypothesis-free or hypothesis-generating. In comparison, targeted 
metabolomics is used for testing hypothesis when quantifying a defined class of 
metabolites by use of reference standards (84). Commonly used analytical platforms for 
metabolomics are nuclear magnetic resonance (NMR) and chromatographic techniques 
coupled with mass spectrometry (MS), including liquid chromatography (LC-MS) and gas 
chromatography (GC-MS) (82). The sensitivity of LC-based techniques is high, as well as 
suitable for a broad range of metabolites, and the use of LC-MS metabolomics in 
nutritional research is increasing due to the wide range of applications. It should however 
be kept in mind that the use of a single analytical approach does not necessarily provide a 
full metabolic profile. Similarly, no single extraction or solubilisation procedure can be 
used for all metabolites, because conditions that stabilise one type of compound may 
destroy other types or interfere with their analysis. Therefore, optimal coverage may best 
be obtained by the use of multiple and complementary platforms. A generalised non-
targeted metabolomics workflow is outlined in Figure 7, and includes study design, 
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sample preparation, data acquisition and pre-processing, followed by statistical data 
analysis and biomarker identification. LC-MS is highly sensitive and applicable for 
measurements of a wide range of metabolites in various biological origins, which is one of 
the reasons why LC-MS is the method used in this thesis. 

 

Figure 7. Outline of the metabolomics workflow using liquid chromatography-mass spectrometry (LC-
MS) as the analytical platform for sample analysis. HMDB, Human Metabolome Database; KEGG, 
Kyoto Encyclopedia of Genes and Genomes. 

In liquid chromatography, metabolites in a liquefied sample are separated on a stationary 
phase based on different properties such as polarity or affinity. By passing a gradient of 
eluents over the column, the metabolites are eluted at different time points and passed on 
to a mass spectrometer. In the mass spectrometer the molecules are ionized, and the mass-
to-charge (m/z) ratio of the metabolites is determined. Further information about the 
chemical structure of metabolites can be obtained by tandem mass spectrometry (MS/MS) 
depending on the experimental conditions and available equipment. 

Metabolomics analysis has a broad applicability, and can be used on a number of different 
types of samples. In most human studies samples are collected from easily accessible 
compartments, such as blood, urine, and faeces. However, as knowledge of the 
gastrointestinal contributions to human health and disease is improving, content and 
tissue samples from the gastrointestinal tract are also being analysed by metabolomics (85, 
86). 

Metabolomics studies are characterised by the generation of vast amounts of data, making 
the statistical analysis an important step in a metabolomics study. After data analysis, 
samples are pre-processed to align and extract a matrix of samples and features with the 
mass to charge ratio, retention time, and intensities from individual variables/metabolites 
(87). The pre-processing steps include peak detection and deconvolution, chromatographic 
alignments, retention time normalisation and internal standard normalisation, gap-filling, 
and filtering. After pre-processing, multivariate analyses are used to reduce the complexity 
of the data sets and to identify potential underlying shared patterns. The most commonly 
used statistical methods are principal components analysis (PCA) for one-block data sets, 
and partial least squares regression (PLSR) for modelling two-block data sets (88). Both 
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approaches detect common variation pattern between the samples and the variables, and 
visualise the similarities among different groups as clustering of these samples. 
Simultaneous collection of data from parallel compartments results in a multi-block data 
set with data from different compartments from the same individual. Statistical methods 
are therefore developed to handle complex data sets, and to integrate data from multiple 
compartments or blocks in the same statistical analysis. Such multi-block multivariate data 
analysis permits analysis of the variation within thousands of variables, uncovering 
underlying patterns and enabling interpretation of multi-block data sets in a “systems-
biology” context. The use of multi-block analysis is in its early stages; however, papers have 
been published using these methods (89, 90). 

Metabolite identification is an essential part, and currently the major bottle-neck in non-
targeted metabolomics experiments. Because of rapid technical advances and high-
through-put techniques, as well as the complexity of the non-targeted metabolomics 
approach, metabolite databases are not comprehensive. Therefore, elucidation of 
metabolite structure can be difficult, and not all metabolites can be identified. 

Nutritional interventions may result in subtle perturbation in homeostasis, requiring 
sensitive methods for detecting the nutritional effects. Given the importance of 
investigating the effects of dietary interventions in nutritional research, the use of 
metabolomics in food science and nutrition research is highly attractive, despite some of 
the limitations. As metabolite databases expand, and data extraction and analytical 
methods improves, metabolomics will contribute with significant new knowledge to the 
study of health and disease in humans, and identify novel, potentially health-beneficial, 
bioactive compounds for treatment of diseases such as obesity, T2DM, and CVD (91). 
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3. AIM AND HYPOTHESIS 

The overall aim of the current study was to investigate the effects of increased short-chain 
fatty acids, butyrate in particular, brought about by specific prebiotics on the metabolic 
responses using porcine models. A catheterised pig model was used to study the kinetics of 
net absorption and the net hepatic metabolism postprandially, whereas an intact pig model 
was used to study medium-term consequences of the dietary intervention. 

The objectives with the studies were to investigate whether dietary supplementation of a 
typical western style diet with prebiotics such as RS and AX could provide additional 
insight into the health beneficial effects of DF and the underlying mechanisms behind 
improved glucose homeostasis and insulin secretion, as well as the hepatic response to 
high-fat or high-fat/high-DF diets. The hypothesis was that the production and absorption 
of SCFAs could be enhanced by replacing digestible carbohydrates by DF in the form of RS 
and AX, and that this increase would affect the regulation of hormones and peptides 
involved in glucose homeostasis. It was also hypothesised that SCFAs and especially 
butyrate could be implicated in lowering postprandial insulin response. Two series of 
animal experiments were conducted to explore these hypotheses. 

In the first study, pigs were surgically fitted with permanent catheters in the mesenteric 
artery, and in the portal and hepatic veins. This allowed studies of the quantitative 
absorption of glucose, SCFAs, the apparent insulin secretion, and incretin secretions. The 
specific objectives were: 

i. to quantify the net absorption of glucose, and SCFA, and secretion of hormones 
related to glucose and insulin regulation (Paper I, Chapter 7) 

ii. to study the implication of enhanced SCFA and butyrate production on hepatic 
nutrient and insulin fluxes, and to quantify the net hepatic metabolism to evaluate 
and quantify metabolites that were transferred to peripheral circulation (Paper II, 
Chapter 8) 

In the second study, intact pigs in a parallel design were fed one of the three experimental 
diets for three weeks to study the medium-term effects of increased SCFA and butyrate 
production on colonic metabolism, urinary metabolite profile and fasting plasma samples. 
The specific objective was: 

i. to study the implications of an increased DF on the metabolic profiles in the 
gastrointestinal tract, and in absorbed and excreted metabolites using a non-
targeted LC-MS approach (Paper III, Chapter 9) 

Unsupervised and supervised multivariate analyses were used in this explorative study to 
potentially detect biomarkers for consumption of the experimental diets.  
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4. MATERIALS AND METHODS OVERVIEW 

4.1. EXPERIMENTAL DIETS 

Three experimental diets were formulated to provide equal amounts of energy from 
carbohydrates, protein and fat, but having different contents and sources of DF. The WSD 
diet was high in saturated fat, protein and refined carbohydrates, and low in DF to mimic a 
typical diet of many people in affluent countries. The WSD diet was based on white wheat 
flour (57%) with a low DF content (7.2% of dry matter). The sources of DF were RS and 
AX, which were chosen because of their butyrate-stimulating properties, their ease of 
incorporation into human diets, their comparability to DF sources used in human 
intervention studies in the same project frame, and to mimic the complexity of human 
diets. The diet with added resistant starch (RSD) was based on the WSD diet, with a 
fraction of the white wheat flour being substituted with type 2 resistant starches (RS2) 
from high amylose maize (HAM-RS2; HI-MAIZE260®, Ingredion Incorporated, 
Bridgewater, NJ, USA) and raw potato starch (KMC, Brande, Denmark). Heating affects 
the RS-structure of raw potato starch, making it less resistant, which is why it only 
constitutes a minor fraction, whereas HAM-RS2 is resistant to cooking. HAM-RS2 is a high 
amylose corn starch, containing ~75% amylose and ~25% amylopectin (33). The AX-
enriched diet (AXD) was based on commercially available rye flakes (Lantmännen 
Cerealia, Vejle, Denmark) and enzyme treated wheat bran (DuPont Industrial Biosciences, 
Brabrand, Denmark). Enzymatic treatment of wheat bran with xylanases and cellulases 
was used to increase the proportion of AX oligosaccharides (AXOS) prior to incorporation 
into the diets. An increased AXOS content has been shown to stimulate intestinal butyrate 
production compared with regular, non-enzymatically treated wheat bran in human 
subjects (92). Total DF content of the RSD and AXD diets were 18.6% and 19.6%, 
respectively, compared to 7.2% in the WSD. The experimental diets were fed to the pigs 
three times a day at 9.00, 14.00, and 19.00 to mimic a typical human meal pattern. Each 
meal constituted 33.3% of the total daily ration. 

4.2. SHORT-TERM METABOLIC EFFECTS OF INCREASED DIETARY FIBRE INTAKE 

Six female pigs (crossbreeds of Duroc × Danish landrace × Yorkshire) with an initial 
bodyweight of 58.8 (SEM 1.6) kg were surgically fitted with permanent catheters in the 
mesenteric artery, and in the portal and hepatic veins. A flow probe was implanted around 
the portal vein for portal blood flow measurements. The surgical procedure is described in 
detail in Jorgensen et al. (76). After a 6-9 days recovery period, the pigs were included in a 
21 day experimental period with three consecutive experimental weeks. In each 
experimental week, the pigs were fed one of the experimental diets for 6 days, before blood 
samples were collected on day 7. On sampling days, pigs were fed 200 g of available 
carbohydrates, regardless of diet, and during the day a fresh faecal sample was collected. 
The catheterised pigs were fed approximately at 80% of their expected ad libitum intake to 
avoid feed residues. Portal blood flow measures and plasma were collected at -15, 15, 30, 
45, 60, 90, 120, 180, 240 and 300 min postprandial (Figure 8). 
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Figure 8. Study design of the experiments with multi-catheterised pigs. a) Six multi-catheterised pigs 
were included in a repeated 3 × 3 cross over design. b) Time profile of the blood sampling on day 7 of 
the test week. The experimental diets were WSD, Western-style diet; RSD, resistant starch-enriched 
diet; AXD, arabinoxylan-enriched diet. 

Portal, hepatic, and arterial plasma were analysed for glucose, insulin, lactate, total and 
individual SCFAs, triglycerides, total cholesterol, LDL, and HDL. In addition, portal and 
arterial plasma samples were analysed for C-peptide, GIP, GLP-1, and PYY, and fasting 
arterial samples were analysed for NEFA. Net portal and hepatic fluxes of metabolites were 
calculated as described in section 1.2.1. Furthermore, faecal samples collected on sampling 
days were analysed for SCFA to investigate the impact of colonic fermentation and SCFA 
production to characterise the short-term metabolic response. 

4.3. MEDIUM-TERM METABOLIC EFFECTS OF INCREASED DIETARY FIBRE 
INTAKE 

In a parallel study, a total of 30 pigs (crossbreeds of Duroc × Danish landrace × Yorkshire) 
with an initial bodyweight of 63.1 (SEM 4.4) kg were fed one of the experimental diets for 
an experimental period of three weeks. The pigs were randomly allocated to one of two 
blocks, with five animals per treatment in each block. Peripheral fasting blood samples 
were collected by jugular vein puncture 4-5 days before slaughter from each pig for 
biochemical and metabolomics analyses. On the day of slaughtering, the amount of feed 
fed to the pigs 1.5 hour before slaughter was adjusted to provide 300 g of available 
carbohydrates, regardless of diet, in order to secure as much consistency as possible with 
the catheterised pigs. Pigs were stunned using a captive bolt pistol and bled, before 
opening of the abdominal cavity and collection of samples. Liver tissue samples were 
collected from the large middle lobe of the liver for gene expression analysis by real-time 
reverse transcriptase-polymerase chain reaction. Bladder urine, and digesta and tissue 
samples from caecum and the upper third of the colon were collected. Plasma, urine, 
digesta, and tissue samples were subjected to LC-MS metabolomics using reverse phase 
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chromatography, to investigate alterations in gastrointestinal metabolite patterns in 
response to a high DF intake, and identify potential biomarkers for a low dietary fibre 
intake, and consumption of resistant starch and whole grain rye. 

4.4. METABOLOMICS PLATFORM 

The combination of liquid chromatography (LC) and mass spectrometry (MS) takes 
advantage of the separation of liquefied samples based on different properties by LC, 
before detection by MS. In the present thesis, ultra high performance liquid 
chromatography – mass spectrometry (UHPLC-MS) was used. The advantage of UHPLC is 
a high speed, improved chromatographic resolution, and improved sensitivity in 
compound separation compared to conventional HPLC. Metabolites in liquid solution were 
separated based on their hydrophobic properties on a C18 column, before ionisation by 
electrospray-ionisation (ESI), which vaporises the metabolites before introducing the 
sample to a time-of-flight (TOF)-MS for determination of the accurate mass-to-charge 
ratio of each metabolite. Metabolite fragmentation by tandem mass spectrometry 
(MS/MS) can be used to obtain further information about the chemical structure of 
specific metabolites. 

4.5. STATISTICAL ANALYSES 

4.5.1. UNIVARIATE DATA ANALYSIS 

A linear mixed model approach was applied for analysing the effects of diet, time, and the 
diet × time interaction on the plasma metabolites over time (Paper I and Paper II). 

Univariate significance tests (Welch two-sample t-test) were used to identify statistically 
significant differences between mean intensities of a given metabolite in one class 
compared to the same metabolite in another class. The significance threshold was set at P 
< 0.05 (Paper III). To correct for multiple comparisons, false discovery rate (FDR) q values 
were calculated with significance threshold at q < 0.25. 

4.5.2. MULTIVARIATE DATA ANALYSIS 

Multivariate analyses aim at reducing the dimensionality of the data matrix and provide a 
visual overview of the underlying discriminating patterns in the data sets. This was 
obtained using PCA, which is an explorative and unsupervised approach, and sparse multi-
block partial least squares regression (MBPLSR), which is a supervised method (Paper III). 
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5. METHODOLOGICAL CONSIDERATIONS 

5.1. STUDIES OF SCFA PRODUCTION AND NET FLUX IN VIVO 

Due to simplicity, the effects of SCFAs on metabolism have mostly been studied using in 
vitro methods in isolated colonic endothelial or hepatocyte cell lines (56, 93), or with 
faecal inocula incubation (94). These experimental methodologies do, however, hold a 
number of limitations compared to an in vivo approach, such as simplifications of the 
complexity of the colonic microbial community and they do not account for the dynamics 
of SCFA absorption in the intestinal epithelium and cannot be used for quantitative 
measurements of SCFA fluxes, thus blurring direct translation from in vitro to in vivo 
systems. 

Pigs are commonly used as a model for human nutritional studies due to the comparable 
physiology and similar nutritional requirements as humans (see also paragraph 7.2.). 
Importantly, surgical models (e.g. catheterisation and cannulation) not possible in humans 
because of ethical considerations can be applied in pigs, and dietary intake can be 
controlled in pigs before and during the intervention period, compared to humans on 
habitual diets. Furthermore, the catheterised pig model has the advantage of enabling 
repeated collections of plasma samples from the portal and hepatic vein, making it possible 
to study e.g. postprandial profiles. Others have used rodents to study the physiological 
metabolism of SCFAs in vivo. Rodents have the advantage of their broad availability, 
smaller size and price, and a number of rodent models exist for various human ailments 
(e.g. type-2 diabetes). However, their disadvantages as models for human nutritional 
studies include metabolic and physiological differences; they are not meal eaters, they have 
a larger caecum relative to total body weight, and features of rodent digestion (e.g. 
coprophagy) which affect SCFA production (31). Therefore, pigs were used as models for 
human nutrition studies in the present thesis. 

Although pigs are good models for human nutritional studies, they also have limitations. 
Some anatomical and physiological differences between pigs and humans are important in 
relation to the use of porcine models for studies in SCFA production and postprandial 
responses. Pigs have larger caecum compared to humans and the absolute length and 
weight of the intestines differ between pigs and humans (68). However, after adjusting for 
total body weight, pigs and humans are alike. Pigs have different insulin sensitivities than 
humans (95), and have been shown to be resistant to developing insulin resistance (73). 
Furthermore, the pigs used in the present study were healthy, lean, growing gilts, whereas 
the target group is overweight subjects with features of the metabolic syndrome. Feeding 
domesticated pigs excess amounts of lard and cholesterol can induce atherosclerosis over 
time, but without some of the clinical markers of metabolic syndrome (96). Therefore, 
results from studies using domesticated pigs may not be directly transferable to e.g. 
subjects with metabolic syndrome because of differences in physiological states and 
metabolic status. 

Studies on gastrointestinal and hepatic SCFA fluxes have been performed in subjects who 
have undergone surgery (97, 98). Since the subjects in these studies have undergone 
gastrointestinal surgery due to different ailments, they may not have ‘normal’ digestion 
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which may have affected the results. Indirect measurements (e.g. faecal SCFA 
determinations, faecal inocula, and breath H2) have been used to estimate human SCFA 
production (46, 94); however, microbial cross-feeding and extensive colonic metabolism 
limits the applicability of faecal measurements to determine SCFA excretion rates, and 
breath H2 is not indicative of SCFA production. 

Healthy human subjects have also been used to estimate SCFA production rates, but only 
using indirect measurements (99). Human portal and peripheral SCFA have been 
measured in sudden death victims (48). Significant differences in genetic background and 
habitual diets (typically high in meat and fats) may affect metabolic responses and mask 
the effect of a dietary intervention. In addition, human subjects who are considering 
entering an intervention study aiming at improving health parameters have turned out to 
be easily influenced after attending information meetings. Subjects learning about the 
health benefits of specific dietary components may be swayed to change their habitual 
diets towards an e.g. more healthy diet, thus minimizing the differences between the 
control and experimental diets. Furthermore, the habitual diet of humans is more varied 
than that of pigs, including a higher consumption of meat and fat. Cross-over study designs 
are often used for intervention studies, because test subjects becomes their own control; 
however, this doubles the duration of the intervention period, often resulting in a high 
drop-out rate in human intervention studies. 

5.2. METABOLOMICS 

In this thesis, non-targeted multicompartmental metabolomics was performed to assess 
the effects of increased DF on the metabolic profiles in the gastrointestinal tract, and the 
absorbed and excreted metabolites. The purpose was to obtain a better understanding of 
the metabolic responses to the given intervention by looking at the responses in the 
different compartments. However, a number of parameters in the LC-MS analysis could be 
changed and/or optimised in the present study. A reverse-phase C18 column was used for 
separating metabolites based on their hydrophobicity. Other separation techniques are 
available, such as hydrophilic interaction chromatography (HILIC) columns, which 
efficiently separates smaller, hydrophilic compounds, and hence would result in other 
metabolic profiles. The sample preparation procedures for plasma and intestinal content 
included the use of a highly hydrophilic solvent (10% acetonitrile). Changing to another 
solvent such as methanol could have affected the extracted metabolite profile. Different 
solvents (acetonitrile, methanol, and isopropyl alcohol) in different concentrations (10-
40%) were tested for the solubilisation of gastrointestinal content and overall a 10% 
acetonitrile concentration followed by protein precipitation, resulted in the best extraction 
of the metabolites. The same method was used for all samples to ensure that the 
metabolites from different compartments selected by the multivariate analyses could be 
compared. 

Prior to statistical multivariate analysis, the choice of data scaling needs to be considered, 
as several forms of scaling exist. Each scaling method enhances different features in the 
data and the choice of scaling therefore depends on the biological question of the 
experiment. Auto scaling and pareto scaling are two commonly used scaling forms. Auto 
scaling has the advantage of giving equal contribution to all metabolites in the statistical 
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model which enhances the chance to detect metabolites of low intensity. Pareto scaling 
gives a data set where the variance differs between variables, but the range of variance 
across each spectrum is preserved from the original data set (100). This method has the 
advantage of enhancing the contribution from metabolites of medium intensity, without 
inflating the baseline noise from areas in the spectrum with no or few peaks (101). Both 
scaling approaches were tested, but in general it seemed that auto scaling had a tendency 
towards detection of irrelevant peaks that did not represent actual metabolites in the 
samples, thus obscuring the biological interpretation. Therefore, pareto scaling was used in 
these studies. 

In addition to traditional multivariate analysis, data was analysed using novel sparse 
MBPLSR techniques (102), aiming at detecting nutritionally induced changes across 
different compartments. However, this approach gave rise to some considerations. The 
sparse MBPLSR analysis involved two separate scaling steps; the first was block-scaling, 
usually used to set all blocks in the same footing (103), i.e. giving the number of variables 
the same contribution to the final model, so that metabolites from a certain block or 
compartment will not dominate the sparse MBPLSR (90). In the present study, including 
block scaling caused metabolites from the compartments with few metabolites (tissues and 
plasma) to dominate the sparse MBPLSR. Because the suggested metabolites were close to 
the detection limit and did not always represent reliable metabolites, and since the 
biological interpretation of this was very limited, block scaling was omitted from the sparse 
MBPLSR. 

Metabolite identification was challenging, because many metabolites in especially samples 
from caecal and colonic digesta are not yet described in the available databases. 
Identification is further complicated by the complexity of the experimental diets and 
microbial composition and interactions. Furthermore, identification of metabolites may be 
confounded by the presence of isomers and enantiomers, requiring development of specific 
chromatographic methods. Identification relies on comparisons of retention time, accurate 
masses, and MS/MS fragmentation patterns with authentic standards (87). However, such 
standards may not always be available, thus further complicating metabolite 
identifications. 

In summary, the advantage of non-targeted metabolomics is the detection of perturbation 
of numerous metabolites at a given moment, which is a useful approach in nutrition 
research; however, the limitations and aspects described above must be taken into account. 
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6. BRIEF SUMMARY OF PAPERS AND MANUSCRIPTS INCLUDED IN THE 

THESIS 

6.1. PAPER I 

Resistant starch and arabinoxylan augment SCFA absorption, but affect 

postprandial glucose and insulin responses differently. Anne Krog Ingerslev, 
Peter Kappel Theil, Mette Skou Hedemann, Helle Nygaard Lærke, Knud Erik Bach 
Knudsen. Br. J. Nutr. 2014; 111 (9): 1564-76 doi: 10.1017/S0007114513004066. 

Reprinted with permission from British Journal of Nutrition, Cambridge Journals. 
Copyright 2014. The original publication is available at: 

http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=9224539&fi
leId=S0007114513004066 

The objective of this study was to quantify and study the kinetics of the acute metabolic 
response to diets with a high DF content from two different sources (AXD and RSD) 
compared to a Western-style diet (WSD) in a multi-catheterised pig model. The hypothesis 
was that increased DF consumption and hence increased colonic fermentation would affect 
the net portal flux of glucose, insulin, SCFA and incretin hormones. 

Pigs were fed test meals providing 200 g of digestible carbohydrates, regardless of diet, to 
allow comparison of the short-term postprandial responses. Portal blood flow 
measurements and plasma samples were collected at different time points 5 hours 
postprandial. Plasma samples were analysed using suitable biochemical commercial assays 
and in-house developed methods. Net portal fluxes were calculated using Fick’s principle. 

Both high-fibre diets increased SCFA absorption, but to a different extent, with the AXD 
being most efficient in stimulating SCFA production and absorption, and RSD being 
intermediate, compared to the WSD. Postprandial glucose and insulin fluxes were affected 
differently by the sources of DF. Relative to the WSD, net glucose absorption was delayed 
and prolonged in RSD-fed pigs, but insulin secretion was not affected, whereas AXD-
feeding reduced insulin secretion and fasting arterial NEFA levels, net glucose absorption 
was, however, not altered. Hepatic clearance of propionate and butyrate was high (80-
95%) and intermediate for acetate (~40%), irrespective of diet. No effects of dietary 
treatments were found on the incretin hormones.  
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6.2. PAPER II 
The porcine liver increase hepatic insulin clearance, triglyceride and 

cholesterol uptake in response to high dietary fat and high ketogenic load 

from short-chain fatty acids. Anne Krog Ingerslev, Helle Nygaard Lærke, Mette Skou 
Hedemann, Knud Erik Bach Knudsen, Peter Kappel Theil 

In preparation for submission to American Journal of Physiology - Gastrointestinal and 
Liver Physiology. 

The objective of this study was to assess the effects of altered net SCFA absorption on 
hepatic metabolism in a multi-catheterised pig model fed a high-fat diet with differing 
source and level of DF (WSD, RSD, and AXD). The hypothesis was that an increased SCFA 
absorption from the gastrointestinal tract would alleviate the unfavourable effects of high 
dietary fat due to altered hepatic metabolism. 

Plasma samples from the mesenteric artery, portal and hepatic vein from the multi-
catheterised pigs were analysed for glucose, insulin, lactate, total cholesterol, LDL, HDL, 
and triglycerides using suitable biochemical commercial assays. Liver tissue samples from 
30 slaughtered pigs fed the experimental diets (10 on each diet) for three consecutive 
weeks were analysed by real-time reverse transcriptase-polymerase chain reaction. The net 
portal and hepatic flux was calculated. 

In this study, pigs fed the high-DF diets had a higher hepatic insulin clearance compared to 
the WSD-fed pigs, whereas consumption of WSD increased arterial cholesterol levels. A net 
hepatic uptake was observed for all SCFAs, with the highest hepatic uptake in AXD-fed 
pigs. In addition, supplementation with DF increased hepatic mRNA expression of key 
genes within the cholesterol synthesis pathway.  
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6.3. PAPER III 

A diet rich in arabinoxylan increases gastrointestinal content of sulfate 

conjugated oxylipins and urinary excretion of phenolic compounds in pigs – 

a multicompartmental metabolomics study. Anne Krog Ingerslev, Ibrahim 
Karaman, Murat Bağcıoğlu, Achim Kohler, Peter Kappel Theil, Knud Erik Bach Knudsen 
and Mette Skou Hedemann 

Submitted to Journal of Proteome Research, ACS Publications January 18, 2015. 

Reprinted with permission from Journal of Proteome Research. Unpublished work, 
copyright 2015, American Chemical Society. 

The objective of this study was to investigate the implications of increased DF 
consumption on the metabolic profiles in the gastrointestinal tract, and the absorbed and 
excreted metabolites using a non-targeted and hypothesis-generating metabolomics 
approach. 

Thirty intact pigs were fed the experimental diets (10 on each diet) for three consecutive 
weeks, and a peripheral fasting plasma sample was collected 4-5 days before slaughtering. 
At the end of the intervention period, the pigs were slaughtered and samples collected 
from diets, caecum and colon contents and tissues, and urine. Samples were analysed 
using non-targeted LC-MS based metabolomics with a reverse-phase C18-column, which 
efficiently separates hydrophobic compounds. Metabolomics data was subjected to 
unsupervised PCA and supervised sparse multi-block partial least squares regression 
(MBPLSR) analyses. 

The results showed that the dietary intervention significantly affected the metabolic 
profiles in gastrointestinal content and urine, whereas no discrimination was found in gut 
tissues and fasting peripheral plasma samples. Feeding pigs the AXD increased the levels 
of novel sulphate- and acetic acid conjugated oxylipins in caecum and colon content, and 
the urinary secretion of phenolic compounds. In addition, the multi-block analysis 
detected potential gastrointestinal and urinary biomarkers for consumption of resistant 
starch, whole grain rye, and low DF intake. 

The use of a metabolomics approach on gastrointestinal content identified novel microbial 
fermentation intermediates or metabolites in the gastrointestinal tract. Furthermore, 
multicompartmental metabolomics made it possible to follow the fate of specific 
metabolites, thus offering additional insight into the impact of the dietary intervention on 
in vivo responses.  
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             k 

 

Resistant starch and arabinoxylan augment SCFA absorption, but affect 

postprandial glucose and insulin responses differently 

 

             k 

 

Anne Krog Ingerslev, Peter Kappel Theil, Mette Skou Hedemann, Helle Nygaard Lærke, and 

Knud Erik Bach Knudsen 

Reprinted with permission from British Journal of Nutrition, Cambridge Journals. 
Copyright 2014. The original publication is available at: 

http://journals.cambridge.org/action/displayAbstract?fromPage=online&aid=9224539&fi

leId=S0007114513004066  



Resistant starch and arabinoxylan augment SCFA absorption, but affect
postprandial glucose and insulin responses differently

Anne Krog Ingerslev*, Peter Kappel Theil, Mette Skou Hedemann, Helle Nygaard Lærke and
Knud Erik Bach Knudsen

Department of Animal Science, Aarhus University, Blichers Allé 20, Tjele DK-8830, Denmark

(Submitted 17 July 2013 – Final revision received 18 November 2013 – Accepted 20 November 2013 – First published online 10 February 2014)

Abstract

The effects of increased colonic fermentation of dietary fibres (DF) on the net portal flux (NPF) of carbohydrate-derived metabolites (glucose,

SCFA and, especially, butyrate), hormones (insulin, C-peptide, glucagon-like peptide 1 and glucose-dependent insulinotropic peptide) and

NEFA were studied in a healthy catheterised pig model. A total of six pigs weighing 59 (SEM 1·6) kg were fitted with catheters in the mesenteric

artery and in the portal and hepatic veins, and a flow probe around the portal vein, and included in a double 3 £ 3 cross-over design with three

daily feedings (at 09.00, 14.00 and 19.00 hours). Fasting and 5 h postprandial blood samples were collected after 7 d adaptation to each diet.

The pigs were fed a low-DF Western-style control diet (WSD) and two high-DF diets (an arabinoxylan-enriched diet (AXD) and a resistant

starch-enriched diet (RSD)). The NPF of insulin was lower (P¼0·04) in AXD-fed pigs (4·6 nmol/h) than in RSD-fed pigs (10·5 nmol/h), despite

the lowest NPF of glucose being observed in RSD-fed pigs (203 mmol/h, P¼0·02). The NPF of total SCFA, acetate, propionate and butyrate

were high, intermediate and low (P,0·01) in AXD-, RSD- and WSD-fed pigs, respectively, with the largest relative increase being observed

for butyrate in response to arabinoxylan supplementation. In conclusion, the RSD and AXD had different effects on the NPF of insulin and

glucose, suggesting different impacts of arabinoxylan and resistant starch on human health.

Key words: Dietary fibres: Insulin: SCFA: Porto-arterial catheterised pigs

Dietary macronutrient composition has implications for human

health, and excess intake of nutrients in combination with a

sedentary lifestyle increases the incidence of overweight and

obesity(1,2). Obese subjects have an augmented risk of

developing type 2 diabetes and CVD, and this has led to an

increased awareness on the prevention and treatment of

obesity(3,4). A typical diet consumed in affluent societies is

high in refined and rapidly digestible carbohydrates, fat and

protein, and low in dietary fibre (DF)(4,5). In Denmark as well

as in most other northern European countries, cereal products

are the main contributor of carbohydrates and DF(6).

Intervention studies(7–9) have shown that certain types of

slowly digestible starches and DF (mostly soluble) may

influence postprandial glycaemic responses and improve

insulin sensitivity in healthy, obese and diabetic subjects.

These effects were originally thought to be brought about by

physical factors, i.e. resistance of starch granules against

amylolysis, encapsulation of starch granules in cell walls,

formation of resistant starch (RS)(10) or the presence of viscous

soluble polysaccharides(11). However, recent studies(12–14)

have pointed to events in the large intestine having implications

for glucose homeostasis and insulin sensitivity.

DF are the fraction of carbohydrates and lignin that escapes

digestion in the small intestine and passes to the large

intestine, where they are fermented by the colonic microbiota.

Fermentation in the large intestine leads to the production of

SCFA, mainly acetate, propionate and butyrate in the ratio

acetate . propionate $ butyrate, gases (hydrogen, NH3 and

methane) and other metabolites, including lactate and

pyruvate(15). The ratio of SCFA production and absorption is

dependent on fermentation substrate, microbial composition

as well as colonic transit time(16). Luminal SCFA concentrations

decrease with a lower colonic DM content or reduced

fermentability(16), but absorption occurs at comparable rates

along the colon in a dose-dependent manner(17). Dietary inter-

vention studies have demonstrated that fermentation of RS(18)

and rye products containing arabinoxylan (AX)(19) specifically

increases the production of butyrate. Most of the SCFA are

either metabolised or absorbed by the colonic epithelium or

metabolised by other colonic bacteria, resulting in only

5–10% of the produced SCFA being excreted in the faeces(15).

* Corresponding author: A. K. Ingerslev, fax þ 45 87154249, email annek.christiansen@agrsci.dk

Abbreviations: AX, arabinoxylan; AXD, arabinoxylan-rich diet; BCFA, branched-chain fatty acids; DF, dietary fibres; GLP-1, glucagon-like peptide 1;

GIP, glucose-dependent insulinotropic peptide; NPF, net portal flux; RS, resistant starch; RSD, resistant starch-rich diet; WSD, Western-style diet.

British Journal of Nutrition (2014), 111, 1564–1576 doi:10.1017/S0007114513004066
q The Authors 2013
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SCFA that reach the portal vein are transported to the liver,

where the majority of the absorbed SCFA are metabolised(20).

Increasing the intake of DF therefore causes the increase of

not only acetate but also propionate and butyrate, resulting

in minor amounts of propionate and butyrate reaching the

peripheral circulation with potential direct metabolic effects

on peripheral tissues(13,19,21). Reduced insulin secretion has

previously been reported in pigs and healthy and overweight

subjects in response to AX(7,14) and RS(8,22) supplementation,

suggesting a link between butyrate and improved peripheral

insulin sensitivity(8,13,21). The exact mechanisms underlying

this association are currently unknown, but may be related

to the role of butyrate in the prevention of obesity develop-

ment(23). Furthermore, increased peripheral SCFA have been

shown to inhibit lipolysis within adipose tissues as indicated

by the reduced plasma concentrations of NEFA after the

intake of fermentable carbohydrates(23,24). This results in the

reduced availability of fatty acids for uptake into ectopic fat

depots, e.g. liver and pancreas(12). A high DF intake and

increased SCFA absorption have also been linked to the

reduced secretion of the incretin hormones glucagon-like pep-

tide 1 (GLP-1) and glucose-dependent insulinotropic peptide

(GIP)(25,26). These hormones are secreted in response to

increased glucose levels in the intestinal lumen and stimulate

insulin secretion(27). Taken together, the above-mentioned

conditions link increased peripheral SCFA to improved insulin

economy and glucose homeostasis.

The main objective of the present study was to investigate

how increased large-intestinal fermentation stimulated by RS

or AX influence the net portal flux (NPF) of glucose, SCFA,

insulin and incretin hormones and their hepatic metabolism.

Porto-arterial catheterised growing pigs were used as an

experimental model for humans. Changes in postprandial

metabolite and hormone responses were induced by formula-

ting three diets: a refined energy-dense Western-style diet

(WSD) low in DF and two high-fibre diets rich in resistant

starch (RSD) or arabinoxylan (AXD). We hypothesise that

increasing DF by RS or AX supplementation will increase

SCFA absorption in general and butyrate in particular, leading

to reduced insulin secretion.

Materials and methods

Experimental diets

In the present study, the following experimental diets were

used: a low-DF WSD made of white wheat flour (Table 1) and

two high-DF diets (one high in RS (RSD) obtained by replacing

wheat flour with raw potato starch and high-amylose maize

starch and an AX-rich diet (AXD) based on rye flakes and

enzyme-treated wheat bran). The WSD was formulated to be

high in saturated fat, protein and refined carbohydrates

(sugars) and low in DF, thus mimicking a diet typically con-

sumed in affluent societies. The three diets were balanced

with regard to protein, fat and gross energy, but varied in DF

levels and characteristics (see Tables 1 and 2 for dietary

ingredients and chemical composition). The RSD and AXD

were formulated to contain three times more DF than the

WSD control diet. Raw potato starch was obtained from KMC,

high-amylose maize starch (HiMaizew) was obtained from

Ingredion, Inc. and rye flakes from Lantmännen Cerealia.

DuPont Industrial Biosciences, Danisco A/S produced

the enzyme-treated wheat bran, which in brief was prepared

as follows: commercially available wheat bran from

Lantmännen Cerealia was suspended in water (bran:water

ratio, 20:80, w/w) in a closed container with a stirring device.

DuPont Grindamyl PowerBake 950 (500 parts per million)

and DuPont GC220 (5000 parts per million) were added to the

mixture, and the temperature was increased to 508C while

stirring. The mixture was incubated for 3 h, followed by an

increase in temperature to 958C for inactivation of enzymes

(10 min at 958C). After cooling, enzyme-treated wheat bran

was dried using a speed dryer and packed in paper bags. The

diets were mixed in a feed production unit (Aarhus University),

and samples of the experimental diets were collected imme-

diately after production and stored at 2208C. The insoluble

marker chromic oxide (Cr2O3) was added to all the diets and

fed as powdered diets. To ensure similar particle sizes across

the diets, the AXD containing rye flakes was ground through a

hammer mill fitted with a 3·5 mm screen.

On non-sampling days, pigs fed the same amount of

metabolisable energy on all the three dietary treatments,

providing the pigs a daily feed allowance corresponding to

2·3 % of average body weight on the WSD and 2·5 % of

average body weight on the RSD and AXD. Meal sizes on

the WSD, RSD and AXD were 498, 540 and 543 g, respectively,

on an as-fed basis. The meal size fed in the evening before

sampling and the two meals fed on sampling days were

adjusted slightly to provide the pigs 200 g of available

carbohydrates at each meal to allow comparison of acute post-

prandial glycaemic and insulinaemic responses (WSD, 416 g

as-is; RSD, 466 g as-is; AXD, 513 g as-is). The pigs were fed

Table 1. Ingredients of the experimental diets

WSD RSD AXD

Ingredients (g/kg, as-fed basis)*
White wheat flour 568 455 –
Raw potato starch – 56 –
HiMaizew† (60 % resistant starch) – 168 –
Rye flakes – – 655
Enzyme-treated wheat bran – – 80
Lard 96 89 80
Soyabean oil 32 30 27
Sugar 100 0 0
Lacprodan 87 (whey protein)‡ 131 129 85
Vitacel WF600 (73 % cellulose)§ 40 40 40
Vitamin–mineral mixturek 30 30 30
Chromic oxide 3 3 3

WSD, Western-style diet; RSD, resistant starch-rich diet; AXD, arabinoxylan-rich
diet.

* Formulated to supply 53 % energy from carbohydrates, 17 % energy from protein
and 30 % energy from fat.

† A registered trademark of Ingredion, Inc.
‡ Arla Foods Ingredients Amba.
§ J. Rettenmaier and Söhne GmbH.
kSupplying per kg diet: 18·9 mg retinol (vitamin A), 0·15 mg cholecalciferol (vitamin D3),

1038 mg a-tocopherol (vitamin E), 31·5 mg vitamin K, 31·5 mg vitamin B1, 31·5 mg
vitamin B2, 157·5mg D-pantothenic acid (vitamin B5), 315mg niacin (vitamin B3),
0·79mg biotin (vitamin B7), 0·315 mg vitamin B12, 47·3 mg vitamin B6, 1260 mg Fe,
225 mg Cu, 630 mg Mn (VA Vit SL/US Anti; Vilomix).
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three daily meals throughout the experimental period, at

09.00, 14.00 and 19.00 hours to mimic a typical human meal

pattern. Each meal constituted 33·3 % of the total daily

ration. The pigs were allowed 30 min to complete ingestion

of a meal, after which any remaining feed was removed

from the trough. Feed residues were collected and weighed

to allow for later correction for feed intake.

Animals and experimental design

The pigs used in the present study were offspring from Danish

landrace £ Yorkshire sows cross-bred with Duroc semen from

the swineherd at Aarhus University, Department of Animal

Science, Foulum, Denmark. A total of six female pigs

(58·8 (SEM 1·6) kg) were included in the study, which was

designed as a repeated 3 £ 3 Latin square design. The pigs

were adapted to housing in single pens without bedding

material for 3–5 d, before being surgically fitted with

permanent catheters in the portal and hepatic veins and in

the mesenteric artery. An ultrasonic flow probe (Transonic,

20PAU probe, 18/20 mm; Transonic System, Inc.) was

implanted around the portal vein to measure the portal

blood flow rate. The surgical procedure has been described

in detail by Jorgensen et al.(28). The pigs were kept in

individual pens (3 £ 2 m) without bedding and with elevated

plastic grids covering half of the pen that allowed the pigs

to rest and stay dry. The pigs had access to water ad libitum

and could have physical and visual contact with neighbouring

pigs through railings. The pigs were weighed once per week.

After a 6–9 d recovery period, the pigs were included in a 21 d

experimental period with three consecutive experimental

weeks. In each experimental week, the pigs were fed one of

the three experimental diets for 6 d, before blood samples

were collected on day 7. On sampling days, portal vein

blood flow was recorded by a T201D flowmeter with

P-option (Transonic Systems), for 2 min immediately before

each blood sampling using Powerlab (ADInstruments).

Blood was subsequently collected simultaneously from all

Table 2. Feed and metabolisable energy intake, chemical composition and relative
energy contribution of the experimental diets†

WSD RSD AXD

Feed and energy intake
Feed intake, days 1 to 6 (as-is, kg/d) 1·426 1·450 1·618
Energy intake (MJ metabolisable energy/d)* 23·2 24·2 23·5
Feed intake, day 7 (as-is, kg/d)‡ 1·248 1·380 1·539
Energy intake (MJ metabolisable energy/d)* 20·3 21·8 22·3

Chemical composition (g/kg DM)
DM (g/kg, as-fed basis) 915 903 891
Protein (N £ 6·25) 207 191 154
Fat 152 150 135

Digestible carbohydrates
Available sugars 113 3 22

Fructose 0 0 2
Glucose 0 0 3
Sucrose 112 3 18

Starch 422 470 420
Non-digestible carbohydrates

Total NSP (soluble NSP) 58 (11) 109 (8)§ 144 (33)
Cellulose 29 34 37
AX (soluble AX) 18 (6) 15 (4) 72 (22)

Fructans 0 3 22
AXOS 2 2 7
RSk 6 113 8

Klason lignin 6 13 15
Total dietary fibre{ 70 192 189
Ash 37 34 51
Gross energy (MJ/kg DM) 19·7 20·3 19·3
Available carbohydrates (sampling days; g/meal) 199 197 199
Relative energy contribution (%)**
Protein 18 16 14
Fat 28 28 26
Available carbohydrates 52 49 53
Total dietary fibre 3 7 7

WSD, Western-style diet; RSD, resistant starch-rich diet; AXD, arabinoxylan-rich diet; AX, arabin-
oxylan; AXOS, arabinoxylan oligosaccharides; RS, resistant starch.

* Values were not significantly different on days 1 to 6 (P¼0·39), but differed intentionally on day 7
(P,0·001).

† Day refers to the day within the experimental week.
‡ Providing 200 g available carbohydrates per meal.
§ Approximately 46 g RS/kg diet are included in the analysis of total NSP.
kDetermined by the Megazyme assay (Megazyme International).
{Calculated as: total NSP þ fructans þ RS þ lignin.
** Relative energy contribution calculated from protein, fat, carbohydrates and total dietary fibre.
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the three catheters pre- and postprandially (times 215, 15, 30,

45, 60, 90, 120, 180, 240 and 300 min relative to morning

feeding). After sampling, catheters were flushed with 5 ml

sterile saline (0·9 % NaCl) to replace fluid loss and filled with

100 IU/ml of heparin solution to prevent clotting of the

catheters. For glucose, insulin, SCFA and NEFA determi-

nations, blood was collected into heparin-coated tubes

(Greiner Bio-One). For GLP-1, GIP and C-peptide analyses,

blood was collected in EDTA-coated tubes (Greiner Bio-

One) containing dipeptidyl peptidase IV inhibitor (10ml/ml

blood; Merck Millipore). For GIP and C-peptide analyses,

aprotinin (500 KIU/ml blood; Bayer Healthcare AG) was also

added. After collection, plasma was harvested by centrifu-

gation for 12 min at 2000g at 48C. Plasma samples were

immediately frozen at 2208C (glucose, SCFA and NEFA) or

2808C (insulin, C-peptide, GIP and GLP-1) until analysis.

Haematocrit levels were determined from the first and last

arterial and portal vein heparin-stabilised blood samples on

sampling days. A fresh spot faecal sample was collected on

sampling days, frozen and stored at 2208C. By the end of

every collection day, each pig was given 400 mg Fe intramus-

cularly (Hyofer 20 % Vet; Salfarm Denmark A/S).

The animal experiments were conducted according to the

protocols approved by the Danish Animal Experiments

Inspectorate, and were in compliance with the guidelines of

the Ministry of Food, Agriculture and Fisheries concerning

animal experiments and care of animals under study. The

health of the animals was monitored throughout the

experimental period, and no serious illness was observed.

Analytical methods

Chemical analyses of the diets and faeces were performed in

duplicate on freeze-dried samples. DM was determined by

drying to constant weight at 1038C, and ash was analysed

according to the Association of Analytical Communities

(AOAC) method no. 942.05(29). N was analysed by Kjeltec

(Kjeltece 2400; FOSS Analytical) and protein was calculated as

N £ 6·25. Gross energy was analysed on a 6300 Automatic

Isoperibol Calorimeter system (Parr Instruments). The dietary

content of fructans and sugars (glucose, fructose and sucrose)

was determined as described previously(30). Starch and NSP

were determined essentially as described by Bach Knudsen(31),

and Klason lignin was determined as the sulphuric acid-

insoluble residue as described by Theander & Åman(32). The

RS content in the diets was analysed enzymatically using the

Megazyme assay (Megazyme International Limited). The AX

fraction was calculated as the sum of the arabinose and xylose

fractions from the NSP analysis. AX oligosaccharides were

determined from AX obtained by direct hydrolysis of the NSP

fraction without starch removal and alcohol precipitation, and

subtracting the values for AX after alcohol precipitation. Dietary

and faecal contents of Cr2O3 were determined using the method

described by Schürch et al.(33), and faecal SCFA was determined

by GC according to Jensen et al.(34).

Plasma insulin levels were determined by time-resolved

fluoro-immunometric assay as described by Lovendahl &

Purup(35). Glucose and NEFA were analysed using an

autoanalyser (Advia 1650 Chemistry System; Siemens Medical

Solution). Glucose was analysed by glucose hexokinase II and

enzymatic colorimetric determination (Siemens Healthcare

Diagnostics Clinical Methods for Advia 1650), and NEFA

was determined using the NEFA C ACS-ACOD assay (Wako

Chemicals GmbH).

Plasma SCFA was measured by GC as described by

Brighenti(36) with the modification that 2-ethyl butyrate

(FLUKA no. 03190; Sigma-Aldrich) was used as an internal

standard instead of isovalerate. The intestinal microflora

does not produce 2-ethyl butyrate, and it is consequently

not present in biological samples.

The incretin hormones GLP-1 and GIP were analysed by

enzyme-linked immunoassays using Linco assay kits (GLP-1

intra-assay CV ¼ 8·8 % and inter-assay CV ¼ 7·8 %, GIP intra-

assay CV ¼ 11·7 % and inter-assay CV ¼ 23·4 %; Linco Research,

Millipore) according to the manufacturer’s guidelines.

Analysis of C-peptide performed with an enzyme-linked

immunoassays using the Mercodia Porcine C-peptide kit

(intra-assay CV ¼ 5·1 % and inter-assay CV ¼ 7·9 %;

Mercodia AB).

Calculations

Daily faecal bulk was calculated relative to Cr2O3 content and

feed intake as described previously(37). The excretion of SCFA

was calculated on the basis of faecal bulk multiplied by the

concentration of SCFA in the faeces. Energy digestibility was

calculated based on the chemical analyses of diet and

faeces, as described previously(37). Metabolisable energy was

estimated by multiplying gross energy content of the diets,

calculated energy digestibilities and a factor of 0·96 (meta-

bolisability), representing the loss of digested energy through

the urine(38). Daily intake of metabolisable energy was

determined based on feed intake (kg DM/d).

The net absorption of glucose and SCFA into the portal vein

and the apparent insulin production were calculated using

portal–arterial differences and portal flow measurements

using Fick’s principle(39). This was done using the following

equation:

q ¼ ðcp 2 caÞF ðdtÞ; ð1Þ

where q denotes the amount of absorbed metabolites or

secreted hormones within the time period dt. The concen-

tration in the portal vein and the mesenteric artery is given

by cp and ca, respectively, and F is the plasma flow in the

portal vein. It should be noted that portal blood flow used

for the calculations is based on blood flow measurements

from the first sampling day due to technical problems with

the flow probe. Insulin production calculated in the present

study using Fick’s principle is the apparent insulin production,

since insulin is secreted in a pulsatile manner, with a variable

half-life of approximately 10–30 min caused by liver and

kidney degradation of the protein, as well as binding of the

protein to receptors followed by subsequent removal from

the bloodstream.

Effects of arabinoxylan and resistant starch 1567

B
ri

ti
sh

Jo
u
rn

al
o
f

N
u
tr

it
io

n



Hepatic extraction (HE) from 0–5 h after the first daily meal

was determined as:

HE ¼ ð2Þ
ð1·00 £ chÞ2 ð0:86 £ cp þ 0·14 £ caÞ

0·86 £ cp þ 0·14 £ ca
£ 100; ð2Þ

where ca and cp are defined as in equation 1, where the

concentration in the mesenteric artery equals the concentration

in the hepatic artery. The hepatic concentration is designated as

ch. The relative contributions of portal (0·86) and hepatic (0·14)

arterial plasma flow to hepatic plasma flow were estimated from

Kristensen et al.(40).

Statistical analyses

The effects of the different experimental diets on the observed

variables were analysed using normal mixed models for

repeated measurements (MIXED procedure; SAS Institute,

Inc.) using the following model:

Y ijkl ¼ mþ ai þ bj þ abij þ gk þ y l þ tikl þ 1ijkl ;

where Yijkl is the plasma variable, m is the overall mean, ai is

the effect of the diet (i ¼ WSD, AXD and RSD), bj is the time

after feeding ( j ¼ 215, 15, 30, 45, 60, 90, 120, 180, 240, 300),

abij is the interaction between diet and time, gk is the effect of

week (k ¼ 1, 2, 3), y l is the random component related to the

pig (l ¼ 1, 2,. . ., 6), tikl is the random component related to the

lth pig fed the ith diet in the kth week. Thus, pig and pig £

diet £ week were included as random components to account

for repeated measurements (within pigs and within pigs

within sampling days). The covariance structure of tikl was

modelled using the spatial power option to take into account

the different intervals between repeated measurements, and

the residual error component is defined as 1ijkl. The random

effects and residuals are assumed to be normally distributed

and independent, and their expectations were assumed to

be zero. Feed and energy intake was calculated using the

same statistical model, without bj (time after feeding) and

the diet £ time interaction. Levels of significance were

reported as being significant when P#0·05 and as a tendency

when 0·05 , P#0·10. Data on hormone concentrations were

logarithm-transformed before the statistical analyses to

obtain variance homogeneity.

Results

Dietary composition

The experimental diets were formulated to provide equal

amounts of energy from fat, protein and carbohydrates, but

having different contents and sources of DF. The WSD served

as a control diet with a total DF content of 70 g/kg DM (Table 2).

The amount of DF in the RSD and AXD was 2·7 times higher

than that in the WSD, with a total DF content of 192 and

189 g/kg DM, respectively. The RSD was characterised by a

high RS content (113 g/kg DM) originating from raw potato

starch and HiMaizew, whereas the use of rye flakes and

enzyme-treated wheat bran resulted in a high AX content in

the AXD (72 g/kg DM). Overall, fat (135–152 g/kg DM) and

gross energy (19·3–20·3 MJ/kg DM) were comparable among

the three diets. The protein content was intended to be similar

in the three diets, but because the protein content in white

wheat flour used for the WSD and RSD was higher than the

data we had in our database, these two diets had a higher

protein content than intended (207 and 191 g/kg DM,

respectively) and higher than the AXD (154 g/kg DM; Table 2).

The concentration of digestible carbohydrates varied from

535 g/kg DM in the WSD to 473 g/kg DM and 442 g/kg DM

in the RSD and AXD, respectively.

Feed intake and fibre fermentation

The animals found the feed palatable, and feed was consumed

within 30 min of feeding. The daily intake of metabolisable

energy on non-sampling days was the same (23·2–24·2 MJ

metabolisable energy/d, P¼0·39; Table 2), but differed

intentionally on sampling days (20·3–22·3 MJ metabolisable

energy/d, P,0·001), where dietary supply of available

carbohydrates was kept constant (197–199 g/meal, P¼0·19).

The daily excretion of SCFA and faecal bulk increased with

increased amounts of DF. The faecal excretion of total SCFA

and branched-chain fatty acids (BCFA), acetate, propionate

and butyrate was highest in AXD-fed pigs, intermediate in

RSD-fed pigs and lowest in WSD-fed pigs (P,0·05; Fig. 1).

The pigs fed the RSD and AXD had a daily faecal bulk of

300 and 532 g wet faeces/d, respectively, compared with

163 g in those fed the WSD (P,0·001).

Postprandial concentrations of hormones and metabolites
at different sampling sites

In general, all metabolite concentrations studied were lowest

in the mesenteric artery, highest in the portal vein and inter-

mediate in the hepatic vein, except for insulin and total and

individual BCFA in AXD-fed pigs (Table 3). Insulin was

highest in the portal vein, intermediate in the mesenteric

artery and lowest in the hepatic vein in both RSD- and AXD-

fed pigs. Except for arterial concentrations of valerate, portal
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Fig. 1. Daily faecal SCFA excretion (mmol/d) in pigs fed the Western-style

control diet , the resistant starch-rich diet or the arabinoxylan-rich diet .

Values are means (n 6). a,b,c Mean values with unlike letters were

significantly different (P#0·05). BCFA, branched-chain fatty acids.
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concentrations of total and individual BCFA and hepatic buty-

rate, valerate and isobutyrate, all metabolites were affected by

time in arterial, portal and hepatic plasma (P,0·05).

The pigs consuming the RSD had the highest portal

concentration of insulin (P¼0·04), whereas AXD-fed pigs

had the lowest concentration and WSD-fed pigs had the

intermediate concentration. In contrast, the diets did not

affect the arterial and hepatic concentrations of plasma insulin

(P.0·1). Insulin concentrations in the mesenteric artery as

well as in the portal and hepatic veins increased in response

to feeding, peaking 15–30 min after feeding (data not

shown). In all the three sampling sites, the RSD and AXD

lowered the immediate postprandial peak in insulin

concentrations compared with the WSD (data not shown).

A similar postprandial increase in C-peptide concentrations

followed by a decline was observed for all the diets in the

mesenteric artery and portal vein (data not shown). The

higher DF tended to reduce and prolong arterial peak

C-peptide concentrations compared with the WSD, indicated

by the diet £ time interaction (P¼0·05).

Fasting levels of plasma glucose were 5–6 mmol/l and

concentrations increased postprandially, peaking between

15 and 90 min after feeding at approximately 11 mmol/l in

the portal vein (data not shown). There was no dietary

effect on arterial, portal or hepatic concentrations of glucose

(P.0·1); however, a diet £ time interaction was found for

Table 3. Plasma concentrations of metabolites from 0 to 5 h after the first daily meal*

(Least-square (LS) means with their standard errors or 95 % confidence intervals)

WSD RSD AXD P

LS means 95 % CI LS means 95 % CI LS means 95 % CI SEM Diet Time Diet£ time

Mesenteric artery
Glucose (mmol/l) 6·3 6·5 6·4 0·08 NS† ,0·001 0·008
NEFA (mequiv/l)‡ 128 110, 149 125 108, 146 123 106, 144 – NS ,0·001 0·02
Insulin (pmol/l)‡ 99 68, 143 124 86, 179 90 60, 126 – NS ,0·001 0·08
C-peptide (pmol/l)‡ 175 145, 212 211 175, 255 186 154, 225 – 0·09 ,0·001 0·05
GLP-1 (pmol/l)‡ 14·8 11·4, 19·3 15·9 12·2, 20·7 14·8 11·3, 19·3 – NS ,0·001 NS
GIP (pmol/l)‡ 202a,b 162, 252 215a 172, 269 178b 143, 223 – 0·04 ,0·001 0·02
SCFA (mmol/l) 123c 218b 267a 17 ,0·001 ,0·001 0·001
Acetate (mmol/l) 114c 204b 246a 16 ,0·001 ,0·001 ,0·001
Propionate (mmol/l) 3·7c 5·8b 5·9a 0·6 ,0·001 ,0·001 0·004
Butyrate (mmol/l) 2·8c 5·9b 8·1a 0·6 ,0·001 ,0·001 0·002
Valerate (mmol/l) 0·09b 0·18a 0·09b 0·02 0·01 NS NS
Caproate (mmol/l) 1·78 1·89 1·79 0·12 NS 0·001 NS
BCFA (mmol/l) 3·0b 4·4a 4·6a 0·48 0·03 ,0·001 NS
Isobutyrate (mmol/l) 1·6b 2·2a 2·4a 0·23 0·01 0·01 NS
Isovalerate (mmol/l) 1·4b 2·2a 2·2a 0·26 0·04 ,0·001 0·06

Portal vein
Glucose (mmol/l) 8·8 8·5 8·7 0·3 NS ,0·001 0·004
Insulin (pmol/l)‡ 160a,b 126, 204 217a 170, 276 138b 108, 176 – 0·04 ,0·001 NS
C-peptide (pmol/l)‡ 222 189, 260 273 233, 320 232 198, 272 – NS ,0·001 NS
GLP-1 (pmol/l)‡ 26·8 19·3, 37·2 31·7 22·8, 44·1 29·8 21·4, 41·4 – NS ,0·001 NS
GIP (pmol/l)‡ 237 186, 302 244 192, 311 214 168, 272 – NS ,0·001 NS
SCFA (mmol/l) 533c 945b 1287a 122 ,0·001 ,0·001 0·04
Acetate (mmol/l) 381c 646b 859a 79 ,0·001 ,0·001 0·06
Propionate (mmol/l) 95c 188b 288a 35 ,0·001 ,0·001 0·005
Butyrate (mmol/l) 34b 75b 133a 21 0·01 0·001 0·02
Valerate (mmol/l) 19b 27a 26a 4·1 0·03 ,0·001 0·03
Caproate (mmol/l) 2·4b 8·7a 8·0a 1·4 0·02 0·004 0·002
BCFA (mmol/l) 18b 22b 34a 3·9 ,0·001 0·10 NS
Isobutyrate (mmol/l) 8·0b 10·4b 15·4a 1·8 ,0·001 0·05 NS
Isovalerate (mmol/l) 9·5b 12·0b 18·4a 2·2 ,0·001 NS NS

Hepatic vein
Glucose (mmol/l) 7·6 7·7 7·4 0·3 NS ,0·001 NS
Insulin (pmol/l)‡ 102 59, 210 97 56, 171 63 36, 114 – NS ,0·001 NS
SCFA (mmol/l) 235b 405a 426a 53 0·006 0·02 0·09
Acetate (mmol/l) 222b 377a 393a 51 0·009 0·001 0·07
Propionate (mmol/l) 5·4 9·7 9·9 1·9 NS 0·007 NS
Butyrate (mmol/l) 6·3b 13·5a 17·2a 3·0 0·01 NS NS
Valerate (mmol/l) 0·12 0·40 0·21 0·14 NS NS NS
Caproate (mmol/l) 2·1a 2·1a 1·8b 0·11 0·002 0·03 NS

BCFA (mmol/l) 3·0b 4·9a 4·0a,b 0·51 0·05 0·004 NS
Isobutyrate (mmol/l) 1·6 2·4 2·2 0·3 NS 0·07 NS
Isovalerate (mmol/l) 1·4b 2·4a 1·9a,b 0·3 0·02 ,0·001 NS

WSD, Western-style diet; RSD, resistant starch-enriched diet; AXD, arabinoxylan-enriched diet; GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic peptide;
BCFA, branched-chain fatty acids.

a,b,c Mean values within a row with unlike superscript letters were significantly different (P#0·05).
* Mean plasma concentrations are given for the mesenteric artery, the portal vein and the hepatic vein in pigs fed either the WSD, RSD or AXD.
† P.0·1.
‡ Since data were logarithmically transformed before data analysis, SEM is not the correct measure of variance. Instead, 95 % CI are given.
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arterial and portal glucose concentrations (P,0·01). This

interaction revealed a higher initial increment and a faster

subsequent decrease in glucose concentrations in WSD- and

AXD-fed pigs compared with the response in RSD-fed

pigs that showed more constant glucose concentrations

(data not shown).

Arterial NEFA concentrations showed a significant diet £

time interaction (P¼0·02), with lower fasting levels of arterial

NEFA when pigs were fed the AXD (156mequiv/l) compared

with WSD- and RSD-fed pigs (295 and 312mequiv/l, respect-

ively; Fig. 2). Immediately after feeding, arterial NEFA concen-

trations in both WSD- and RSD-fed pigs dropped to similar

levels as in AXD-fed pigs, before slowly increasing again.

Overall, feeding the pigs with the AXD resulted in the high-

est arterial and portal concentrations of acetate, propionate

and butyrate, intermediate concentrations in RSD-fed pigs

and lowest concentrations in WSD-fed pigs (P,0·05). A simi-

lar pattern was observed in the hepatic vein for total SCFA,

acetate, propionate and butyrate, although not statistically sig-

nificant for propionate (P¼0·19). In addition, arterial acetate,

as well as arterial and portal propionate and butyrate

showed a significant diet £ time interaction (P,0·05),

reflecting higher concentrations in RSD- and AXD-fed pigs

compared with WSD-fed pigs throughout the sampling period

(data not shown). Furthermore, portal concentrations of vale-

rate (P¼0·03), caproate (P¼0·02) and isovalerate (P,0·01), as

well as arterial and portal isobutyrate (P,0·05) were higher

when pigs were fed the RSD or AXD compared with the WSD.

Effects of increased dietary fibres on net portal metabolite
flux and hepatic extraction

The portal blood flow increased in response to feeding (data

not shown), but was not affected by the experimental diets

(P¼0·27; Table 4). Overall, the NPF of energy metabolites

and hormones increased in response to feeding, followed by

a decrease (P,0·05), except for the net flux of GIP and total

and individual BCFA. The NPF of glucose increased

immediately after feeding (Fig. 3(A)), peaked at approximately

450 mmol/h after 60–90 min in WSD- and AXD-fed pigs and

decreased thereafter. Substituting wheat flour with potato

and high-amylose maize starches decreased the NPF of

glucose (203 mmol/h, P¼0·008) compared with the WSD

and AXD (257 and 247 mmol/h, respectively). Furthermore,

RSD-fed pigs showed a significant diet £ time interaction

0
0

50

100

150

200

250

300

350

50 100

*
‡

‡ *

150

Postprandial time (min)

A
rt

er
ia

l N
E

FA
 c

o
n

ce
n

tr
at

io
n

 (
µe

q
u

iv
/l)

200 250 300

Fig. 2. Arterial NEFA concentration (meqiv/l): diet (D) P¼0·92, time (T)

P,0·001, D £ T P¼0·02, in pigs fed the Western-style control diet

(WSD, ), the resistant starch-rich diet (RSD, ) or the arabinoxylan-rich

diet (AXD, ). Samples were collected during the first 5 h after feeding.

Values are means (n 6). * Mean value of AXD-feg pigs was significantly

different from that of the WSD-fed pigs (P#0·05). ‡ Mean value of AXD-fed

pigs was significantly different from that of the RSD-fed pigs (P#0·05).
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Fig. 3. Net portal flux (mmol/h) of (A) glucose (diet, P¼0·008; time (T),

P,0·001; diet £ time, P,0·001), (B) total SCFA (diet, P,0·001; time,

P¼0·009; diet £ time, P¼0·006) and (C) butyrate (diet, P¼0·001; time,

P¼0·02; diet £ time, P¼0·04) in pigs fed the Western-style control diet

(WSD, ), the resistant starch-rich diet (RSD, ) or the arabinoxylan-rich

diet (AXD, ). Samples were collected during the first 5 h after feeding.

Values are means (n 6). * Mean value of AXD-feg pigs was significantly

different from that of the WSD-fed pigs (P # 0·05). † Mean value of RSD-fed

pigs was significantly different from that of the WSD-fed pigs (P # 0·05).

‡ Mean value of AXD-fed pigs was significantly different from that of the

RSD-fed pigs (P # 0·05).
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Table 4. Net portal flux of metabolites from 0 to 5 h after the first daily meal*

(Least-square (LS) means with their standard errors or 95 % confidence intervals)

WSD RSD AXD P

LS means 95 % CI LS means 95 % CI LS means 95 % CI SEM Diet Time Diet£ time

Portal blood flow (litres/min)† 2·77 2·15 2·87 0·29 NS‡ ,0·001 NS
Net portal flux (mmol/h)

Glucose 257a 203b 247a 21 0·008 ,0·001 ,0·001
Insulin flux (nmol/h)§ 9·0a,b 3·6, 15·7 10·5a 4·8, 17·5 4·6b 0·01, 10·2 – 0·09 0·04 NS
C-peptide (nmol/h)§ 7·9 4·6, 11·4 6·6 3·4, 10·0 5·5 2·4, 8·8 – NS ,0·001 NS
GLP-1 (nmol/h)§ 1·6 1·2, 2·0 1·8 1·4, 2·2 1·9 1·4, 2·3 – NS ,0·001 NS
GIP (nmol/h)§ 4·4 2·1, 6·9 2·8 0·5, 5·2 3·3 1·1, 5·7 – NS 0·12 NS
SCFA 37a 66b 102c 9·3 ,0·001 0·009 0·006
Acetate 24a 40b 62c 6·1 ,0·001 0·006 0·01
Propionate 8·2a 17b 25c 2·6 0·001 0·03 0·002
Butyrate 2·8a 5·7a 10·2b 1·0 0·001 0·02 0·04
Valerate 1·7a 2·4b 2·5b 0·4 0·05 ,0·001 0·001
Caproate 0·05a 0·68b 0·59b 0·15 0·03 0·005 0·03
BCFA 1·3a 1·6a 2·8b 0·26 ,0·001 NS 0·08
Isobutyrate 0·6a 0·7a 1·2b 0·11 ,0·001 NS 0·09
Isovalerate 0·7a 0·9a 1·5b 0·15 ,0·001 0·08 0·07

Hepatic extraction (%)
Glucose 8 5 9 4·2 NS ,0·001 NS
Insulin 27 44 44 11 NS NS NS
Total SCFA 57 50 63 9·2 NS 0·03 NS
Acetate 44a,b 29b 49a 12 0·03 NS NS
Propionate 94 93 95 1·4 NS NS NS
Butyrate 83 79 83 4·6 NS ,0·001 NS

WSD, Western-style diet; RSD, resistant starch-enriched diet; AXD, arabinoxylan-enriched diet; GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic peptide; BCFA, branched-chain fatty acids.
a,b,c Mean values within a row with unlike superscript letters were significantly different (P,0·05).
* Mean plasma concentrations were determined in pigs fed either the WSD, RSD or AXD.
† Mean values for portal blood flow were determined based on initial blood flow measurements
‡ P.0·1.
§ Since data were logarithmically transformed before data analysis, SEM is not the correct measure of variance. Instead, 95 % CI are given.
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(P,0·01); RSD-fed pigs had a lower peak NPF of glucose

(approximately 300 mmol/h) between 45 and 120 min after

feeding. In addition, the NPF of glucose was lower within

the first 90 min after feeding than in WSD- and AXD-fed pigs.

Thereafter, NPF was comparable between the three diets,

gradually decreasing towards the fasting levels. The NPF of

total and individual SCFA and BCFA increased (P,0·05) in

response to the increased amounts of DF (Table 4). In general,

the NPF of total and individual SCFA were highest in AXD-fed

pigs, intermediate in RSD-fed pigs and lowest in WSD-fed

pigs (Fig. 3(B) and Table 4). The increased NPF was higher

for butyrate in response to the AXD (3·6 times higher) than

to the WSD when compared with acetate (2·6 times higher)

and propionate (3·1 times higher) (Fig. 3(C)). All SCFA were

affected by the diet £ time interaction (P,0·05), showing a

higher NPF throughout the sampling period in pigs fed the

high DF compared with the WSD-fed pigs.

The NPF of insulin increased in response to feeding

(P¼0·04) independent of dietary treatment (Fig. 4(A)). The

AXD tended to reduce the NPF of insulin (P¼0·09), resulting

in a peak NPF of insulin 15–30 min postprandially at 24, 21

and 9 nmol/h in WSD-, RSD- and AXD-fed pigs, respectively.

The NPF of C-peptide was numerically lower in pigs fed the

RSD (6·6 nmol/h; Table 4) and AXD (5·5 nmol/h) compared

with WSD-fed pigs (7·9 nmol/h), although not statistically

significant for diet (P¼0·31). Furthermore, the higher DF

level appeared to postpone the peak in the NPF of C-peptide

(Fig. 4(B)), peaking after 15 min in WSD-fed pigs and after

60 min in RSD- and AXD-fed pigs, although it did not reach

statistical significance (P¼0·16). There was no effect of dietary

treatment on the NPF of GIP or GLP-1 (P.0·1). There was no

effect of time on the NPF of GIP (P¼0·12; Fig. 4(C)), whereas

the NPF of GLP-1 increased in response to feeding (P,0·01),

peaked at approximately 3·1–3·3 nmol/h 60 min after feeding

and followed by a decrease (Fig. 4(D)).

The NPF of glucose (Fig. 5(A)) and insulin (Fig. 5(B))

plotted on a logarithm scale against time after feeding

showed a linear response in the interval of 60–240 min after

feeding, as predicted by a first-order kinetic pool model

where the slopes represent the rate of NPF. The slopes for

the NPF of glucose were higher in WSD- and AXD-fed pigs

(219·5 and 220·3 %/h, respectively) compared with

25·1 %/h in RSD-fed pigs (P¼0·004). This was accompanied

by an effect of time (P,0·01) and a diet £ time interaction

(P,0·01). The logarithm of the NPF of insulin plotted against

time was 24·5, 24·8 and 24·9 %/h in WSD-, RSD- and

AXD-fed pigs, respectively, displaying a near-linear response,

with no effect of dietary treatment (P¼0·83).
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Fig. 4. Net portal flux (nmol/h) of (A) insulin (diet, P¼0·09; time, P¼0·04; diet £ time, P¼0·87), (B) C-peptide (diet, P¼0·31; time, P , 0·001; diet £ time, P¼0·16)

and (C) glucose-dependent insulinotropic peptide (GIP) (diet, P¼0·61; time, P ¼ 0·12; diet £ time, P¼0·82) and (D) glucagon-like peptide 1 (GLP-1) (diet,

P¼0·40; time, P , 0·001; diet £ time, P¼0·69) in pigs fed the Western-style control diet (WSD, ), the resistant starch-rich diet (RSD, ) or the arabinoxylan-

rich diet (AXD, ). Samples were collected during the first 5 h after feeding. Values are means (n 6). * Mean value of AXD-fed pigs was significantly different

from that of the WSD-fed pigs (P # 0·05).
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Discussion

Altered insulin economy

In the present study, DF in the form of AX and RS affected

postprandial metabolite and hormone responses differently,

despite the pigs being fed equal amounts of available carbo-

hydrates. Consumption of the AX-rich diet increased SCFA

absorption and, in particular, butyrate absorption and reduced

insulin secretion. However, the action of insulin was not

compromised as indicated by low fasting NEFA levels, and

these findings suggest that the stimulated effect of AX on

SCFA absorption and, in particular, butyrate improved insulin

economy when compared with the other diets. The beneficial

metabolic effects of higher DF intake are related to two

distinct, yet related properties of DF; their ability to delay

starch degradation in the small intestine as indicated by the

delayed glucose absorption to the portal blood. The other

beneficial effect is related to fermentation of mainly insoluble

DF in the colon, generating SCFA with proposed direct effects

on insulin secretion(12,13). In the present study, insulin

secretion was markedly reduced after consumption of the

AXD and was associated with the highest absorption of total

SCFA and butyrate. The observed insulin and glucose

responses after AX feeding are in line with previous studies

with whole-grain rye or rye ingredients in pigs(14) and healthy

human subjects(41,42). Previous studies have linked increased

systemic SCFA concentrations to improvements in glycaemic

control(43,44), and high butyrate absorption in particular has

been associated with improved peripheral insulin

sensitivity(8,13,19,45). Currently, the mechanisms underlying

this improved insulin sensitivity remain unclear, but studies

have suggested that adipose tissues and circulating NEFA are

implicated(21,23,24). Indeed, in the present study, lower

systemic fasting NEFA concentrations were observed together

with increased SCFA in response to feeding the AX-rich diet.

This could indicate that prolonged absorption of SCFA

energy from the gastrointestinal tract and consequently less

diurnal variation in energy absorbed from the gastrointestinal

tract may be responsible for the lowered insulin response.

Increased SCFA absorption will in turn abolish the need for

fat mobilisation, and reduce lipolysis in adipose tissues(46).

A recent study by Gao et al.(47) showed that dietary butyrate

supplementation could be used to treat and prevent obesity

and insulin resistance in mice fed a high-fat diet. The authors

have proposed that the beneficial effects of butyrate on insulin

sensitivity were related to the reduced fat deposition and

lower levels of blood lipids, thereby linking butyrate to

improved insulin sensitivity through the mechanisms

involving adipose tissues. Furthermore, other studies in rats

have indicated a role of butyrate as a regulator of satiety

signalling, by stimulating the expression of proglucagon

(a GLP-1 precursor) in specific areas of the gut(48). However,

the results observed in the present study revealed no dietary

effect on GIP or GLP-1 secretion, despite similar fasting

concentrations or slightly higher postprandial concentrations

than reported previously(25,26). Therefore, the present

observation does not support previous studies showing a

stimulatory effect of butyrate on incretin at the secretory

level. Currently, it remains unclear whether dietary fibre has

an effect on incretin response(49).

The attenuated insulin secretion in pigs consuming the AXD

was further supported by the reduced C-peptide secretion in

the present study. Insulin and C-peptide are co-secreted as

preproinsulin; however, insulin has a much shorter half-life

than C-peptide(50), thereby making C-peptide a more reliable

marker for insulin secretion. The lower insulin and C-peptide

secretion in AXD-fed pigs indicates that less insulin was

required to clear glucose from the bloodstream after ingestion

of a meal high in DF content compared with a low-DF diet.

High insulin sensitivity in pigs fed the AXD may explain the

observed patterns. Taken together, these findings support

previous findings and indicate that especially AX-rich food

has the potential to improve postprandial glycaemic responses

in pigs and possibly in humans.

In the present study, RS supplementation did not result in an

attenuated insulin response. Instead, insulin peaked at nearly

the same level as pigs fed the control diet, accompanied

by a delayed and prolonged net portal C-peptide flux.

However, most previous studies have shown decreased insu-

lin secretion after consumption of RS, and the insulin response

in the present study was therefore unexpected and currently

unexplainable.
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Fig. 5. Net portal flux (log scale) 60–240 min after feeding of (A) glucose

(diet, P¼0·004; time, P,0·001; diet £ time, P,0·001) and (B) insulin (diet,

P¼0·83; time, P¼0·004; diet £ time, P¼0·99) in pigs fed a Western-style

control diet (WSD, ), a resistant starch-rich diet (RSD, ) or an

arabinoxylan-rich diet (AXD, ). Values are means (n 6).
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Carbohydrate metabolism and fermentation

In the present study, consumption of RS in the RSD altered the

postprandial glucose absorption profile, compared with the

WSD and AXD, by reducing and prolonging glucose

absorption. The slow rate of glucose absorption in the portal

vein of RSD-fed pigs was supported by the kinetic analysis.

Overall, the glucose absorption level was similar to that

reported in previous studies in portal-catheterised pigs

fed RS(51) and rye products(14,19). The prolonged glucose

absorption profile is most probably a consequence of structural

properties of high-amylose maize and raw potato starch used in

the RSD. The high amylose content of HighMaize constituting

the bulk of the RSD slows digestion due to compact structures

formed by amylose. Amylose polymers form structures with

small surface areas and more intramolecular bonds, making

amylose inaccessible for a-amylases(52,53), thus delaying

starch degradation. Furthermore, tuber starches are generally

more resistant to hydrolysis than cereal starches due to their

higher granular surface and their large and smooth surface

that inhibits enzymatic degradation(54). On the contrary, cereal

starches, such as rye flakes and wheat bran used in the AXD,

have an open and accessible structure, facilitating easier

access for a-amylases to the starch molecules(10,26). The open

structure may explain the differences observed in glucose

absorption in the present study between the AXD and RSD

despite the similar DF content.

The higher level of DF in the RSD and AXD increased

colonic fermentation significantly, but to a different extent

compared with the WSD. The consequence of this difference

was higher SCFA absorption in pigs consuming the AX-rich

diet than those fed the RS-rich diet, suggesting that in the

present study, the AXD was a more effective stimulator of

colonic fermentation than the RSD. The high butyrate

production with the AXD is most probably caused by the

high dietary content of AX and fructans(55). The intermediate

levels observed in response to RSD feeding was, however,

unexpected, since previous in vitro studies(56) and in vivo

studies on pigs(57,58) and human subjects(59,60) have indicated

that RS is a more butyrogenic substrate than other NSP.

However, the increased faecal bulk and SCFA excretion in

AXD-fed pigs compared with those consuming the RSD corro-

borate the observation that in the present study, the AXD was

more fermentable and more butyrogenic than the RSD.

Hepatic metabolism of nutrients

The hepatic extraction of metabolites and hormones was largely

unaffected by the dietary intervention, with a large variation

between a specific metabolite and hormone in question. The

constant hepatic extraction irrespective of dietary treatment

indicates that the rate of hepatic metabolism is determined by

the abundance of nutrients entering the liver, i.e. these

processes may be regarded as mass action driven. Hepatic

metabolism reduces the concentrations to intermediate levels,

and lowest levels are reached in the mesenteric artery after

the peripheral circulation. Increased hepatic clearance of

insulin has previously been reported in response to RS intake

and increased levels of SCFA(8), and, interestingly, hepatic

extraction of insulin was almost doubled in pigs fed the

high-DF diet in the present study. High hepatic extraction and

low peripheral insulin sensitivity in pigs fed the RS diet probably

explain the observed patterns. Although these results were

not statistically significant, these findings deserve further

investigations.

Conclusion

In conclusion, an AX-rich diet attenuated the secretion of insulin,

while the insulin response in RSD-fed pigs did not differ from the

WSD. The beneficial effect of AX may be due to attenuated buty-

rate or SCFA absorption, which caused low systemic fasting levels

of NEFA and improved insulin economy. The RSD did not raise

SCFA and butyrate to the same level as when feeding the AXD;

it had no effect on the fasting level of NEFA and no effect on

insulin despite attenuated glucose absorption. The inconsistency

between the observed glucose and insulin responses emphasises

the complex relationships between the type of food ingested and

the biological response in an in vivo pig model.
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CORRIGENDUM

Resistant starch and arabinoxylan augment SCFA absorption, but affect
postprandial glucose and insulin responses differently – CORRIGENDUM

Anne Krog Ingerslev, Peter Kappel Theil, Mette Skou Hedemann, Helle Nygaard Lærke
and Knud Erik Bach Knudsen

(First published online 16 February 2015)

doi:10.1017/S0007114513004066, Published by Cambridge University Press, February 2014.

The P value for the diet effect on net portal glucose flux (NPF) (Table 4) in the paper by Ingerslev et al.(1) was incorrect. It should

read: The NPF of glucose were 258 mmol/h on the WSD, 203 mmol/h on the RSD and 242 mmol/h on the AXD (SEM 21), and the

corresponding P values were PDiet ¼ 0·20, PTime , 0·001 and PDiet£Time , 0·001, respectively.

Table 4. Net portal flux of metabolites from 0 to 5 h after the first daily meal*

(Least-squares (LS) means with their standard errors or 95 % confidence intervals)

WSD RSD AXD P

LS means 95 % CI LS means 95 % CI LS means 95 % CI SEM Diet Time Diet £ time

Portal blood flow (litres/min)† 2·77 2·15 2·87 0·29 NS‡ ,0·001 NS
Net portal flux (mmol/h)

Glucose 258 203 242 21 0·20 ,0·001 ,0·001
Insulin flux (nmol/h)§ 9·0a,b 3·6, 15·7 10·5a 4·8, 17·5 4·6b 0·01,10·2 – 0·09 0·04 NS
C-peptide (nmol/h)§ 7·9 4·6, 11·4 6·6 3·4, 10·0 5·5 2·4, 8·8 – NS ,0·001 NS
GLP-1 (nmol/h)§ 1·6 1·2, 2·0 1·8 1·4, 2·2 1·9 1·4, 2·3 – NS ,0·001 NS
GIP (nmol/h)§ 4·4 2·1, 6·9 2·8 0·5, 5·2 3·3 1·1, 5·7 – NS 0·12 NS
SCFA 37a 66b 102c 9·3 ,0·001 0·009 0·006
Acetate 24a 40b 62c 6·1 ,0·001 0·006 0·01
Propionate 8·2a 17b 25c 2·6 0·001 0·03 0·002
Butyrate 2·8a 5·7a 10·2b 1·0 0·001 0·02 0·04
Valerate 1·7a 2·4b 2·5b 0·4 0·05 ,0·001 0·001
Caproate 0·05a 0·68b 0·59b 0·15 0·03 0·005 0·03
BCFA 1·3a 1·6a 2·8b 0·26 ,0·001 NS 0·08
Isobutyrate 0·6a 0·7a 1·2b 0·11 ,0·001 NS 0·09
Isovalerate 0·7a 0·9a 1·5b 0·15 ,0·001 0·08 0·07

Hepatic extraction (%)
Glucose 8 5 9 4·2 NS ,0·001 NS
Insulin 27 44 44 11 NS NS NS
Total SCFA 57 50 63 9·2 NS 0·03 NS
Acetate 44a,b 29b 49a 12 0·03 NS NS
Propionate 94 93 95 1·4 NS NS NS
Butyrate 83 79 83 4·6 NS ,0·001 NS

WSD, Western-style diet; RSD, resistant starch-enriched diet; AXD, arabinoxylan-enriched diet; GLP-1, glucagon-like peptide 1; GIP, glucose-dependent insulinotropic peptide;
BCFA, branched-chain fatty acids.

a,b,c Mean values within a row with unlike superscript letters are significantly different (P,0·05).
* Mean plasma concentrations were determined in pigs fed either WSD, RSD or AXD.
† Mean values for portal blood flow are determined based on initial blood flow measurements.
‡ P.0·1.
§ Since data were logarithmically transformed before data analysis, SEM is not the correct measure of variance. Instead, 95 % CI are given.

British Journal of Nutrition (2015), 113, 865–866 doi:10.1017/S0007114515000598
q The Authors 2015
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In the abstract, the first sentence describing the results (page 1564, line 7) should be: ‘The NPF of insulin was lower (P¼0·04)

in AXD-fed pigs (4·6 nmol/h) compared with RSD-fed pigs (10·5 nmol/h), despite similar glucose absorption among diets

(203–258 mmol/h, PDiet ¼ 0·20). A prolonged and a lower peak NPF of glucose was observed in RSD-fed pigs (PDiet£Time , 0·001)

compared with the WSD- and AXD-fed pigs.’

In the Results section, first paragraph (page 1570, line 9), the sentence should be: ‘Substituting wheat flour with potato and

high-amylose maize starches or rye flakes and enzyme-treated wheat bran did not affect the NPF of glucose (P¼0·20). However,

RSD-fed pigs showed a significant diet £ time interaction (P,0·001); RSD-fed pigs had a lower peak NPF of glucose (approximately

300 mmol/h) between 45 and 120 min after feeding.’

The authors apologise for this error.
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1. Ingerslev AK, Theil PK, Hedemann MS, et al. (2014) Resistant starch and arabinoxylan augment SCFA absorption, but affect post-
prandial glucose and insulin responses differently. Br J Nutr 111, 1564–1576. Published by Cambridge University Press, February
2014, doi:10.1017/S0007114513004066.
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ABSTRACT 16 

The health-promoting effects of an increased dietary fiber (DF) intake are widely accepted, and 17 

could be due to the increased absorption of short-chain fatty acids (SCFAs) or altered insulin 18 

economy. The liver is essential for peripheral nutrient supply, but knowledge on the hepatic 19 

metabolism of absorbed SCFA and other nutrients is lacking. The purpose of the present study was 20 

to investigate the effects of elevated DF intake and consequently increased SCFA absorption on the 21 

hepatic metabolism in 6 multi-catheterized pigs and 30 intact pigs fed a high-fat diet. This study 22 

compared the effects of a resistant starch-rich diet (RSD), or arabinoxylan-rich diet (AXD) as 23 

opposed to a low-DF Western-style diet (WSD), all high but similar in fat content. Six pigs were 24 

fitted with catheters in an artery, the portal and hepatic veins, and fed the experimental diets for 25 

seven days in a repeated 3 × 3 Latin square. On sampling days, blood samples were collected 5 26 

hours postprandial and net fluxes were calculated using portal blood flow measurements. The intact 27 

pigs were slaughtered after three weeks of treatment, and liver samples were collected for gene 28 

expression analyses. The hepatic insulin clearance was highest (P = 0.046) in RSD and AXD-fed 29 

pigs (14.0 and 12.5 nmol/h, respectively), compared with WSD-fed pigs (7.6 nmol/h). Net hepatic 30 

uptake of acetate and butyrate was observed for all diets, and highest in response to the AX-rich diet 31 

(P < 0.05), compared with the WSD and RSD diets. Net hepatic uptake of triglycerides and 32 

cholesterol was observed, despite a high ketogenic load from the high-fat diets and SCFA absorbed 33 

from the gut, and no difference among diets were observed. Pigs fed the WSD had elevated arterial 34 

plasma cholesterol (P = 0.03), but the liver did not release cholesterol to the hepatic vein. Overall, it 35 

was concluded that a high DF-intake increased the hepatic uptake of ketogenic SCFAs (acetate and 36 

butyrate), and increased hepatic insulin clearance, and therefore likely alleviated unfavorable effects 37 

of high dietary fat.  38 
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INTRODUCTION 39 

The rapid global increase in obesity prevalence in westernized countries and associated metabolic 40 

abnormalities clustered in the metabolic syndrome with an increased risk for insulin resistance has 41 

been linked to an increased intake of diets rich in fat and refined carbohydrates (1, 2). Physical 42 

inactivity and high-fat diets cause excessive abdominal and visceral fat accumulation, thus 43 

contributing to the development of obesity and obesity-associated diseases (3). Dyslipidemia, 44 

characterized by elevated triglycerides (TG) and low-density lipoprotein (LDL) cholesterol, as well 45 

as reduced high-density lipoprotein (HDL) cholesterol, is closely linked to obesity and metabolic 46 

syndrome (4). Together with an increased flux in free fatty acids from the visceral fat to the liver, 47 

these have been suggested to contribute to the development of insulin resistance (5, 6). In order to 48 

lower the risk of metabolic syndrome and its related complications, dietary intervention is preferred 49 

as a safe and practical approach (7). 50 

An increased intake of dietary fiber (DF) has through the last decades gained increasing attention 51 

because of their benefits on plasma lipid profiles (8, 9). Diets high in DF, especially whole cereal 52 

grain products, are recommended as a remedy to prevent development of obesity and type-2 53 

diabetes (10, 11) due to their positive effects on insulin sensitivity (12, 13). A high intake of DF is 54 

associated with reduced bodyweight and reduced fat deposition in non-fatty tissues (14). An 55 

increased DF intake also increases absorption of the microbial fermentation products short-chain 56 

fatty acids (SCFAs), mainly acetate (C2), propionate (C3) and butyrate (C4) to the portal vein (15, 57 

16). The SCFAs thus contribute to host energy metabolism with an estimated 10% of the daily 58 

energy requirements (17). Portal blood passes the liver as the first organ before systemic circulation, 59 

and the liver is thus exposed to an increased ketogenic load from acetate and butyrate, along with 60 

propionate as a glycogenic precursor. A long-standing question in SCFA research is related to 61 

whether an increased portal SCFA absorption results in increased peripheral levels of SCFAs, 62 

which has been suggested to have beneficial effects on peripheral tissues in relation to improved 63 

insulin sensitivity (18) and insulin economy (19); however, human studies on this subject have been 64 

contradicting (20). The major part of absorbed butyrate is metabolized by the liver, as previously 65 

reported in rats and humans (21, 22), resulting in limited amounts of butyrate release by the 66 

splanchnic tissues, but very often the beneficial effects of DF are associated with increased plasma 67 

butyrate in peripheral blood (23, 24). 68 

The liver is the central organ in metabolic homeostasis, but the organs’ response to high-fat high DF 69 

intake is poorly understood. Particularly, knowledge in the effects of increased SCFA absorption on 70 

liver metabolism is limited due to the difficulties in measuring liver fluxes. Another way of 71 
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evaluating dietary impact on hepatic metabolism is to quantify expression of genes and this 72 

approach may better reveal dietary effects on fat metabolism than quantifying net hepatic fluxes of 73 

e.g. triglycerides. Indeed, altered expression of selected genes can be indicative of e.g. altered 74 

cholesterol synthesis, altered de novo fat synthesis or altered fat oxidation. The pig is often used as 75 

a model for humans in nutritional studies because of similarities in gastrointestinal anatomy and 76 

physiology (25). Therefore, the use of a catheterized pig animal model may improve current 77 

understanding of the nutrient fluxes in the liver and contribute to the understanding of increased DF 78 

intake and SCFA absorption in humans. In addition, the use of intact pigs allows tissue samples to 79 

be collected from hepatic tissues after medium- or long-term interventions to evaluate dietary 80 

effects on fat (fate of ketogenic energy) in the liver. 81 

Increased DF intake contributes significantly to host metabolism and health (26), and an increased 82 

SCFA absorption has been suggested as the possible link between DF fiber consumption and health 83 

benefits (27, 28). However, supplementing DF to a high-fat diet provides additional ketogenic 84 

energy substrates from microbial SCFA fermentation products from the gut to the liver. We have 85 

previously reported that including high levels of arabinoxylan (AX) or resistant starch (RS) in the 86 

diet augmented SCFA absorption to portal blood compared with a low DF Western-style diet 87 

(WSD) in the catheterized pigs (29) used in the present study. Therefore, to investigate the effects 88 

of an increased SCFA absorption on hepatic fluxes and nutrient metabolism, two porcine models 89 

were fed diets high in fat, and either low in DF (WSD diet) or high in DF as either AX or RS from 90 

mixed sources. A multi-catheterized pig model was used to study the implications of consumption 91 

of a high-fat diet and an increased SCFA absorption on hepatic nutrient fluxes. Furthermore, the 92 

effects on hepatic gene expression were assessed in intact pigs fed one of the experimental diets for 93 

three weeks. We hypothesized that the high-DF intake would alleviate unfavorable effects of high 94 

dietary fat due to altered hepatic metabolism. 95 

MATERIALS AND METHODS 96 

Experimental diets 97 

The three dietary treatments used in the present study were WSD, an AX diet (AXD), and a RS diet 98 

(RSD). The WSD was designed to mimic a diet typically consumed in affluent countries 99 

characterized by being high in sugar, saturated fat protein, and refined carbohydrates and low in DF 100 

(see Table 1 for ingredients and chemical composition). The RSD and AXD diets were formulated 101 

to be three times higher (17%) in DF with different DF source than in the WSD diet, but were 102 

otherwise similar to the WSD with regards to protein, fat and gross energy. The RSD diet contained 103 

DF in the form of type-2 resistant starch from high amylose maize (HAM-RS2; HI-MAIZE260®, 104 
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Ingredion Incorporated, Bridgewater, NJ, USA) and raw potato starch (KMC, Brande, Denmark). 105 

The AXD diet contained AX derived from rye flakes provided by Lantmännen Cerealia (Vejle, 106 

Denmark) and enzymatically treated wheat bran (DuPont Industrial Biosciences, Brabrand, 107 

Denmark). Diets passed through a 3.5 mm screen to ensure similar particle size and fed as 108 

powdered meals. The diets were mixed in the feed production unit, Aarhus University, and stored at 109 

-20˚C. A sample of each experimental diet was collected right after production and stored at -20˚C. 110 

Experimental designs and animal models 111 

The animal experiments were conducted according to protocols approved by the Danish Animal 112 

Experiments Inspectorate and were in compliance with the guidelines of the Ministry of Food, 113 

Agriculture and Fisheries concerning animal experiments and care of animals under study. The 114 

health of the animals was monitored throughout the experimental period and no serious illness was 115 

observed. 116 

Experiment 1: Six female pigs (initial bodyweight of 58.8 (SEM 1.6) kg) were surgically fitted with 117 

catheters in the portal and hepatic veins, and a mesenteric artery, and with an ultrasonic flow probe 118 

(Transonic20 PAU probe, 18/20 mm; Transonic System, Inc.) around the portal vein as described 119 

by Jørgensen et al. (30). The pigs were kept in individual pens (2 × 3 m) with elevated plastic grids 120 

covering half the pens which allowed the pigs to rest and stay dry. After 6-9 days surgical recovery, 121 

the catheterized pigs were included in a repeated 3 × 3 Latin square design study, with a dietary 122 

intervention period of 21 days consisting of three consecutive experimental weeks as described by 123 

Ingerslev et al. (29). In each experimental week, pigs were adapted to the experimental diets for six 124 

days before blood samples were collected on day 7 (diet 1), on day 14 (diet 2), and on day 21 (diet 125 

3). Daily feed allowance for catheterized pigs fed the WSD was 2.3% of average bodyweight and 126 

2.5% of average bodyweight for RSD and AXD-fed pigs. Pigs were fed three times a day, at 9.00, 127 

14.00, and 19.00 hours to mimic human eating habits, with each meal providing 33.3% of the total 128 

daily ration. On the evening before sampling days and on sampling days, meals were adjusted to 129 

provide 200 g of available carbohydrates to allow direct comparisons of the acute postprandial 130 

glycemic and insulinaemic responses, as presented in Ingerslev et al. (29). The catheterized pigs 131 

were fed approximately at 80% of their expected ad libitum intake to avoid feed residues. 132 

Experiment 2: A total of 30 female pigs (BW 63.1 (SEM 4.4) kg) were allocated into two blocks of 133 

15 pigs and within a block, pigs were supplied one of the experimental diets as described by Nielsen 134 

et al. (31). Feedings were done three times a day with equal meal sizes (33.3%) at 10.00, 15.00 and 135 

20.00 hours. Daily feed allowance was 2.7% of average body weight for AXD and RSD-fed pigs, 136 

whereas animals fed the WSD were fed 2.4% of average body weight, to provide similar levels of 137 
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net energy on all three diets. After 3 weeks, pigs were fed their last meal 90 min before 138 

slaughtering. The final meal was adjusted to provide 300 g of available carbohydrates to obtain as 139 

much consistency with the study design in the experiments with the catheterized pigs. Pigs were put 140 

down using a captive bolt pistol followed by bleeding. The liver was exposed through the 141 

abdominal cavity and liver tissue samples were collected from the middle part of the largest liver 142 

lobe, left in RNA later overnight at 4˚C, and stored at -80˚C until analysis.  143 

Blood sampling protocol – catheterized pigs 144 

On sampling days, portal vein blood flow was recorded continuously for 2 min immediately before 145 

blood sampling (T210D flowmeter with P-option; Transonic Systems, NY, USA) and recorded 146 

using Powerlab (ADInstruments, Sydney, Australia). Blood samples were collected simultaneously 147 

from all three catheters at -15 (fasting sample, t0), 15, 30, 45, 60, 90, 120, 180, 240 and 300 min 148 

relative to morning feeding in heparin-coated tubes (Greiner Bio-One, Kremsmunster, Austria). 149 

Plasma was collected by centrifugation for 12 min at 2,000 g at 4 °C. Plasma samples were 150 

immediately frozen at -20 °C (glucose, lactate, SCFA, triglycerides, HDL, LDL, cholesterol), or at -151 

80 °C (insulin). After sampling, fluid loss was replaced with sterile saline (0.9% NaCl) and 152 

catheters were filled with 100 UI/ml of heparin to prevent clotting of the catheters. Hematocrit 153 

values were measured in the first and last arterial and portal vein heparin-stabilized blood samples 154 

on sampling days. By the end of each sampling day, catheters were filled with 1000 UI/ml heparin 155 

and each pig received 400 mg Fe3+ intramuscularly (Hyofer 20% Vet; Salfarm Denmark A/S). 156 

Analytical methods 157 

All chemical analyses of diets were performed in duplicates on freeze-dried materials. Dry matter 158 

(DM) content was determined by drying to constant weight for 20 h at 103°C, and ash was analyzed 159 

according to the AOAC method no. 942.05 (32) . Dietary nitrogen (N) content was measured by 160 

Dumas (33) and protein calculated as N × 6.25. Gross energy was determined by using an oxygen 161 

bomb calorimeter system (Parr Instruments, Moline, IL, USA). Fat was extracted with diethyl ether 162 

after HCl hydrolysis according to Stoldt procedure (34). Starch and non-starch polysaccharides 163 

(NSP) was analyzed essentially as described by Bach Knudsen (35), except for the acid hydrolysis, 164 

which was performed in 2 M H2SO4 for 1 h instead of 1 M H2SO4 for 2 h. The AX content was 165 

calculated as the sum of arabinose and xylose residues. Content of AXOS was determined as the 166 

arabinose and xylose residues not precipitating in 80% ethanol during the direct acid hydrolysis of 167 

the NSP procedure. This was done by acid hydrolysis without prior starch removal and alcohol 168 

precipitation, and by subtracting the values for AX after starch removal and alcohol precipitation 169 

(36). The RS content in the diets was analyzed enzymatically using the Megazyme assay 170 
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(Megazyme International Ltd., Wicklow, Ireland). Klason lignin was determined as the sulfuric 171 

acid-insoluble residue according to Theander and Åman (37), and dietary sugar and fructan contents 172 

were analyzed as described by Larsson and Bengtson (38). Total DF was calculated as the sum of 173 

total NSP, fructans, RS and lignin. 174 

Plasma samples were analyzed for glucose, lactate, high-density lipoprotein (HDL), low-density 175 

lipoprotein (LDL), total cholesterol, and triglycerides (TG) according to the manufacturer’s 176 

instructions (Siemens Diagnostics Clinical Methods for ADVIA 1650, Tarrytown, NY, USA) using 177 

an auto analyzer, ADVIA 1650® Chemistry System (Siemens Healthcare Diagnostics, Tarrytown, 178 

NY, USA). Insulin was determined by time-resolved fluoroimmunoassay as described by 179 

Lovendahl and Purup (39). Plasma SCFA was measured by gas chromatography as described by 180 

Brighenti (40) with the modification that 2-ethyl butyrate (FLUKA no. 03190; Sigma-Aldrich) was 181 

used as an internal standard instead of isovalerate. The intestinal microflora does not produce 2-182 

ethyl butyrate, and it is consequently not present in biological samples. 183 

Gene expression analysis by real-time reverse transcriptase-polymerase chain reaction (RT-184 

PCR) 185 

Total RNA was extracted from approximately 30 mg homogenized liver tissue samples using 1000 186 

µL TRIReagent kit (Sigma, St Louis, NY, USA) according to the manufacturer’s instructions, 187 

except that liver samples were added 200 µL 1-bromo-3-chloropropane (BCP) solution. RNA purity 188 

and concentration was determined by measuring absorbance at 260-280 nm (NanoDrop ND-8000 189 

UV-vis spectrophotometer, NanoDrop Technologies, Wilmington, DE, USA). Synthesis of cDNA 190 

and quantification of gene transcription was carried out using an oligo-dT primer for real-time RT-191 

PCR as described by Theil et al. (41). Real-time RT-PCR was performed with TaqMan Universal 192 

PCR Master Mix and gene specific probes or SYBR Green PCR Master Mix (both from Applied 193 

Biosystems, Carlsbad, CA, USA). Amplification of mRNA was measured on a ViiA7 194 

(LifeTechnologies, Taastrup, Denmark) using 384-well plates with 10 µl reaction volume. Three 195 

genes were used as endogenous controls; hypoxanthine phosphoribosyltransferase 1 (HPRT1), 196 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and β-actin. Housekeeping and samples 197 

were analyzed in duplicates. The raw gene-expression data was obtained as Ct values (cycle number 198 

at which logarithmic plots cross a calculated threshold) according to the manufacturer’s guidelines, 199 

and used to determine ∆Ct values (∆Ct = Ct of the target gene - mean Ct of the housekeeping 200 

genes), which were used for the statistical analyses. Then, ∆∆Ct = ∆CtDiet - ∆CtWSD was calculated 201 

and the relative gene-expression was derived using (1 + efficiencies)
–∆∆CT

 method and the fold 202 

change was reported. Details of primers and probes are given in Table 2. In addition to the genes 203 
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indicated in Table 2, liver tissues were also analyzed for expression of the SCFA G-204 

protein−coupled receptors (GPR) GPR41 and GPR43; however, the expression of these genes were 205 

not sufficient for detection and are therefore not included. 206 

Calculations and statistical analysis 207 

Results for net portal flux of glucose, insulin, and SCFA from the previous study (29) were used. It 208 

should be noted that the portal blood flow measured on the first day of sampling is used for the 209 

calculations due to technical problems with the flow probe later in the study. 210 

Portal plasma flow (PPF) was determined using portal blood flow measurements and hematocrit 211 

values from sampling days according to the following; 212 

PPF = portal blood flow × (1 – (hematocrit/100)).   Eq. 1 213 

The net portal flux (NPF) of metabolites was calculated as described by Rerat et al. (42); 214 

NPF = PPF × (c(PV) – c(MA))    Eq. 2 215 

where c(PV) is the concentration in the portal vein and c(MA) is the concentration in the mesenteric 216 

artery. 217 

The net hepatic flux (NHF) was calculated as; 218 

NHF = (PPF/0.86) × c(HV) – [(PPF × c(PV)) + ((PPF/0.86 - PPF) × c(MA))].  Eq. 3 219 

where c(PV) and c(MA) are as described above, and c(VH) is the concentration in the hepatic vein. 220 

Hepatic vein plasma flow was estimated as PPF/0.86 based on hepatic vein plasma flows in 221 

growing pigs described by Kristensen and co-workers (43). 222 

The net splanchnic flux (NSF) was calculated as; 223 

NSF = PPF/0.86 × (c(HV) – c(MA)).    Eq. 4 224 

The net flux represents the sum of absorbed or released metabolites across a tissue or organ; 225 

however, the metabolic pathways cannot be distinguished. A positive net flux indicates net 226 

absorption or release, with subsequent increased levels in the blood after the organ(s). A negative 227 

net flux indicates a net uptake, and hence results in lower levels in the blood after the organ(s). 228 

Effects of diet, time and their interaction were analyzed using a normal Mixed Linear Model for 229 

repeated measurements (SAS 9.3, SAS Institute Inc., Cary, NC, USA): 230 

Yijkl = µ + αi + βj + αβij + γk + υl + τikl + εijkl 231 
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where Yijkl is the plasma variable; µ is the overall mean; αi is effect of diet (i = WSD, RSD, AXD); 232 

βj is time after feeding (j = -15, 15, 30, 45, 60, 90, 120, 180, 240, 300); and αβij is the interaction 233 

between diet and time. The three terms γk, υl and τikl are the effect of week (k = 1, 2, 3), the random 234 

component related to the pig (l = 1, 2,…, 6), and the random component related to the l’th pig fed 235 

the i’th diet in the k’th week, respectively. The residual error component is defined as εijkl. Thus, pig 236 

and pig × diet × week were included as random components to account for repeated measurements 237 

(within pigs and within pigs within sampling days). The covariance structure of τikl was modelled 238 

using the spatial power option to take into account the different intervals between repeated 239 

measurements. The random effects and residuals are assumed to be normally distributed and 240 

independent and their expectations were assumed to be zero. 241 

Data on gene expression in liver tissue was analyzed by the following (normal mixed) model: 242 

Yij = µ + αi + υj + εij 243 

where Yij is the gene expression (∆Ct values); µ is the overall mean; αi is effect of diet (i = WSD, 244 

RSD, AXD), υj is the random effect of block (j = 1 or 2), and εij is the residual error component 245 

under the same assumptions as in the first model. Data are presented as Least Square Means ± 246 

standard error, and significance level was set at P < 0.05 and P ≤ 0.10 as tendency. 247 

RESULTS 248 

Diets 249 

The three experimental diets were formulated to be balanced with regards to energy supplied from 250 

carbohydrates (53%), protein (17%), and fat (30%), and with different sources of dietary fiber 251 

(Table 1.). This was successfully achieved for carbohydrates and fat for all three diets (Table 2); 252 

however, the protein content in the AXD diet was lower than intended compared with the WSD and 253 

RSD diets. This was caused by the use of white wheat flour in these two diets, which had a higher 254 

protein content than expected from database values when designing the diets. As expected, total DF 255 

content was 2.6-2.7 times higher in the RSD and AXD diets, respectively, compared with the WSD 256 

diet. The RSD diet had a high RS content (113 g/kg DM), whereas the RS content in the WSD and 257 

AXD diets were negligible (6 and 8 g/kg DM, respectively). The AX content in the AXD diet was 258 

72 g/kg DM, compared with 18 and 15 g/kg DM in the WSD and RSD diets, respectively. The 259 

AXOS content in the AXD diet was increased 3.5-fold compared with the WSD and RSD diets. The 260 

WSD had a higher sugar content > 90 g/kg DM compared with the RSD and AXD diets. The daily 261 

intake of DF for catheterized pigs was 94 g/day in the WSD-fed pigs, 261 g/day in RSD-fed pigs, 262 
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and 283 g/day in AXD-fed pigs. The daily DF intake in the intact pigs was 119 g/day, 349 g/day, 263 

and 342 g/day on the WSD, RSD, and AXD diets, respectively (31). 264 

Plasma TG, total cholesterol, LDL, and HDL 265 

Consumption of the WSD increased cholesterol levels in the artery (P = 0.03, Table 3) and tended 266 

to increase portal and hepatic vein cholesterol levels (P < 0.10) compared with RSD or AXD intake 267 

(Figure 1). Plasma levels of HDL in all three catheters were higher in WSD and AXD-fed pigs 268 

compared with RSD-fed pigs (P < 0.05). The portal vein LDL:HDL ratio was lower for WSD and 269 

AXD-fed pigs than for RSD-fed pigs (P = 0.04). In the hepatic vein the LDL:HDL ratio was 270 

intermediate in WSD fed pigs, lowest in AXD-fed pigs, and highest in RSD-fed pigs (P = 0.04). 271 

Furthermore, intake of WSD tended to increase the LDL concentration in arterial blood compared 272 

to AXD and RSD (P = 0.09). All lipid metabolites were affected by time after feeding (Ptime < 273 

0.001). 274 

Net portal fluxes 275 

The NPF of all metabolites except for insulin, TG, HDL, and LDL were affected by the diet × time 276 

interaction and all except TG and LDL were affected by time (P < 0.05, Table 4). Overall, the NPF 277 

of glucose was similar among dietary treatments (P = 0.20), and a postprandial increase was 278 

observed on all diets (Figure 2, P < 0.05), peaking at approximately 30-90 min after feeding, 279 

followed by a decrease until next meal (300 min after feeding). A significant diet × time interaction 280 

was observed (P < 0.001) for NPF of glucose, reflecting a lower glucose absorption in RSD-fed 281 

pigs within the first 60 min postprandial compared with WSD and AXD-fed pigs, after which 282 

glucose absorption was similar among diets. In addition, RSD intake resulted in a lower peak value 283 

in glucose absorption of ~ 300 mmol/h compared with ~ 450 mmol/h after WSD or AXD intake. 284 

The NPF of lactate, acetate, propionate and butyrate were all affected by diet (P < 0.05). The NPF 285 

of lactate was higher in WSD-fed pigs compared with RSD and AXD-fed pigs (Figure 2), whereas 286 

NPF of propionate (Figure 2), acetate and butyrate (Figure 3) were highest in AXD-fed pigs, 287 

intermediate in RSD-fed pigs and lowest in WSD-fed pigs. The NPF of HDL was negative on all 288 

three dietary treatments, whereas the NPF of LDL was positive. The diet × time interaction of total 289 

cholesterol (P = 0.04) reflected a higher net portal flux at time points -15 (fasting) and 15 min 290 

postprandial in AXD-fed pigs compared with pigs fed WSD and RSD (Figure 4). 291 

Net hepatic fluxes 292 

The NHF was negative for all the studies metabolites (except HDL in RSD-fed pigs), indicating net 293 

uptake to the liver, and diet × time interactions were found for NHF of lactate, acetate, propionate 294 
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and TG (Table 5). The NHF of insulin was affected by diet, with lower NHF in RSD and AXD-fed 295 

pigs compared with WSD-fed pigs (P = 0.046). Most metabolites were affected by time (P < 0.05), 296 

except for propionate and TG. The NHF of TG was unaffected by diet, but was affected by a diet × 297 

time interaction (Figure 3, P < 0.001); NHF of TG peaked after 120 min in WSD-fed pigs, and 298 

after 180 in AXD-fed pigs. The NHF of lactate was lowest for the WSD diets compared with RSD 299 

and AXD intake (P = 0.003). Pigs fed the AXD diet had the highest NHF of acetate, propionate and 300 

butyrate, whereas RSD-fed pigs were intermediate and WSD-fed pigs had the lowest NHF (P < 301 

0.05). 302 

Hepatic gene expression 303 

The relative expression of solute carrier family 2 (SLC2A4; P < 0.001) and G-protein coupled 304 

receptor 120 (GPR120; P = 0.04) were lowest (Figure 5) in pigs fed the AXD diet, highest in pigs 305 

fed the WSD diet, and intermediate in RSD-fed pigs. Expression of 3-hydroxy-3-methyl-glutaryl-306 

CoA reductase (HMGCR) was highest (P = 0.03) in AXD-fed pigs, lowest in WSD-fed pigs, and 307 

intermediate in pigs fed the RSD diet. Peroxisome proliferator-activated receptor alpha (PPARα) 308 

tended to be highest in WSD-fed pigs, lowest in AXD-fed pigs and intermediate in RSD-fed pigs (P 309 

= 0.09). The other studied genes (MCP1, MCT1, FASN, PGC1, ACC, PPARγ, INSR, IGF1R, and 310 

SEPP1) were not affected by the dietary intervention (P > 0.10). 311 

DISCUSSION 312 

In the present study, DF supplementation as mainly RS or AX fed to pigs for one week increased 313 

hepatic insulin clearance compared with a low DF Western-style control diet. Furthermore, the 314 

high-fat diets supplemented with DFs significantly increased the ketogenic load on the liver, as 315 

indicated by the negative fluxes of acetate and butyrate. However, none of the dietary treatments 316 

resulted in release of cholesterol or triglycerides from the liver to the peripheral blood. The AX-rich 317 

diet resulted in higher hepatic uptake of acetate and butyrate than to the WSD and RSD diets. The 318 

WSD increased arterial plasma cholesterol, but no net release from the liver to peripheral blood was 319 

observed. Plasma concentrations of other lipid markers of metabolic syndrome (TG and LDL 320 

cholesterol) were not affected by diet. 321 

Dietary fiber intake increase hepatic insulin clearance 322 

Administration of DFs in combination with a high-fat diet increased the hepatic clearance of insulin 323 

compared with the low-DF WSD diet, resulting in less insulin transferred to peripheral circulation. 324 

The liver is the main site for insulin clearance, and may remove up till 80% of endogenously 325 

secreted insulin during the first passage (44). Whole grain cereal products, such as AX-rich rye 326 

foods, are known to reduce postprandial insulin responses (45, 46), although the mechanisms 327 
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remain elusive. In support of this, we previously reported reduced insulin secretion in response to 328 

AX consumption (29). A high formation of SCFAs per se in response to soluble DF is suggested to 329 

stimulate PPARγ content in adipose tissues, which increases SLC2A4 expression in adipocytes and 330 

thereby attenuate peripheral insulin sensitivity (47). This may be one possible mechanism of 331 

SCFAs; adipose tissues were not analyzed for PPARγ expression in the present study. However, the 332 

results presented here strongly suggest that increased hepatic insulin clearance may contribute to the 333 

lower postprandial insulin responses. 334 

Insulin resistance in humans develops over the course of years, depending on dietary habits, 335 

lifestyle and genetic predisposition, and normally, pancreatic β-cell can adapt to changes in insulin 336 

requirements (48). However, this adaptive ability may be hampered in insulin resistant individuals. 337 

Decreased hepatic insulin clearance in humans has been suggested to be an early phenotypical 338 

marker in the development of obesity-related insulin resistance, thus contributing to the 339 

development of metabolic syndrome and type-2 diabetes (49, 50). Additional results from 340 

experiment 2 showed that feeding pigs high-fat diets tended to affect parameters related to insulin 341 

resistance after three weeks of dietary intervention (51), as indicated by increased fasting glucose 342 

concentrations, Homeostasis Model Assessment (52) of steady state β-cell function (HOMA-β) and 343 

insulin resistance (HOMA-IR). Similar results have previously been described in an animal model 344 

of insulin resistance induced by high fat diet (53). These results are interesting as dietary 345 

interventions using DF supplementation are increasingly used as a broadly applicable and cost-346 

efficient method for treating individuals with metabolic syndrome or type-2 diabetes. 347 

The liver adapts to an increased ketogenic load 348 

The liver is a key organ for metabolic integration, where ketogenic and glucogenic substrates are 349 

stored, mobilized, metabolized or oxidized depending on the energy supply and energy needs. In the 350 

present study, pigs fed high-fat high-DF diets had a higher liver uptake of ketogenic substrates after 351 

one week of dietary intervention, most pronounced when fed the AX diet. The experimental diets 352 

were all high-fat diets (13.5-15.2% on a DM-basis) which is 3-4 fold higher than standard diets for 353 

growing pigs (4% fat), and the AXD diet was more fermentable than the RSD and WSD diets (29, 354 

31). As a consequence, the net absorption of SCFA to portal blood was elevated when pigs were fed 355 

the AXD and RSD (29), and therefore these diets gave rise to an increased ketogenic load in the 356 

liver, especially following AXD consumption. Utilization of ketogenic substrates originating from 357 

fermentation can be evaluated by the ratio between net hepatic to net portal flux of acetate and the 358 

equivalent ratio for butyrate. The net hepatic to net portal flux-ratio for butyrate was 0.81 to 0.91, 359 

indicating that most of the net absorbed butyrate was metabolized (likely to acetate) by the liver and 360 
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no dietary differences were observed. Interestingly, the net hepatic to net portal flux-ratio for 361 

acetate was numerically higher for AXD (0.70) than for WSD and RSD diets (0.42 and 0.53, 362 

respectively) even though AXD-fed pigs had a higher net absorption of butyrate and a numerically 363 

higher net hepatic to net portal flux-ratio for butyrate (0.91) and therefore a higher hepatic 364 

conversion of butyrate to acetate. The high net hepatic to net portal flux-ratio for acetate observed 365 

in AXD-fed pigs suggest that the high ketogenic load did not impair hepatic utilization of ketogenic 366 

energy originating from fermentation. 367 

Butyrate (C4) can be converted into two acetate molecules (C2), which are oxidized via acetyl-368 

CoA, a central metabolite derived from pathways such as glycolysis and pyruvate oxidation 369 

(carbohydrate metabolism), fatty-acid β-oxidation, ketone degradation and oxidation of ketogenic 370 

amino acids (54). Acetyl-CoA can be used in multiple biochemical pathways, depending on the 371 

energy status, and is among others a precursor in hepatic lipogenesis of TG and biosynthesis of 372 

cholesterol. In the current study, the NHF of TG and cholesterol was negative and similar among 373 

the three experimental diets, indicating that neither the high dietary fat nor the increased ketogenic 374 

load from acetate and butyrate resulted in increased TG release to peripheral tissues. In support of 375 

this, no dietary effects were found on the hepatic expression of key genes involved in lipid synthesis 376 

(FASN and ACC). Previous studies with growing pigs fed high-fat diets have shown that hepatic fat 377 

deposition does not increase, maybe because the porcine liver has a high capacity for fatty acid 378 

oxidation (55). This seems, however, not to be a feasible explanation, because pigs fed the AXD 379 

diet tended to reduce hepatic expression of PPARα, a transcription factor responsible for 380 

upregulating genes involved in fatty acid oxidation. Similarly, no diet effects were found on genes 381 

involved in fatty acid oxidation (PGC1 and PPARγ). Additional results from experiment 2 showed 382 

that WSD-fed pigs had decreased peripheral plasma TG levels after one week of dietary 383 

intervention compared with the high-DF diets, after which no significant changes occurred (51). 384 

Overall, these results suggest that the high hepatic uptake of acetate and butyrate most likely was 385 

not used for hepatic lipogenesis or hepatic β-oxidation. Consequently, utilization of acetate and 386 

butyrate for cholesterol synthesis seems to be a more likely fate than oxidation. In support of this, a 387 

recent study showed extensive incorporation of labelled acetate and butyrate, but not propionate, 388 

into cholesterol after SCFA infusion into the caecum of conscious mice (56). 389 

Increased hepatic bile acid synthesis in response to a high DF intake, combined with decreased ileal 390 

reabsorption and increased fecal excretion of fat and cholesterol through bile, could act as a sink for 391 

the hepatic uptake of ketogenic substrates. Cholesterol synthesis utilizes acetate via the acetyl-CoA 392 

pool in a pathway catalyzed by HMGCR (57). Studies in rats have reported increased expression of 393 
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hepatic HMGCR fed high-fat fiber-supplemented diets with concurrent increased fecal bile acid 394 

excretion (58). The HMGCR mRNA expression was the only gene that was positively associated 395 

with DF content and net SCFA absorption, suggesting increased hepatic cholesterol synthesis. In 396 

line with this, arterial plasma cholesterol was lower in AXD-fed pigs, indicating an augmented 397 

binding of cholesterol in bile acids, giving rise to increased drainage of bile acid pools and hence an 398 

increased utilization of cholesterol as a precursor in bile acid synthesis. The experimental diets in 399 

the present study were high in fat content, therefore potentially increasing bile acid synthesis for 400 

lipid emulsification in the intestines. As a consequence, it is plausible that these pigs had increased 401 

hepatic secretion of bile acids to the intestines after meal ingestion, resulting in an increased hepatic 402 

bile acid synthesis. Previous reports in growing pigs have shown a daily biliary secretion of 403 

approximately 16 g of lipids in growing pigs under normal physiological conditions (59), fed a 404 

standard Danish pig diet with low fat (4%). It is likely that the pigs fed high dietary fat in the 405 

present study had an even greater excretion of biliary fat than reported by Jorgensen et. al. (59) 406 

through the bile acids although this was not evaluated in the present study. However, since the 407 

routes of hepatic cholesterol metabolism bypass the hepatic vein, and is regulated at multiple levels, 408 

quantification of hepatic cholesterol synthesis is not straightforward. 409 

Preliminary metabolomics analysis of hepatic tissue showed that in the liver, samples from AXD 410 

was clearly separated from WSD and RSD (60). The metabolites responsible for this metabolic 411 

clustering have been putatively identified as metabolites involved in lipid metabolism, such as 412 

taurine, bile acids, and glycocholic acid. Whole grain cereals such as wheat and rye contain fatty 413 

acids, mainly polyunsaturated fatty acids (PUFAs). Fatty acid oxidation gives rise to oxylipins and 414 

dicarboxylic acids, which can be absorbed to the portal vein (61, 62). Oxylipins have a range of 415 

effects on e.g. insulin signaling and adipose tissue function (63). Recently, we reported increased 416 

levels of oxylipins and dicarboxylic acids in gastrointestinal content of AXD-fed pigs using a 417 

metabolomics approach (64). In that study, only fasting plasma samples were analyzed. However, 418 

since others have reported portal absorption of oxylipins and dicarboxylic acids, it is feasible that 419 

these metabolites contribute to the effect on hepatic metabolism. Thus, a high consumption of 420 

whole grain cereals appears to affect lipid and bile acid metabolism, although the mechanisms are 421 

currently unknown. 422 

Glucogenic liver metabolism 423 

Dietary carbohydrate derived glucose is quantitatively the most important energy source in growing 424 

pigs (65), and it is readily absorbed from the gastrointestinal tract in response to a meal, as seen in 425 

the increased net portal glucose flux, followed by a decline. Despite feeding similar amounts of 426 



62 
 

available carbohydrates, a significant diet × time interaction on net absorption was found, most 427 

likely due to differences in substrate structure (RS versus WSD/AX) as previously discussed (29). 428 

The net release (positive net hepatic flux) of glucose in fasting samples most likely reflected 429 

glycogenolysis to maintain glucose homeostasis after an overnight fast (14 h). In support of this, the 430 

net hepatic glucose flux became clearly negative after feeding, indicating that hepatic glycogen 431 

stores were replenished during the postprandial phase. However, these results are in contrast to 432 

another study with growing pigs where the net hepatic glucose flux was reported being close to zero 433 

(43), indicating that glucose was not taken up nor released by the liver of these growing pigs. These 434 

differences may however, be explained by differences in the feeding patterns; in the study by 435 

Kristensen and co-workers (43), pigs were fed at equal time intervals of 8 hours, thereby likely not 436 

depleting glycogen stores in the liver, whereas the pigs in the present study was subjected to an 437 

overnight fast of 14 h. 438 

Hepatic extraction of propionate is high, as more than 90% of the net portal absorption is cleared 439 

(66). Propionate originates from microbial DF fermentation in the cecum and colon, and as for 440 

acetate and butyrate, propionate absorption and hepatic uptake of propionate was associated with 441 

increased DF intake. Indeed, an almost perfect mirror between net absorption from the 442 

gastrointestinal tract and net hepatic uptake was observed. Propionate enters the citric acid cycle 443 

directly after conversion to succinyl-CoA in the liver. The liver may convert propionate into lactate 444 

(67), but lactate synthesis is not prevailing in pigs in the present study, as the net hepatic flux was 445 

negative. A more likely explanation is therefore that propionate is used for hepatic gluconeogenesis. 446 

An increased hepatic uptake of lactate was observed in the present study in WSD-fed pigs. The 447 

WSD had a higher content of sucrose and gastric sucrose fermentation produces lactate, which was 448 

absorbed from the gastrointestinal tract. The increased portal absorption therefore most likely 449 

derived from increased sucrose fermentation by lactic acid bacteria in the stomach. The liver can 450 

dispose of extra dietary derived lactate either as a glucogenic substrate for gluconeogenesis via 451 

pyruvate or stored as glycogen. Alternatively, lactate can be converted into acetoacetate or acetyl-452 

CoA and enter the citric acid cycle directly for oxidation. It could also be that this occurs 453 

concomitantly with increased ketogenic oxidation, as nutrient oxidation pattern has been shown to 454 

shift in response to dietary changes in growing pigs (68). This was however, not directly assessed in 455 

the present study. Previous studies with perfused rat liver did not detect increased glycogen or 456 

glucose release in response to increased lactate uptake (69), suggesting that lactate surplus is used 457 

for ATP generation via the citric acid cycle. In line with this hypothesis, no increase in net 458 
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splanchnic flux of glucose was observed in WSD-fed pigs. Therefore, the increased hepatic lactate 459 

utilization in WSD fed pigs was more likely used as an energy source by the hepatocytes. 460 

CONCLUSION 461 

The present data show that high-fat diets supplemented with RS or AX increased the hepatic insulin 462 

clearance and hepatic uptake of ketogenic substrates (acetate and butyrate), without releasing 463 

triglycerides or cholesterol to the peripheral blood. An increased clearance of insulin in the liver of 464 

pigs fed the high DF diet could be potential a contributing mechanism behind the beneficial effects 465 

of a high DF intake. The increased hepatic uptake following different intestinal SCFA production 466 

and absorption rates indicate a large capacity of the liver to metabolize SCFA which was net 467 

absorbed from the gut. It is therefore possible that intake of the AXD diet induced adaptation of the 468 

liver to utilize SCFA (acetate, propionate and butyrate) as energy sources, maybe because 469 

propionate from fermentation counterbalance the concomitant supply of ketogenic energy. Taken 470 

together, the present study contributes with valuable information about the physiological role of the 471 

liver and the fate of SCFA in an animal model with close resemblance to humans, with potential 472 

implications for the expanding use of prebiotics in human nutrition. 473 

ABBREVIATIONS 474 

ACC, acetyl-CoA carboxylase α; AX, arabinoxylan; AXD, arabinoxylan-rich diet; DF, dietary 475 

fiber; FASN, fatty acid synthase; GPR120, G-protein coupled receptor 120; HDL, high-density 476 

lipoprotein; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HV, hepatic vein; 477 

IGF1R, insulin-like-growth factor 1 receptor; INSR, insulin receptor; LDL, low-density lipoprotein; 478 

MA, mesenteric artery; MCP1, monocyte chemotactic protein-1; MCT1, monocarboxylate 479 

transporter 1; NHF, net hepatic flux; NPF, net portal flux; NSF, net splanchnic flux; NSP, non-480 

starch polysaccharides; PGC1, peroxisome proliferator activated receptor gamma, coactivator 1α; 481 

PPARα, peroxisome proliferator-activated receptor α; PPARγ, peroxisome proliferator-activated 482 

receptor γ; PPF, portal plasma flow; PV, portal vein; RS, resistant starch; RSD, resistant starch-rich 483 

diet; RT-PCR, real-time reverse transcriptase-polymerase chain reaction; SCFA, short-chain fatty 484 

acids; SEPP1, selenoprotein P; SLC2A4, solute carrier family 2 , member 4; TG, triglycerides. 485 
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Tables 684 

Table 1. Ingredients and chemical composition of WSD, RSD, and AXD experimental diets 685 

 Diet 

 WSD RSD AXD 

Ingredients, (g/kg, as-fed basis)    

White wheat flour 568 455 - 

Raw potato starch - 56 - 

HiMaize® (60% resistant starch) - 168 - 

Rye flakes - - 655 

Enzyme treated wheat bran - - 80 

Lard 96 89 80 

Soy bean oil 32 30 27 

Sugar 100 - - 

Lacprodan 87 (Whey protein)
a
 131 129 85 

Vitacel WF600 (73% cellulose)
b
 40 40 40 

Vitamin-mineral mixture
c
 30 30 30 

Chromic oxide 3 3 3 

Chemical composition (g/kg DM) 
   

DM (g/kg, as-fed basis) 915 903 891 

Gross energy (MJ/kg DM) 19.7 20.3 19.3 

Ash 37 34 51 

Protein (N × 6.25) 207 191 154 

Fat 152 150 135 

Digestible carbohydrates    

Available sugars 113 3 22 

Fructose 0 0 2 

Glucose 0 0 3 

Sucrose 112 3 18 

Starch 422 470 420 

Non-digestible carbohydrates    

Total NSP (soluble NSP) 58 (11) 55 (8) 144 (33) 

Cellulose 29 34 37 

AX (soluble AX) 18 (6) 15 (4) 72 (22) 

Fructans 0 3 22 

AXOS 2 2 7 

RS
d  6 113 8 

Klason lignin
 

6 13 15 

Total non-digestible carbohydrates
e
 64 173 181 

Total dietary fiber
f
 72 186 196 

    
WSD, Western-style diet; RSD, resistant starch-rich diet; AXD, arabinoxylan-rich diet 686 

® a registered trademark of Ingredion Incorporated, Bridgewater, NJ, USA 687 
a
 Arla Foods Ingredients amba, Viby J, Denmark 688 

b
 J. Rettenmaier and Söhne GmbH, Rosenberg, Germany

 689 
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c
 Supplying per kg diet: 18.9 mg retinol (vit A), 0.15 mg cholecalciferol (vit D3), 1038 mg α-690 

tocopherol (vit E), 31.5 mg vitamin K, 31.5 mg vitamin B1, 31.5 mg vitamin B2, 157.5 mg D-691 

pantothenic acid (vit B5), 315 mg niacin (vit B3), 0.79 mg biotin (vit B7), 0.315 mg vitamin B12, 692 

47.3 mg vit B6, 1260 mg Fe, 225 mg Cu, 630 mg Mn (VA Vit SL/US Anti, Vilomix, Mørke, 693 

Denmark). 694 
d
 Determined by the Megazyme assay (Megazyme International, Wicklow, Ireland) 695 

e
 Calculated as: Total NSP + fructans + RS 696 

f
 Calculated as: Total NSP + fructans + RS + lignin + AXOS 697 



 

Table 2. Primer design, RT-PCR 698 

Gene symbol Probe/detection method 
Assay ID. TaqMan,  

Life Technologies 
Primer design (forward, reverse) Probe/detection 

Glucose transport     

SLC2A4/GLUT4 TaqMan Gene Expression Assay Ss03373325_g1   

SCFA transport     

MCT1 
SYBR  FP: 5'-ACCACTTTTAGGTCGTCTCAATGAC 

RP: 5'-TGGAGATTCTGCTACATCAGTAACTTC 

 

MCP1 
SYBR  FP: 5'- ggctgatgagctacagaagagtca  

RP: 5'- cgcgatggtcttgaagatcac 

 

Insulin signaling     

INSR TaqMan Gene Expression Assay Ss03375405_u1   

IGF1R TaqMan Gene Expression Assay Ss03394289_m1   

SEPP1 TaqMan Gene Expression Assay Ss03377213_u1   

Lipid synthesis and transport     

FASN TaqMan Gene Expression Assay Ss03386194_u1   

ACC TaqMan Gene Expression Assay Ss03389960_m1   

PGC1 TaqMan Gene Expression Assay Ss03393114_u1   

GPR120     

Lipid oxidation     

PPARα TaqMan Gene Expression Assay Ss03380164_u1   

PPARγ TaqMan Gene Expression Assay Ss03394829_m1   

Cholesterol synthesis     

HMGCR TaqMan Gene Expression Assay Ss03390148_m1   

Housekeeping genes     

HPRT1 
SYBR  FP: 5'-CAGTCAACGGGCGATATAAAAGTA 

RP 5'-CCAGTGTCAATTATATCTTCAACAATCAA 

 

GAPDH 
Taqman  FP: 5'- tccagaggcgctcttcca   

RP: 5'- cgcacttcatgatcgagttga 

5'- tcctgggcatggagt 

β-actin 
Taqman  FP: 5'-acccagatcatgttcgagacctt  

RP: 5'-tcaccggagtccatcacgat 

5'-ctgtatgcctctggccgcacca 

ACC, acetyl-CoA carboxylase α; FASN, fatty acid synthase; FP, forward primer; GPR120, G-protein coupled receptor 120; IGF1R, 699 
insulin-like-growth factor 1 receptor; INSR, insulin receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HMGCR, 3-hydroxy-3-700 
methylglutaryl-coenzyme A reductase; HPRT1, hypoxanthine phosphoribosyltransferase 1; MCP1, monocyte chemotactic protein-1; 701 
MCT1, monocarboxylate transporter 1; SLC2A4, solute carrier family 2 , member 4; PPARα, peroxisome proliferator-activated receptor α; 702 
PPARγ, peroxisome proliferator-activated receptor γ; PGC1, peroxisome proliferator activated receptor gamma, coactivator 1α; RP, 703 
reverse primer; SEPP1, selenoprotein P  704 
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Table 3. Postprandial plasma triglyceride, cholesterol, HDL and LDL concentrations 705 

(mmol/L) in the mesenteric artery (MA), portal vein (PV) , and hepatic vein (HV) from 0 to 5 706 

hours after the first daily meal 707 

  LS means*  P-values 

 Catheter WSD RSD AXD SE Diet Time Diet × Time 

Triglycerides MA 0.34 0.35 0.38 0.02 0.41 < 0.001 0.42 

 PV 0.30 0.32 0.33 0.03 0.63 < 0.001 0.17 

 HV 0.31 0.31 0.33 0.04 0.89 < 0.001 0.12 

Cholesterol MA 3.28
a
 3.03

b
 3.01

b
 0.18 0.03 < 0.001 0.42 

 PV 3.13 2.93 2.98 0.18 0.07 < 0.001 0.03 

 HV 3.11 2.93 2.99 0.19 0.09 < 0.001 0.39 

HDL MA 1.27
a
 1.03

b
 1.18

a,b
 0.11 0.04 < 0.001 0.97 

 PV 1.11
a
 0.94

b
 1.14

a
 0.10 0.01 < 0.001 0.41 

 HV 1.11
a
 0.95

b
 1.14

a
 0.04 0.02 < 0.001 0.20 

LDL MA 1.20 1.11 1.07 0.08 0.09 < 0.001 0.88 

 PV 1.20 1.15 1.12 0.09 0.39 < 0.001 0.82 

 HV 1.22 1.14 1.12 0.09 0.12 < 0.001 0.23 

LDL:HDL ratio MA 0.97 1.12 0.91 0.09 0.10 < 0.001 0.50 

 PV 1.07
b
 1.28

a
 1.02

b
 0.11 0.04 < 0.001 0.55 

 HV 1.14
a,b

 1.26
a
 1.01

b
 0.12 0.04 < 0.001 0.23 

* Values within a row without common superscript differ (P < 0.05) 708 

 709 

Table 4. Net portal fluxes (in mmol/h unless otherwise stated) 710 

 LS means*  P-values 

 WSD RSD AXD SE Diet Time Diet × 

Time 

Plasmaflow (L/h) 92 92 94 7.9 0.69 < 0.001 0.99 

        

Glucose 258 203 242 21 0.20 < 0.001 < 0.001 

Lactate 40
a
 21

b
 25

b
 2.7 < 0.001 < 0.001 < 0.001 

Acetate 24
c
 40

b
 61

a
 6.2 0.002 0.009 0.02 

Propionate 8
c
 17

b
 25

a
 2.6 0.002 0.03 0.005 

Butyrate 2.8
b
 5.8

b
 10.6

a
 1.2 0.004 0.02 0.04 

Triglycerides -4.1 -3.1 -3.9 3.3 0.95 0.82 0.48 

Cholesterol -14 -10 -7 4.0 0.45 0.14 0.04 

HDL -12 -9 -9 1.8 0.29 < 0.001 0.77 

LDL 0.1 4.7 5.4 2.2 0.23 0.43 0.99 

Insulin (nmol/h) 9.8 11.6 8.3 2.9 0.50 0.01 0.72 

* Values within a row without common superscript differ (P < 0.05)  711 
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Table 5. Net hepatic fluxes (in mmol/h unless otherwise stated) 712 

 LS means*  P-values 

 WSD RSD AXD SE Diet Time Diet × Time 

Plasma flow (L/h) 107 107 109 9.2 0.69 < 0.001 0.99 

        

Glucose -104 -55 -123 49 0.26 < 0.001 0.39 

Lactate -37
a
 -17

b
 -10

b
 4.5 0.003 < 0.001 < 0.001 

Acetate -13
b
 -22

b
 -47

a
 10.4 0.04 0.04 0.05 

Propionate -9
b
 -16

b
 -26

a
 3.2 0.02 0.07 0.005 

Butyrate -2.7
b
 -5.0

b
 -10.0

a
 1.5 0.02 0.03 0.06 

Triglycerides -2.1 -1.6 -0.2 2.7 0.72 0.60 0.02 

Cholesterol -5.5 -2.0 0.2 3.0 0.30 < 0.001 0.88 

HDL -2.5 0.19 -0.08 1.4 0.23 < 0.001 0.76 

LDL -1.5 -1.3 -0.2 1.8 0.83 0.007 0.70 

Insulin (nmol/h) -7.6
b
 -14

a
 -12.5

a,b
 2.4 0.046 < 0.001 0.20 

* Values within a row without common superscript differ (P < 0.05)  713 
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Figure 1. Postprandial lipid concentrations (cholesterol, HDL, LDL). WSD, Western style diet (-○-714 

); RSD, resistant starch-rich diet (-●-); AXD, arabinoxylan-rich diet (-∆-). Samples were collected 715 

during the first 5 hours postprandial. Values are means (n = 6). Symbols indicate that means differ, 716 

P ≤ 0.05; * WSD ≠ AXD, ‡ AXD ≠ RSD, † WSD ≠ RSD. 717 

 718 
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Figure 2. Glucogenic energy (glucose, propionate, lactate) flux. WSD, Western style diet (-○-); 719 

RSD, resistant starch-rich diet (-●-); AXD, arabinoxylan-rich diet (-∆-).Samples were collected 720 

during the first 5 hours postprandial. Values are means (n = 6). Symbols indicate that means differ, 721 

P ≤ 0.05; * WSD ≠ AXD, ‡ AXD ≠ RSD, † WSD ≠ RSD. 722 

 723 
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Figure 3. Ketogen energy (acetate, butyrate, triglycerides) flux. WSD, Western style diet (-○-); 724 

RSD, resistant starch-rich diet (-●-); AXD, arabinoxylan-rich diet (-∆-).Samples were collected 725 

during the first 5 hours postprandial. Values are means (n = 6). Symbols indicate that means differ, 726 

P ≤ 0.05; * WSD ≠ AXD, ‡ AXD ≠ RSD, † WSD ≠ RSD. 727 

 728 
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Figure 4. Lipids (cholesterol, HDL, LDL) flux. WSD, Western style diet (-○-); RSD, resistant 729 
starch-rich diet (-●-); AXD, arabinoxylan-rich diet (-∆-).Samples were collected during the first 5 730 
hours postprandial. Values are means (n = 6). Symbols indicate that means differ, P ≤ 0.05; * WSD 731 
≠ AXD, ‡ AXD ≠ RSD, † WSD ≠ RSD. 732 

 733 
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Figure 5. Effects of diets on gene expression in liver pigs fed Western style diet ( , WSD), 734 
resistant starch-rich diet ( , RSD) or an arabinoxylan-rich diet ( , AXD) for 3 weeks. Values are 735 
least-square means (n = 10 per diet). 

a,b,c
 Mean values with unlike letters are significantly different 736 

(P < 0.1). 737 

 738 
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ABSTRACT 17 

The effects of increased intake of dietary fiber as either arabinoxylan (AX) or resistant starch (RS) 18 

compared to a typical low dietary fiber Western-style diet (WSD) on the metabolomics responses 19 

was studied in gastrointestinal content and tissue, peripheral plasma and urine using a 20 

multicompartmental non-targeted LC-MS approach in pigs. Both unsupervised and supervised 21 

multivariate analyses were used to study differences between the intervention groups, revealing 22 

significant effects of the dietary intervention on gastrointestinal contents and urine metabolites. 23 

Consumption of an AX rich diet composed of whole grain and enzyme treated wheat bran increased 24 

gastrointestinal content of novel sulfate- and acetic acid conjugated oxylipins, and urinary secretion 25 

of phenolic compounds. Furthermore, potential gastrointestinal and urinary biomarkers for 26 

consumption of resistant starch, whole grain rye, and a low dietary fiber intake were detected using 27 

multi block analysis. This study provides insight into microbial fermentation products in the 28 

gastrointestinal tract, and suggests a potential role in sulfate conjugation of metabolites on the 29 

bioavailability of ingested nutrients. In addition, the use of multicompartmental metabolomics 30 

offers information about the correlations between the compartments of the digestive system, 31 

providing additional insight into effects of increased whole grain intake.  32 
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INTRODUCTION 33 
Easy access to energy dense foods in combination with a sedentary lifestyle has increased the 34 

incidence of overweight and obesity in many affluent countries.
1
 Abdominal obesity is a major risk 35 

factor for developing metabolic syndrome characterized by metabolic abnormalities, including 36 

glucose intolerance and dyslipidemia which may lead to type-2 diabetes and cardiovascular 37 

disease.
2
 Dietary fibers (DF) have in recent years received much attention due to the potential 38 

beneficial properties in relation to reducing the risk of developing metabolic diseases and improving 39 

gut health.
3
 The beneficial physiological effects of DF were initially ascribed to the 40 

physicochemical properties of the food, such as water-binding capacities and the physical 41 

encapsulation of nutrients in the cell wall.
4,5

 These properties cause a range of physiological effects, 42 

including lower postprandial glucose and insulin responses
6,7

, decreased intestinal transit time and 43 

increased fecal bulk
8
, lower serum total and LDL cholesterol levels

9
 and increased microbial 44 

fermentation.
10

 45 

The increased microbial fermentation of DF resulting in augmented production of short-chain fatty 46 

acids (SCFA), predominantly acetate, propionate and butyrate
11

 has also been shown to have 47 

multiple local and systemic beneficial effects on human health.
12

 In addition to fermentable 48 

carbohydrates, the DF fraction also provides a number of phytochemicals with implications for 49 

health locally as well as globally in the body. 50 

Cereals and whole grain products are a major source of carbohydrates, vitamins, minerals and cereal 51 

bioactive components.
13

 Many cereal bound compounds with health beneficial properties are bound 52 

to the food matrix or poorly accessible in their native form, and are thus not necessarily biologically 53 

active until made available by the gastrointestinal microflora. The colonic microflora have a far 54 

larger repertoire of degrading enzymes and metabolic capabilities than their host, and the extensive 55 

microbial fermentation affects the bioavailability of nutrients found in plant cereal products, either 56 

by microbial cross feeding, compound conversion and/or degradation or the production of other 57 

microbial metabolites.
14

 It is therefore important to determine the nature and distribution of these 58 

compounds in an in vivo setting, and to identify which metabolites are present in the gastrointestinal 59 

tract, with potential local or systemic effects. Knowledge of the bioavailability of the various 60 

dietary compounds may therefore provide further insight into the compounds that are most likely 61 

able to exert protective healthy effects. 62 

Metabolomics is a promising technology for studying nutrient metabolism involving multiple 63 

biochemical pathways, as is the case with complex food matrixes, i.e. whole grains. Most 64 

metabolomics studies analyze the effects of a dietary intervention on easily accessible samples, such 65 
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as peripheral plasma, urine and feces, and bioavailability of different metabolites and their 66 

derivatives from various foodstuffs has been demonstrated particularly in urine
15,16

, but also in 67 

plasma.
17,18

 However, the metabolites determined in urine and feces represent the remaining dietary 68 

chemicals and their non-absorbed metabolites, and do not reveal which metabolites are available for 69 

absorption. Knowledge concerning the role of microbial fermentation on nutrient bioaccessibility is 70 

thereby lost, despite the significant contribution of the gut microbiota on bioavailability and 71 

metabolic outcome.
19

 72 

In the present study, we used an unsupervised method, principle component analysis (PCA), to 73 

identify any intrinsic clustering within data sets from different compartments, and supervised 74 

analysis, sparse multi-block partial least squares regression (MBPLSR), to identify the separation 75 

between sample classes. Multi-compartmental profiling of samples collected from the same subject, 76 

but collected from different compartments or analyzed by different analytical methods, is emerging 77 

in studies of diet-induced metabolic changes.
20,21

 Multi-block approaches furthermore allow 78 

simultaneous examination of multiple blocks of data sets within the same objects
22,23

 to provide an 79 

in-depth investigation of changes in a biological system in response to altered nutrition. To facilitate 80 

the interpretation of multiple data blocks in a systems biological context, multivariate data 81 

analytical tools can be used.
24

 These analytical methods search for underlying systematic patterns in 82 

the variation of samples and variables between and within parallel blocks, and present the results in 83 

efficient graphical overviews. 84 

The aim of the present study was to study the implications of increased DF intake on the metabolic 85 

profiles in the gastrointestinal tract, and in absorbed and excreted metabolites. The fate of 86 

metabolites was investigated from consumption via the diets through the gastrointestinal tract, to 87 

absorption and excretion. This was done by non-targeted LC-MS based metabolomics analyses of 88 

the diets, the contents of cecum and colon, cecum and colon tissues, peripheral plasma and urine. 89 

An unsupervised PCA and supervised multi-block metabolomics approach was employed to 90 

investigate the diet-induced metabolic alterations in pigs fed a resistant starch-rich (RSD) or 91 

arabinoxylan-rich (AXD) diets compared to a refined white wheat flour control diet (WSD). 92 

Potential biomarkers were detected using sparse MBPLSR, an explorative chemometrics approach, 93 

capable of applying variable selection and simultaneously analyzing multiple data sets.
25

 94 

MATERIALS AND METHODS 95 

Chemicals 96 

Formic acid purchased from Fluka (Fluka, Sigma-Aldrich, St. Louis, MO, USA), HPLC-grade 97 

acetonitrile from VWR (West Chester, Pennsylvania, USA), and distilled water from Milli-Q 98 
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system (Millipore, MA) was used for aqueous solvents and eluents. Glycocholic acid (glycine-1-99 

13C) monohydrate and 4-chloro-DL-phenylalanine, purchased from Sigma (Sigma, MO, USA), 100 

were used as internal standards in the metabolomics analysis. 101 

Experimental diets 102 

The three experimental diets were a western-style diet (WSD) made from refined white wheat flour 103 

and two high DF diets where the white wheat flour was replaced by different sources of DF. The 104 

experimental diets are described in detail in Ingerslev et al.
26

 In the resistant starch diet (RSD) part 105 

of the refined white wheat flour was replaced by resistant starch from raw potato starch and high-106 

amylose corn starch, and the AX-rich diet (AXD) was based on whole grain rye flakes and 107 

enzymatically treated wheat bran. Raw potato starch was obtained from KMC (Brande, Denmark), 108 

and high-amylose corn starch from Ingredion Incorporated Inc. (Bridgewater, NJ, USA). Rye flakes 109 

were provided by Lantmännen Cerealia (Vejle, Denmark) and the enzymatically treated wheat bran 110 

was produced by DuPont Industrial Biosciences (Brabrand, Denmark). Diets were fed as powdered 111 

diets and passed through a 3.5 mm screen to ensure similar particle size. The diets were mixed in 112 

the feed production unit, Aarhus University, and stored at -20˚C until fed. Experimental diet 113 

samples for analysis were collected right after production and stored at -20˚C. 114 

Animal models and experimental design 115 

The pigs used in this study were female offspring from Danish landrace × Yorkshire sows crossbred 116 

with Duroc semen from the swineherd at Aarhus University, Department of Animal Science, 117 

Foulum, Denmark. A total of thirty pigs (initial bodyweight 63.1 ± 4.4 kg) were fed the 118 

experimental diets for three consecutive weeks. The experiment was conducted in two blocks with 119 

five pigs per treatment in each block, where block 2 was initiated one week after block 1. Pigs were 120 

allocated to one of the three diets stratified for live weight within blocks after five days adaptation 121 

to single pen enclosure (2 × 2 m) without bedding. The pigs were fed three times a day, at 10.00, 122 

15.00, and 20.00, each meal providing 33.3 % of the daily ration. The daily feed allowance was 123 

2.9% of expected average body weight (75 kg) on the WSD diet, and 3.2% on the RSD and AXD 124 

diets. Meal sizes were 622, 675 and 678 g as-is per meal on the WSD, RSD and AXD diets, 125 

respectively, ensuring similar levels of net energy on all diets. Meal sizes provided 300 g of 126 

available carbohydrates to obtain as much consistency as possible with the study design described 127 

by Ingerslev et al.
26

 On slaughtering days, pigs were fed individually 1.5 hours before slaughtering. 128 

The pigs had access to water ad libitum and were allowed physical and visual contacts with 129 

neighboring pigs through railings. 130 
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The animal experiments were conducted according to protocols approved by the Danish Animal 131 

Experiments Inspectorate and were in compliance with the guidelines of the Ministry of Food, 132 

Agriculture and Fisheries concerning animal experiments and care of animals under study. The 133 

health of the animals was monitored throughout the experimental period and no serious illness was 134 

observed. 135 

Slaughtering and sample collection 136 

Peripheral fasting blood samples were collected by jugular vein puncture 4-5 days before slaughter 137 

from each pig. The samples were collected in EDTA vacutainers, centrifuged, and plasma was 138 

harvested and stored at -80°C until analysis. On the day of slaughter, pigs were put down using a 139 

captive bolt pistol followed by bleeding. The abdominal cavity was opened and the gastrointestinal 140 

tract was ligated at the esophagus and rectum before removal. At slaughter, a urine sample was 141 

collected from the bladder and stored at -80°C until LC-MS analysis. The length of the colon (Co) 142 

was determined and the colon was divided into three parts of equal length (Co1, Co2, Co3). Cecum 143 

(Ce) and colon content was collected from each segment, and stored at -20˚C until further analysis. 144 

After rinsing with water, mucosal cecum and colon tissue samples (approximately 500 mg) were 145 

collected at 25% of the total length of the colon segments and cecum by scraping using a sterile 146 

glass slide. The samples were frozen in liquid nitrogen to stop metabolism before storage at -80˚C 147 

until further analysis. 148 

Analytical methods  149 

Gastrointestinal content and diet samples were dried to constant weight at 103°C. All chemical 150 

analyses of diets were performed in duplicates on freeze dried materials. Dry matter (DM) content 151 

and ash was determined in diet samples according to the AOAC method no. 942.05.
27

 Dietary 152 

nitrogen (N) content was analyzed by Dumas
28

 and protein calculated as N x 6.25. Fat was 153 

determined using the Stoldt procedure.
29

 Dietary sugar (glucose, fructose, and sucrose) and fructan 154 

contents were analyzed as described by Larsson and Bengtson.
30

 Starch and NSP were analyzed 155 

essentially as described by Bach Knudsen
31

 The AX content was calculated as the sum of arabinose 156 

and xylose residues of the NSP procedure described above. The AXOS content was determined 157 

from the arabinose and xylose residues not precipitating in 80% ethanol when analyzing the 158 

samples by direct acid hydrolysis of the NSP fraction. This was done without prior starch removal 159 

and alcohol precipitation and by subtracting the values for AX after starch removal and alcohol 160 

precipitation.
32

 Total RS content was analyzed using a commercially available kit (Megazyme 161 

International, Ireland), and Klason lignin was measured as the sulfuric acid-insoluble residue as 162 
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described by Theander & Åman.
33

 Gross energy was determined using a 6300 Automatic 163 

Isoperobol Calorimeter System (Parr Instruments, Moline, IL, USA). 164 

Ultra high performance liquid chromatography mass spectrometry 165 

Peripheral plasma samples (200 µL) collected after 3 weeks of diet intervention were mixed with 166 

600 µL ice-cold 10% acetonitrile with internal standards in a final concentration of 30 µg/mL. The 167 

samples were mixed immediately and incubated for 20 min at 4°C to precipitate proteins. The 168 

supernatants were collected after centrifugation at 14,000 g for 10 min and evaporated to dryness in 169 

a vacuum centrifuge set at 30°C. The resulting dry residue was re-dissolved in 200 µL water/ 170 

acetonitrile/formic acid (95:5:0.1 v/v/v) and centrifuged for 10 min at 10,621 g. The supernatants 171 

were used for LC-MS analysis. 172 

Urine samples (450 µL) were mixed with 50 µL ice-cold 10% acetonitrile with internal standards in 173 

a final concentration of 30 µg/mL. The samples were mixed immediately and incubated for 20 min 174 

at 4°C to precipitate proteins. The supernatants were collected after centrifugation at 14,000 g for 175 

10 min and injected directly into the LC-MS. 176 

Previously published data from gastrointestinal samples from the same experiment showed highest 177 

concentrations of total and individual SCFAs in the upper part of the colon.
34

 In the present study 178 

we analyzed the content from Ce and Co1, the sites with the highest microbial activity, by LC-MS. 179 

Freeze-dried samples of gastrointestinal contents (Ce and Co1, 50 mg) were dissolved in 400 µL 180 

ice-cold 10% acetonitrile with internal standards in a final concentration of 30 µg/mL, mixed for 15 181 

min at 4°C and centrifuged. The supernatant was transferred directly to a vial for LC-MS analysis. 182 

Mucosal cecum and colon tissue samples were thawed on ice before sample preparation to 183 

minimize metabolite degradation. Glass beads (425-600 µm; Sigma, MO, USA) were added in a 184 

tissue-to-glass bead ratio of approximately 1:1, and 400 µL ice-cold 10% acetonitrile with internal 185 

standards in a final concentration of 30 µg/mL were added to 50 mg tissue. The sample was 186 

homogenized for 1-2 min on a bead beater (BIO101/Savant FastPrep FP120, Qbiogene Inc, 187 

Carlsbad, CA, USA), followed by protein precipitation by incubation at 4°C for 20 min. Due to the 188 

presence of larger biological molecules such as salts and red blood cells, the supernatants were 189 

filtered after centrifugation (10 min at 5,300 g) using Nanosep® 10K Omega filters (Pall Life 190 

Sciences, Ann Arbor, MI, USA) before LC-MS analyses. 191 

Diets (500 mg) were solubilized using 2.5 mL ice-cold 10% acetonitrile with internal standards 192 

(final concentration 30 mg/mL), and mixed thoroughly for 1 min. the samples were sonicated to 193 

release any matrix bound compounds, followed by protein precipitation by incubation at 4°C for 20 194 
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min. Due to the presence of larger biological molecules, the supernatants were filtered after 195 

centrifugation (10 min at 5,300 g) using Nanosep® 10K Omega filters (Pall Life Sciences, Ann 196 

Arbor, MI, USA) before LC-MS analyses. 197 

An ultra-performance liquid chromatography Ultimate 3000 (UHPLC, Dionex, Sunnyvale, CA, 198 

USA) system coupled to a MicrOTOF-Q II mass spectrometer (Bruker Daltonik GmbH, Bremen, 199 

Germany) was used for the UHPLC analyses. The analytical column was a Titan C18 column (100 200 

x 2.1 mm, 1.9 µm; Supelco, Bellefonte, PA, USA), held at 30°C. Electrospray ionization (ESI) in 201 

negative mode was employed for introducing the sample to the mass spectrometer. Capillary 202 

voltage was set at 4500 V with a scan rate of 1 Hz. Nitrogen was used as both nebulizer and drying 203 

gas with a gas pressure of 1.8 bar. Drying gas temperature and flow was 200°C and 8.0 L/min, 204 

respectively. Spectra were acquired over the scan range of 50-1000 m/z. A 5 mM lithium formate 205 

solution (water/isopropanol/formic acid in a 50:50:0.2 v/v/v ratio) was injected prior to each 206 

chromatographic run as an external calibrant. The injection volume was 3.2 µL, and the flow rate 207 

was 400 µL/min. The mobile phases consisted of (A) MilliQ-H2O with 0.1% formic acid and (B) 208 

acetonitrile with 0.1% formic acid. The column was equilibrated for 2 min before injection. The 209 

gradient used for gastrointestinal contents, tissues and plasma samples were 10% (A) for 1 min, 210 

followed by a linear increase to 100% (A) within 11.89 min. The mobile phase was kept at isocratic 211 

condition for 18 s before returning to 10% (A) in 12 seconds. The gradient for the urine sample 212 

analyses was 5% (A) for 1 min, followed by a linear increase to 50% (A) within 11.89 min. 213 

Isocratic conditions were kept for 18 seconds before returning to 5% (A) in 12 seconds. As quality 214 

controls, blank samples (10% acetonitrile) and pooled sample material from all 30 pigs were re-215 

injected after every 6 samples to evaluate the analytical system performance. Argon gas was used as 216 

collision gas for the MS/MS analysis, using collision energies from 8 to 40 eV. Other parameters 217 

were as described above. 218 

Bruker Daltonics software packages MicrOTOF control v.2.3, HyStar v.3.2 and Data Analysis v.4.0 219 

were used for MS control and data calibration before further analyses. 220 

Data pre-processing 221 

LC-MS data was calibrated and converted to mzXML file format using CompassXport (Bruker 222 

Daltonik GmbH, Bremen, Germany) before pre-processing using MZmine 2.10.
35

 Cropped data was 223 

pre-processed using centroid peak detector algorithm, local minimum search deconvolution and 224 

retention time normalization. Deconvoluted LC-MS peaks were subsequently aligned by RANSAC 225 

alignment and the removal of duplicate peaks was followed by gap filling. Internal standards were 226 

used for normalization according to average signal. 227 



 

90 
 

Statistical analyses 228 

Sample and variable variations patterns were analyzed by principle component analysis (PCA) and 229 

sparse multi-block partial least squares regression (sparse MBPLSR). The data was pareto-scaled 230 

for PCA and sparse MBPLSR analyses, and potential outliers were detected after initial visual 231 

inspection of PCA plots. Thereafter, the original chromatograms of the potential outliers were 232 

investigated, and outliers having additional peaks or unusually broad peaks were removed from the 233 

data sets. In addition, peaks observed in blank samples were assumed to be outlying variables and 234 

removed from the data. Linear discriminant analysis (LDA) was applied on the PCA scores to test 235 

discrimination ability of the individual PCA models by returning the classification loss using leave-236 

one-out cross validation. Hence, a goodness of prediction close to 1 indicates that the models fit the 237 

data well. Since PC1 and PC2 were responsible for explaining the main variation in the data, these 238 

scores were used for the LDA models. 239 

Details about the sparse MBPLSR analysis can be found in Karaman et al.
25

, except that no block 240 

scaling was applied prior to sparse MBPLSR analysis in the present study. Block scaling is usually 241 

done to prevent a large number of variables or significantly higher intensity of peaks in a single 242 

block from dominating the MBPLSR model, i.e. the blocks are given the same total variance.
36

 243 

However, block-scaling the data in this study resulted in several metabolites from the tissue and 244 

plasma blocks (with few metabolites) dominating the analysis, while no metabolites were selected 245 

from the gastrointestinal content and urine blocks. The sparse MBPLSR analysis provides insight 246 

into the variation pattern in individual blocks, while simultaneously revealing the global variation 247 

with contributions from all blocks in a global block score.
36

 The sparse MBPLSR analysis was 248 

carried out using the metabolomics data from cecum and colon contents and tissues, plasma and 249 

urine. Individual blocks were defined as the site of sample collection in the following order: block 250 

one; cecum content (X1), block two; cecum tissue (X2), block three; colon content (X3), block four; 251 

colon tissue (X4), block five; peripheral plasma (X5), and block six; urine (X6). Row-to-row 252 

correspondence required for MBPLSR
24

 was obtained by removing the individual block outliers 253 

from all blocks, resulting in a total of 26 pigs for sparse MBPLSR analysis. The dietary 254 

interventions (WSD, RSD and AXD) were used as response variable Y (generated by dummy 255 

variables) and defined as indicator variables.
25

 Misclassification rates were calculated by cross-256 

model validation.
25

 Optimal number of latent variables were determined and validated by 10-fold 257 

validation leaving out samples corresponding to one of 10 pigs from each dietary treatment to avoid 258 

overfitting of the data. 259 
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Selected variables were tested by Welch two-sample t-test with a significance threshold of P < 0.05. 260 

Fold changes of selected metabolites were calculated by dividing the mean of normalized peak area 261 

of each metabolite with the peak area of the same metabolite in WSD fed pigs. For heat map 262 

alignment, fold changes were log10 transformed prior to alignment. To correct for multiple 263 

comparisons, false discovery rate (FDR) q values were calculated
37

 with significance threshold at q 264 

< 0.25. All uni- and multivariate analyses were performed using in-house-written and standard 265 

MATLAB routines (R2013b v.8.2.0.701; Natick, MA, USA).
38

 266 

Metabolite identification 267 

Selected metabolites were subjected to MS/MS analysis, and accurate masses and mass 268 

spectrometric fragmentation patterns were used in database searches for identification. Database 269 

searches were performed using METLIN (http://masspec.scripps.edu/), the Human Metabolome 270 

Database (HMDB, http://www.hmdb.ca/) and LIPID MAPS database (http://www.lipidmaps.org/). 271 

Previously published spectra were also used for identification, and identified metabolites were 272 

verified by comparing metabolite fragmentation patterns with fragmentation patterns of known 273 

standard compounds when standards were available. 274 

RESULTS AND DISCUSSION 275 

Experimental diets 276 

The three experimental diets used were prepared to provide equal amounts of fat, protein, available 277 

carbohydrates and gross energy, which were successfully obtained, except for protein which was 278 

lower in the AXD diet (Table 1). The DF content in the AXD and RSD diets was 2.7 fold higher 279 

compared to the WSD diet. The RSD diet was characterized by a high content of RS (113 g/kg 280 

DM), whereas the AXD diet contained 4-5 times the amount of AX (72 g/kg DM) compared to the 281 

WSD and RSD diets (18 g/kg DM and 15 g/kg DM, respectively).  282 

Unsupervised metabolomics data analysis 283 

After pre-processing, the individual data blocks contained varying number of metabolites 284 

(variables): cecum content; 692, cecum tissue; 65, colon content; 436, colon tissue; 21, plasma; 104, 285 

and urine; 1,155. Multivariate analyses were performed on the data sets after pre-processing to test 286 

for effects of dietary treatment. 287 

The results of PCA revealed a clustering between the dietary intervention groups (Figure 1 and 288 

Suppl. Figure S1). The changes in metabolic profiles caused by the dietary intervention were 289 

sufficient for visualization using unsupervised PCA.
39

 In urine, cecum and colon contents, the PCA 290 

models showed a discrimination of AXD and WSD/RSD samples, whereas samples from RSD and 291 
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WSD fed pigs were indistinguishable. The first principal component accounted for most of the 292 

separation in cecum and colon content (35.7% and 43.6%, respectively), whereas both the first and 293 

second principal components contributed to the diet-clustering in urine (Figure 1c). No separation 294 

according to diet was observed in plasma samples or in cecum and colon tissue samples (Suppl. 295 

Figure S1). According to the PCA-based LDA model using leave-one-out cross-validation, the 296 

goodness of prediction was 1 for cecum content, and 0.95 for colon content and urine. 297 

Supervised metabolomics data analysis 298 

Sparse MBPLSR was performed with sample collection site as the multi-block X, and dietary 299 

treatment as Y. The analysis was done using 6 blocks (cecum content and tissue, colon content and 300 

tissue, plasma and urine), and included a total of 26 pigs; one sample was missing in cecum content, 301 

and three outliers were identified based on PCA and verified by visual inspection of the raw 302 

chromatograms. 303 

The individual block variation patterns are shown in Figure 2a-c, showing separation according to 304 

diets in cecum and colon contents, as well as urine, but not in cecum and colon tissue or plasma 305 

(data not shown). The global variation pattern of the dietary intervention groups is shown in the 306 

global score plot (Figure 2d), showing a clear separation in the metabolic profiles of AXD and 307 

RSD/WSD fed pigs. The explained block variances are indicated on the respective axes. The first 308 

principal component accounted for most of the separation of the AXD and WSD/RSD diets, where 309 

68.7% of the variance found in sample collection site X explained 24.5 % of the total variance in 310 

the dietary treatment. The predictive ability of the sparse MBPLSR was assessed by cross model 311 

validation (CMV) using 10 fold validation among the 26 pigs. The misclassification rate was 312 

3.85%, resulting in a calculated, potential number of misclassifications of 1 pig from the sparse 313 

MBPLSR model. The sparse MBPLSR model is therefore regarded as acceptable by means of 314 

predictive ability, and can thus be used for further analysis.
25

 315 

The metabolites contributing to the separation of the experimental diets were selected by MBPLSR 316 

combined with cross model validation. Variables selected more than 5 times were plotted in a 317 

correlation loading plot (Figure 3 and Suppl. Figure S2). Figure 3 is interpreted in the following 318 

way
24

: metabolites close to the outer circle in the positive direction of the first PLS component are 319 

highly positively correlated with the first component. Variables close to the outer circle in the 320 

negative direction of the first PLS component are highly negatively correlated with the first PLS 321 

component. Likewise, variables found on the vertical axis on the top are highly positively correlated 322 

to the second PLS component, whereas the metabolites in the bottom are highly negatively 323 

correlated to the second PLS component. The outer circle indicates that 100% of the variance can 324 
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be explained in the shown direction, whereas the inner circle indicates 50% explained variance. 325 

Variables, which are located at between 10 and 11 o’clock close to the outer circle are consequently 326 

explained by a combination of principle component one and two. Hence, metabolites within the 327 

inner circle do not significantly contribute to the dietary differences observed in the global score 328 

plot. 329 

The correlation loading plot shows that the first PLS component is able to separate the AXD 330 

samples from the WSD and RSD samples (Figure 3), whereas the second PLS component separates 331 

samples from RSD fed pigs from the AXD fed pigs. Several metabolites were strongly positively 332 

correlated to a high intake of arabinoxylans in urine, cecum and colon contents, indicated by their 333 

position close to the diet (the class information matrix Y). For instance the metabolites with m/z 334 

187.097 and m/z 329.232 (between 7 and 8 o’clock) found in both cecum and colon contents are 335 

highly correlated with the AXD diet, and the metabolite m/z 319.162 is partly correlated with the 336 

WSD diet. 337 

Metabolites in gastrointestinal content 338 

The PCA loadings were used to investigate which metabolites were responsible for the 339 

discrimination between the AXD and WSD diets in gastrointestinal content and urine (results not 340 

shown). Since no discrimination was observed between the WSD and RSD diets, only metabolites 341 

responsible for the discrimination between the AXD and WSD diets are reported here. In general, 342 

arachidonic acid and linoleic acid-derived oxylipins discriminated the gastrointestinal contents. The 343 

metabolites discriminating between pigs fed the AXD and WSD diets are summarized in Table 2, 344 

including fold changes, P and q values. All metabolites had a 2-fold or higher concentration (P < 345 

0.05) after AXD feeding compared to WSD fed pigs. Interestingly, extensive modifications such as 346 

sulfate- and acetic acid conjugation of oxylipins in the gastrointestinal content occurred, as detected 347 

by neutral loss of sulfate [- SO3

-
; 79.95 amu] and ethanoate [- CH3CO2

-
; 60.02 amu], respectively, 348 

in MS/MS experiments. The metabolites 9,10-epoxy-13-hydroxy octadecenoic acid or 12,13-epoxy-349 

9-hydroxy octadecenoic acid ethanoate (P < 0.001), 13-HODE or 9-HODE sulfate (P < 0.001), and 350 

12,13-epoxy-9-hydroxy octadecenoic acid sulfate (P < 0.01) were all increased in AXD fed pigs 351 

compared to WSD fed pigs (Table 2). In addition, colon content of 9,12,13-trihydroxy-10,15-352 

octadecadienoic acid (9,12,13-TriHODE, P < 0.001) and 9-oxo-10,12-octadecanedienoic acid (9-353 

OxoODE sulfate, P < 0.001) were also significantly increased in AXD fed pigs compared to WSD 354 

fed pigs. 355 

Hepatic sulfate conjugation is known as a major route of excretion of various compound classes 356 

such as bile acids and phenolic compounds, by increasing the solubility and thereby urinary or fecal 357 
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excretion.
40

 However, the sulfate conjugations of gastrointestinal metabolites presented here have 358 

not yet passed the liver, and may therefore be of either dietary origin, or a result of enzymatic or 359 

microbial production. Since we were not able to verify a dietary origin of the sulfate conjugated 360 

metabolites by MS analyses of the diet (data not shown), we are most tempted to believe that 361 

extensive metabolic transformation of ingested compounds mediated by the gastrointestinal 362 

microbiota results in the production of sulfate conjugated compounds found in caecum and colon. 363 

Indeed, bacterial aryl sulfotransferase (ASST) activity has been described in mammalian intestines 364 

to catalyze the transfer of sulfate from phenolic sulfate esters to phenolic compounds
41,42

, or even 365 

nonphenolic substrates, although at a lower efficiency.
43,44

 Common for the currently known ASSTs 366 

is that the substrates in situ are known, demonstrating that the biological role of these bacterial 367 

ASSTs remains to be elucidated. Feeding pigs with the AXD diet increase fecal levels of specific 368 

microbes such as F. prausnitzii, R. intestinalis, and Bifidobacterium spp. compared to the WSD 369 

diet.
34

 This suggests a general increase in microbial biomass, including any bacteria with potential 370 

ASST activity present in the gastrointestinal tract. This is, however, currently speculative, as no 371 

microbial profiling has been performed. Interestingly, a recent paper showed significant changes in 372 

fecal samples from type-2 diabetic mice, caused by extensive sulfate conjugation of fatty acids, 373 

including linoleic acid.
45

 This suggests that dysregulation in gastrointestinal sulfur metabolism may 374 

be implicated in pathogenesis of type-2 diabetes, although the biological functions of 375 

gastrointestinal sulfate conjugation and responsible microbial strain remains elusive. 376 

The results presented here suggest that an increased microbial substrate availability stimulates the 377 

growth of microbes with ASSTs activity, resulting in an increased production of sulfate conjugated 378 

oxylipins responsible for the discrimination between AXD and WSD/RSD. Both AXD and RSD 379 

increased substrate availability and potentially stimulate microbes with ASSTs, but while the 380 

former diet also provided phenolic compounds to the large intestine, this was not the case with the 381 

latter diet. 382 

The most significantly increased metabolite in cecum and colon contents of pigs fed with the AXD 383 

diet was the metabolite with m/z 365.196 (P < 0.001). The MS/MS fragmentation pattern was 384 

characterized by the loss of formic acid [46.00 amu], most likely from the solvent, resulting in a 385 

fragment with m/z 319.192. The 319.192 ion was further characterized by a fragment m/z of 386 

301.181 (loss of H2O) and m/z 257.192 (neutral loss of CO2). These fragments have been described 387 

for 5-hydroxyeicosatetraenoic acid (5-HETE). The similarities in MS/MS fragmentation patterns 388 

suggest that this metabolite is 5-HETE from arachidonic acid metabolism. In mammals, arachidonic 389 

acid may be derived from linoleic acid, one of the main poly-unsaturated acids (PUFAs) present in 390 
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cereals such as wheat and rye.
46

 Arachidonic acid is converted into prostaglandins and leukotrienes 391 

in mammals
47

, which are extensively described in the context of inflammation and atherosclerosis.
48

 392 

This is, however, not in agreement with the proposed health benefits ascribed to an increased DF 393 

intake, which are generally believed to possess anti-inflammatory properties. Therefore, the higher 394 

concentrations of 5-HETE is currently unexplainable, although increased levels of 5-HETE has 395 

previously been described in plasma in response to a rye-rich diet.
49

 However, this increase was 396 

explained by the presence of cholesterol in the diet, and since cholesterol was not added to the diets 397 

in the present study, this is not a plausible explanation. 398 

Intake of the AXD diet also increased cecum and colon contents of linoleic acid-derived oxylipins; 399 

9,10,13-trihydroxy-11-octadecenoic acid (9,10,13-TriHOME, P < 0.001), and 9,12,13-trihydroxy-400 

10-octadecenoic acid (9,12,13-TriHOME, P < 0.001), and an isomeric mixture of 9-hydroxy-10,12-401 

octadecadienoic acid (9-HODE) and 13-hydroxy-9,11-octadecadienoic acid (13-HODE), 13-HODE 402 

ethanoate or 9-HODE ethanoate (m/z 371.241, RT 6.74 min, P < 0.001 and RT 7.3 min, P < 0.001, 403 

respectively) were all increased compared to the WSD diet. Pigs fed the AXD diet also had higher 404 

cecal concentrations of 13-HODE or 9-HODE (P = 0.006), 9,10-epoxy-13-hydroxy octadecenoic 405 

acid (P = 0.008), and 12,13-dihydroxy-9-octadecenoic acid (12,13-DiHOME, P < 0.001), compared 406 

to WSD fed pigs. The increased concentrations of linoleic acid-derived oxylipins are consistent with 407 

a previous study feeding pigs whole grain cereal products.
50

 In that study, increased concentrations 408 

of especially 9-HODE and 13-HODE was shown, suggesting that oxylipins may be a potential lipid 409 

biomarker in plasma for whole grain consumption. In vitro studies have shown that increased 410 

HODE concentration may increase inflammatory markers, such as TNF-α and IL-6.
51

 In a parallel 411 

experiment using catheterized pigs fed with the same experimental diets, we were not able to detect 412 

any inflammatory response in plasma evaluated by TNF-α and IL-6, after the dietary intervention, 413 

despite presumed increased linoleic acid-derived oxylipins levels in the catheterized pigs 414 

(unpublished data). This suggests that feeding healthy, lean pigs with diets high in DF and fat did 415 

not elicit an inflammatory response. In addition, epidemiological studies have not shown any 416 

negative effects of germ ingestion
52,53

; therefore, it is unlikely that cereal-derived oxylipins will 417 

reach levels, which can have harmful effects. However, it should be noted that circulating 418 

inflammatory markers in plasma may be highly diluted and highly regulated through fast 419 

metabolism, thereby diminishing the detection of subtle potential differences in oxylipins. 420 

Several metabolites can be traced from the cecum to the colon in AX-fed pigs; 9,10-epoxy-13-421 

hydroxy octadecenoic acid ethanoate/12,13-epoxy-9-hydroxy octadecenoic acid ethanoate and 422 

formic acid conjugated 5-HETE were conserved in both cecum and colon contents, suggesting that 423 
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these metabolites are not absorbed in the upper part of the large intestines, but may be excreted in 424 

the feces. 425 

Dicarboxylic acids such as azelaic acid, sebacic acid, hydroxysebacic acid and suberic acid were 426 

found to be significantly higher in response to AXD feeding in cecum content compared to WSD 427 

and RSD fed pigs (P < 0.001; Table 2). These metabolites were also found in colon contents, 428 

although in lower concentrations than in the cecum, suggesting rapid absorption and/or further 429 

microbial metabolism. Dicarboxylic acids are absorbed from the gastrointestinal tract to the portal 430 

vein
54,55

, which drains to the liver, where dicarboxylic acids contribute to the energy supply by 431 

entering the citric acid cycle directly via acetyl-CoA and succinyl-CoA.
55

 Higher plants, such as rye 432 

and other grains, are natural sources of dicarboxylic acids
56

, and the increased gastrointestinal 433 

content is therefore most likely derived from the microbial fermentation of the aleurone matrix. In 434 

addition, increased urinary secretion of dicarboxylic acids has been described in response to rye rich 435 

diets.
57,58

 The role of dicarboxylic acids in human nutrition remains to be elucidated in further 436 

detail; however, oral supplementation of sebacic acid in type-2 diabetic mice has been shown to 437 

improve glycemic control by increasing insulin-mediated glucose clearance and reducing fasting 438 

plasma glucose concentrations compared to control animals.
59

 An increased intake of rye resulting 439 

in increased absorption of dicarboxylic acids could therefore partly explain the beneficial effects of 440 

rye on insulin sensitivity. 441 

Metabolites in urine 442 

Overall, urinary excretion of phenolic acids and amino acid fermentation products were increased in 443 

response to the AXD diet compared to WSD diet (Table 2). Metabolite concentrations were two-444 

fold or higher in AXD fed pigs compared to WSD fed pigs, with increased secretions of metabolites 445 

such as N-feruloylglycine (P = 0.001), and dihydroxyphenylpropionic acid glucuronide (DHPPA, P 446 

< 0.001) being among the highest. The mammalian plant lignan enterolactone was only found in 447 

pigs fed the AXD diet (P < 0.001). Other bacterial phenolic and aromatic amino acid fermentation 448 

products were detected in urine of AXD fed pigs, including hippuric acid (P = 0.002), p-cresol (P = 449 

0.02), methyl-hippuric acid (P = 0.003), and cinnamoylglycine (P = 0.02), indoxyl sulfate (P = 450 

0.02), and glutamyl phosphate (P < 0.05). Many phenolic compounds are bound to AX structures, 451 

and pass undigested through the stomach and small intestines to the cecum and colon where 452 

microbial fermentation takes place. However, given that extensive literature already exist on the 453 

phenolic acids fermentation
49,57,60

, this will not be discussed in any further detail here. 454 

Urinary excretion of panthothenoic acid (vitamin B5; P = 0.02) and 4-pyridoxic acid (P = 0.01) 455 

were increased in response to AX-intake, suggesting that vitamin B pathways were also affected by 456 
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dietary treatment. Since whole grain cereals are a well-known source of vitamins
61

, it is likely that 457 

the increased vitamin secretion is a result of the increased intake of inherent vitamins in the AX 458 

diet. In addition, the intestinal microflora have been observed to synthesize pantothenic acid in 459 

mice
62

, but the contribution of bacterial synthesis to body pantothenic acid levels or fecal losses in 460 

humans has not been quantified. Pyridoxine is absorbed by passive diffusion and transported to the 461 

liver. Here, it is converted to 4-pyridoxic acid, the major excretory product, and excreted in urine.
63

 462 

Multi-compartmental metabolomics: gastrointestinal content and tissue plasma, and 463 

urine 464 

 The effects of a given dietary intervention may be subtle and pleiotropic, not readily detectable 465 

using static homeostatic measures. Multi-block approaches allow simultaneous analysis of multiple 466 

blocks of data sets with the same objects to test for overall “common trend” in the data sets using 467 

supervised methods.
22

 A strong positive correlation was observed between AX-intake and azelaic 468 

acid and 9,12,13-TriHOME, in cecum and colon contents, as well as colonic content of 9,10,13-469 

TriHOME and sulfated 13-HODE or 9-HODE (Figure 3). Furthermore, high AX-intake was 470 

correlated with increased concentrations of the unidentified colon metabolites m/z 329.103 and m/z 471 

409.190. Colon concentrations of the unknown/unidentified metabolites m/z 233.063, m/z 319.165, 472 

m/z 385.948, and m/z 401.138 were positively correlated with WSD diet (Figure 4). The unknown 473 

urinary metabolites m/z 227.131, m/z 243.119, m/z 357.101, and m/z 453.176 appeared to be 474 

positively correlated with the RSD diet. Moreover, colon content metabolites that were highly 475 

correlated with AX-intake were negatively correlated with RSD consumption. Intake of AX was 476 

also positively correlated with urinary concentrations of DHPPA glucuronide (m/z 357.082), 477 

enterolactone (m/z 473.148), n-feruloylglycine (m/z 250.072), and the unidentified metabolite m/z 478 

369.083. Furthermore, a negative correlation existed between intake of the WSD diet and urinary 479 

concentrations of azelaic acid, metabolites of phenolic acids (hippuric acid, methyl-hippuric acid, 480 

cinnamoylglycine, p-cresol, indolsulfuric acid, glutamyl phosphate) and vitamin metabolites 481 

(panthothenoic acid, 4-pyridoxic acid). 482 

A heat map was constructed to visualize the changes in metabolic profiles after consumption of the 483 

two high DF diets compared to the WSD diet (Figure 4, for exact P values, see Suppl. Table S2). 484 

In general, many of the metabolites selected by the MBPLSR analysis were the same as detected by 485 

standard PCA analyses described above, especially metabolites correlated with AXD fed pigs, 486 

suggesting that these metabolites are significant biomarkers for increased AX intake. However, the 487 

sparse MBPLSR analysis selected additional metabolites characteristic for intake of the WSD diet 488 

in cecum and colon content (indicated by the general negative fold change in Figure 4), which were 489 
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not described by PCA. Cecum and colon metabolites such as 9,10,13-TriHOME, 9,12,13-TriHOME 490 

and 9-HODE or 13-HODE sulfate were highly correlated with AXD and are also shown. In 491 

contrast, metabolites distinctive for increased DF intake appeared to be more highly secreted 492 

through urine (indicated by the general positive fold change in Figure 4). This was characteristic 493 

for both high fiber diets, although only statistically significant for AX intake. 494 

Many of the selected urinary metabolites which are negatively correlated with the WSD diet are 495 

currently unknown; however, additional laboratory analyses may shed further light on their 496 

identities, possibly revealing novel biomarkers of increased AX intake with potential health 497 

benefits. This may also be the case for the unknown metabolites in colon content. 498 

The majority of the sparse MBPLSR selected metabolites were from urine. This may be caused by 499 

the relative contributions of explained variances from the individual blocks to the global model 500 

(Figure 2). The first PLS component explain 19.1% and 22.4% in cecum and colon content, 501 

respectively (Figure 2 a-b), whereas the first PLS component in urine explains 75.7% of the 502 

variance in response to the dietary treatment. A similar, although less pronounced pattern was 503 

observed in the PCA results (Figure 1a-c). Six metabolites were selected by both PCA and sparse 504 

MBPLSR in colon content, and only two cecum metabolites were selected by both PCA and sparse 505 

MBPLSR. 506 

An apparent positive correlation was observed between the WSD diet and bile acids (Figure 4). 507 

Colonic concentrations of the unidentified unconjugated bile acid m/z 389.268 were significantly 508 

lower in AXD fed pigs compared to WSD fed pigs (Figure 5). The bile acids detected were primary 509 

and secondary unconjugated bile acids; hyocholic acid (HCA), hyodeoxycholic acid (HDCA), 510 

ursodeoxycholic acid (UA), and a previously reported porcine unidentified unconjugated bile acid.
50

 511 

However, the majority of the bile acid metabolites did not significantly contribute to the separation 512 

in the sparse MBPLSR model (Figure 4), indicated by their proximity to the center of the 513 

coordinate origin, a correlation which was corroborated by the un-paired t-test (Figure 5 and Suppl. 514 

Table S2). 515 

No metabolites from plasma, cecum and colon tissue were selected by the sparse MBPLSR 516 

analysis. This may be due to a number of reasons. The analyzed plasma samples were collected 517 

after an overnight fast by jugular vein puncture, and previously, no separation has been found in 518 

fasting plasma samples collected by jugular vein puncture.
64

 After absorption to the portal vein, the 519 

water-soluble metabolites pass to the liver, where extensive metabolism takes place, before 520 

metabolic products are released to peripheral circulation, where additional metabolism may take 521 
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place. Taken together, these could explain why no metabolites were found to be important in 522 

plasma samples, either by PCA or sparse MBPLSR. As for the tissue samples, the most likely 523 

explanation for the lack of selected metabolites could be related to the method of sample 524 

preparation. The highly hydrophilic solution is most likely not a suitable solvent for endothelial 525 

cells with a high lipid content, as other metabolomics studies have reported the use of more organic 526 

solvents.
21,58

 However, the choice of a solvent was made to ensure comparability across the 527 

different compartments. 528 

Applicability of multi-block statistical analyses in nutritional research 529 

In the present study, the metabolites selected by the sparse MBPLSR analysis were the same as 530 

detected by PCA, demonstrating that unsupervised methods allow a low-bias interpretation of 531 

multivariate data. However, additional metabolites were selected by sparse MBPLSR, such as bile 532 

acids in gastrointestinal contents and a number of unknown metabolites in urine, suggesting that 533 

there may be additional biomarkers for increased AX intake. Combining multi-compartmental 534 

metabolomics with appropriate database search allows identification of metabolic pathways that are 535 

potentially targets of dietary intervention. Furthermore, comparisons of metabolic profiles from 536 

different compartments (cecum and colon content and tissue, plasma, and urine) describe which of 537 

the observed pathways are conserved across different compartments, suggesting common biological 538 

responses. 539 

Several metabolites were correlated with the WSD and RSD diets, indicating that these may be 540 

potential biomarker for the specific dietary intervention. The profiling of additional metabolites 541 

increase the probability of identifying potential novel and important metabolites, not detected by 542 

traditional either unsupervised (PCA) or supervised methods (PLS-DA and OPLS-DA). It is also 543 

important to note that not all metabolites could be identified. Although metabolite identification is 544 

facilitated by expanding databases with advanced functionality, metabolite identification is still the 545 

major bottleneck of the metabolomics workflow. 546 

The choice of whether to use block scaling or not also significantly affects the outcome of the multi 547 

block analysis. In the present study, the number of detected metabolites in the different blocks 548 

varied greatly among blocks. When analyzing the data with block-scaling (results not shown), the 549 

low number of metabolites in cecum and colon tissues (65 and 21 variables, respectively) and 550 

plasma (104 variables) dominated the sparse MBPLSR model, resulting in selection of metabolites 551 

which contributed poorly to the model and worsen the prediction. Therefore, the choice of scaling 552 

should be carefully considered, taking the raw data into consideration. 553 
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CONCLUSION 554 

The present study illustrates the impact of DF supplementation from either RS or AX on the 555 

metabolic profiles of gastrointestinal content and tissue, plasma and urine compared to a Western-556 

style control diet low in DF. Using a non-targeted metabolomics approach, novel sulfate conjugated 557 

oxylipin metabolites in gastrointestinal content were identified as the major discriminating group of 558 

metabolites responsible for the separation between an AX-rich diet and a low DF WSD diet. Details 559 

on sulfate conjugation of oxylipins are currently non-existing, and the extent and role of intestinal 560 

and hepatic metabolism on these dietary compounds has not been established. It is possible that 561 

sulfate conjugation of compounds affects the microbial community, and sulfate conjugation may 562 

play a major role in bioavailability of the gastrointestinal compounds and sulfur-metabolism in 563 

gastrointestinal content. Intake of AX was also highly correlated with increased levels of non-564 

conjugated oxylipins and dicarboxylic acids. The urinary metabolome was also affected by AX 565 

intake, with an increased secretion of phenolic compounds. 566 

Using both non-supervised and supervised methods did not result in discrimination between RS-567 

intake and the WSD control diet, although few currently unidentified metabolites appeared to be 568 

characteristic for intake of the RSD or the WSD control diet. 569 

The influence of the dietary intervention on tissues and fasting peripheral plasma was less obvious, 570 

most likely because the metabolites in these compartments are tightly regulated, sampling time and 571 

place for plasma, and because of extraction procedures for the tissue samples. 572 

Taken together, the results presented here suggest that the UHPLC-TOF-based metabolomics 573 

approach is a useful strategy to study the effect of nutritional intervention, including not only 574 

changes in metabolomics profile, but also offering data concerning bioaccessibility and 575 

bioavailability. By using this multi-compartmental approach, the fate of metabolites could be 576 

followed, which may improve current knowledge on the metabolic fate of different metabolites. 577 

Especially the inclusion of gastrointestinal content may lead to a better understanding of how the 578 

organism is affected by a given nutritional intervention. 579 
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Table 1. Chemical Composition of WSD, RSD, and AXD Experimental Diets 808 

 Diet 

 WSD RSD AXD 

Chemical composition (g/kg DM)    

DM (g/kg, as-fed basis) 915 903 891 

Protein (N × 6.25) 207 191 154 

Fat 152 150 135 

Ash 37 34 51 

Digestible carbohydrates    

Available sugars 113 3 22 

Fructose 0 0 2 

Glucose 0 0 3 

Sucrose 112 3 18 

Starch 422 470 420 

Non-digestible carbohydrates    

Total NSP (soluble NSP) 58 (11) 55 (8) 144 (33) 

Cellulose 29 34 37 

AX (soluble AX) 18 (6) 15 (4) 72 (22) 

Fructans 0 3 22 

AXOS 2 2 7 

RS
a  6 113 8 

Arabinose:xylose 0.36 0.33 0.55 

Klason lignin 6 13 15 

Total non-digestible carbohydrates
b
 64 173 181 

Total dietary fiber
c
 72 186 196 

Gross energy (MJ/kg DM) 19.7 20.3 19.3 

Available carbohydrates (sampling days), g/meal 199 197 199 

    
WSD, Western-style diet; RSD, resistant starch-rich diet; AXD, arabinoxylan-rich diet 809 

 b  
Determined by the Megazyme assay (Megazyme International, Wicklow, Ireland) 810 

   b 
 Calculated as: Total NSP + fructans + RS 811 

   c 
 Calculated as: Total NSP + fructans + RS + lignin + AXOS 812 

  
d
 Relative energy contribution calculated from protein, fat, carbohydrates, and total dietary fiber  813 



 

 

Table 2. List of PCA metabolites discriminating between pigs fed AXD or WSD for 3 consecutive weeks in cecum and colon content, and 814 

urine 815 

Compartment 
MS 

m/z(-) 
RTa Ion Metabolitesb Pathway 

Fold 

changec 
P value q valued 

Cecum content 125.096 4.15 Fragment Fragment of azelaic acid   5.5 < 0.001 < 0.001 

  173.082 3.40 [M-H]
-
 Suberic acid

e
 Oleic acid breakdown product 4.2 < 0.001 < 0.001 

  187.097 4.15 [M-H]
-
 Azelaic acid

f
  5.0 < 0.001 < 0.001 

  201.113 4.85 [M-H]
-
 Sebacic acid

f
 Azelaic acid homolog 3.1 < 0.001 < 0.001 

  217.108 3.61 [M-H]
-
 Hydroxysebacic acid  5.3 < 0.001 0.001 

  241.107 3.37 [M-H]
-
 UI

b
 Unidentified 7.1 < 0.001 < 0.001 

  295.226 9.27 [M-H]
-
 13 or 9-HODE

e
 13-and 9-LOX/reductase linoleic acid metabolism 4.8 0.006 0.01 

  311.220 7.41 [M-H]
-
 9,10-epoxy-13-hydroxy octadecanoic acid 

e
 9-LOX/POX linoleic acid metabolism 6.8 0.008 0.02 

  313.236 7.87 [M-H]
-
 12,13-DiHOME

e
   8.7 < 0.001 < 0.001 

  329.103 4.29 [M-H]
-
 UI Unidentified 9.7 < 0.001 < 0.001 

  329.231 6.23 [M-H]
-
 9,10,13-TriHOME

e
 13-and 9-LOX/EH linoleic acid metabolism 17.5 < 0.001 < 0.001 

  329.232 5.73 [M-H]
-
 9,12,13-TriHOME

e
 13-and 9-LOX/EH linoleic acid metabolism 12.9 < 0.001 < 0.001 

  365.196 5.02 [M-H+FA]
 -
 5-HETE + FA 5-LOX arachidonic acid metabolism 84.8 < 0.001 < 0.001 

  371.241 6.74 [M-H+CH3CO2]
-
 9,10-epoxy-13-hydroxy octadecanoic acid/12,13-

epoxy-9-hydroxy octadecanoic acid ethanoate
e
 

Oxylipins of the linoleic acid cascade 
7.1 < 0.001 < 0.001 

  371.241 7.32 [M-H+CH3CO2]
-
 9,10-epoxy-13-hydroxy octadecanoic acid/12,13-

epoxy-9-hydroxy octadecanoic acid ethanoate
e
 

Oxylipin of the linoleic acid cascade 

 

16.9 < 0.001 < 0.001 

  375.184 5.79 [M-H+Sulfate]
-
 13-HODE or 9-HODE sulfate

e
 Oxylipin of the linoleic acid cascade 12.5 < 0.001 0.001 

  391.181 5.40 [M-H+Sulfate]
-
 12,13-epoxy-9-hydroxy octadecenoic acid sulfate

e
 Oxylipin of the linoleic acid cascade 3.8 < 0.001 < 0.001 

  409.190 4.85 [M-H]
-
 UI Unidentified 4.0 < 0.001 < 0.001 

Colon content 187.098 4.15 [M-H]
-
 Azelaic acid

f
  1.9 < 0.001 < 0.001 

  241.108 3.38 [M-H]
-
 UI Unidentified 8.6 < 0.001 < 0.001 

  243.122 3.14 [M-H]
-
 UI Unidentified 14.3 < 0.001 < 0.001 

  285.113 4.31 [M-H]
-
 UI Unidentified 2.8 < 0.001 < 0.001 

  327.089 4.00 [M-H]
-
 UI Unidentified 11.9 < 0.001 < 0.001 

  327.216 5.49 [M-H]
-
 9,12,13-TriHODE

e
 Oxylipin from wheat and rye  8.5 < 0.001 < 0.001 

  329.103 4.31 [M-H]
-
 UI Unidentified 5.1 < 0.001 < 0.001 



 

 

  329.232 6.63 [M-H]
-
 9,10,13-TriHOME

e
 13-and 9-LOX/EH linoleic acid metabolism 10.7 < 0.001 < 0.001 

  329.232 5.73 [M-H]
-
 9,12,13-TriHOME

e
 13-and 9-LOX/EH linoleic acid metabolism 7.6 < 0.001 < 0.001 

  365.194 5.00 [M-H+FA]
 -
 5-HETE + FA

e
 5-LOX arachidonic acid metabolism 79.3 < 0.001 < 0.001 

  371.243 7.31 [M-H+CH3CO2]
-
 9,10-epoxy-13-hydroxy octadecanoic acid/12,13-

epoxy-9-hydroxy octadecanoic acid ethanoate
e
 

Oxylipin of the linoleic acid cascade 
9.0 < 0.001 < 0.001 

  373.171 5.82 [M-H+Sulfate]
-
 9-OxoODE sulfate

e
 Oxylipin from wheat and rye  10.6 < 0.001 < 0.001 

  375.184 6.08 [M-H+Sulfate]
-
 13-HODE or 9-HODE sulfate

e
 Oxylipin of the linoleic acid cascade 6.5 < 0.001 < 0.001 

  391.180 5.70 [M-H+Sulfate]
-
 12,13-epoxy-9-hydroxy octadecenoic acid sulfate

e
 Oxylipin of the linoleic acid cascade 2.2 0.003 < 0.001 

  395.170 3.82 [M-H]
-
 UI Unidentified 25.2 < 0.001 < 0.001 

 409.190 5.07 [M-H]
-
 UI Unidentified 2.7 0.002 < 0.001 

Urine 111.009 0.84 [M-H]
-
 UI Unidentified 2.5 0.006 0.002 

  178.050 4.22 [M-H]
-
 Hippuric acid

f
 Phenolic acids metabolism/fermentation 8.3 0.002 0.001 

  182.046 1.39 [M-H]
-
 4-pyridoxic acid

e
 Vitamin B6 metabolism 3.5 0.01 0.003 

  187.007 4.83 [M-H]
-
 p-cresol

e
 Tyrosine and 4-hydroxyphenylactic acid 

metabolism/fermentation 

3.5 0.02 0.003 

  187.098 7.01 [M-H]
-
 Azelaic acid

f
  4.5 0.005 0.002 

  191.021 0.84 [M-H]
-
 UI Unidentified 2.7 0.008 0.002 

  192.066 4.85 [M-H]
-
 Methyl-hippuric acid

e
 Phenolic compound metabolism/fermentation 3.9 0.003 0.001 

  204.067 6.77 [M-H]
-
 Cinnamoylglycine

e
 Phenolic acids metabolism/fermentation 9.5 0.02 0.004 

  212.002 4.39 [M-H+Sulfate]
-
 Indoxyl sulfate

e
 Microbial tryptophan metabolism 4.2 0.02 0.004 

  212.002 3.80 [M-H+Sulfate]
-
 Indoxyl sulfate

e
 Microbial tryptophan metabolism 4.1 0.02 0.004 

  218.103 2.29 [M-H]
-
 Pantothenic acid

f
 (Vit B5) Pantothenate and CoA biosynthesis 2.5 0.02 0.004 

  226.018 5.98 [M-H+Phosphate]
-
 L-Glutamic acid 5-phosphate

e
 Arginine and proline metabolism 5.6 0.003 0.001 

  231.079 5.68 [M-H]
-
 UI Unidentified 2.6 0.005 0.002 

  250.072 4.90 [M-H]
-
 n-feruloylglycine

e
 Phenolic acids metabolism/fermentation 42.3 0.001 < 0.001 

  324.072 2.94 [M-H]
-
 UI Unidentified 2.1 0.04 0.006 

  326.088 3.54 [M - Glucuronide]
-
 [M-H+Glucuronide]

- e
 Parent ion; m/z 150.0647, unidentified 33.1 0.001 < 0.001 

  340.079 3.82 [M - Glucuronide]
-
 4-Pyridoxolactone glucuronide

e
 Parent ion; m/z 164.0386; 4-pyridoxolactone - a 

bacterial oxidation metabolite of vitamin B6 

44.3 0.12 0.02 

  357.082 2.55 [M - Glucuronide]
-
 DHPPA glucuronide

e
 Parent ion; m/z 181.05 DHPPA, tyrosine metabolism 34.1 < 0.001 < 0.001 

  385.114 4.57 [M-H]
-
 UI Unidentified 53.8 < 0.001 < 0.001 

  473.149 7.63 [M - Glucuronide]
-
 Enterolactone

e
 Plant lignan metabolism/fermentation 32.5 < 0.001 < 0.001 



 

 

a
 RT, retention time 816 

b
 Abbreviations: UI, unidentified. 13-HODE, 13-hydroxy-9,11-octadecadienoic acid; 9-HODE, 9-hydroxy-10,12-octadecadienoic acid; 12,13-817 

DiHOME, 12,13-dihydroxy-9-octadecenoic acid , 9,10,13-TriHOME, 9,10,13-trihydroxy-11-octadecenoic acid; 9,12,13-TriHOME, 9,12,13-818 

trihydroxy-10-octadecenoic acid; 9,12,13-TriHODE, 9,12,13-trihydroxy-10,15-octadecadienoic acid; 9-OxoODE, 9-oxo-10,12-octadecanedienoic 819 

acid; DHPPA, dihydroxyphenylpropionic acid glucuronide; LOX; lipoxygenase, POX; peroxygenase, EH; epoxide hydrolase, FA; formic acid, UI; 820 

unidentified by MS/MS 821 
c
 Fold change was calculated as the mean of the normalized intensity of a metabolite after consumption of an experimental diet, and dividing it with 822 

the mean of the same metabolite after consumption of the control WSD diet 823 
d
 q value, false discovery rate and multiple testing correction 824 

e
 Tentatively identified using MS/MS and previously published papers and METLIN/LIPID MAPS databases  825 

f
 Identified using commercially available standards 826 
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Figure 1. PCA-score plots for the metabolomics profiles of a) cecum content, b) colon content, and 827 

c) urine from pigs fed different sources and concentrations of dietary fiber for 3 consecutive weeks. 828 

Gastrointestinal samples and urine samples were collected after slaughtering. WSD, Western style 829 

diet; RSD, resistant starch diet; AXD, arabinoxylan-rich diet. The variances accounted for by the 830 

principle components are shown on the axes. 831 

 832 

 833 

 834 

b) 

a) 

c) 
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Figure 2. Block score plots from the sparse multi-block partial least squares regression (MBPLSR) 835 

analysis of the metabolomics profiles of a) cecum content, b) colon content, c) urine and d) global 836 

score plot from pigs fed different sources and concentrations of dietary fiber for 3 consecutive 837 

weeks. Gastrointestinal samples and urine samples were collected after slaughtering. WSD, Western 838 

style diet; RSD, resistant starch diet; AXD, arabinoxylan-rich diet. The explained variances by the 839 

two first PLSR components are shown on the axes. 840 

 841 

 842 

c) 

a) b) 

d) 
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Figure 3. Correlation loading plot for the variables contributing to the separation of the WSD, RSD 843 

and AXD fed pigs after three weeks are shown. WSD, Western style diet; RSD, resistant starch diet; 844 

AXD, arabinoxylan-rich diet. The explained variances in sample collection site X and dietary 845 

treatment Y for the two first PLSR components are shown on the axes. Variables were colored 846 

according to collection site: Cecum content, red; colon content, blue; urine; dark grey. 847 
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Figure 4. Heat map alignment of the multi-block selected metabolites in cecum content, colon 849 

content and urine after consumption of RSD and AXD compared to the WSD control diet. Fold 850 

changes were log10 transformed prior to alignment. Metabolite m/z / RT and the name of identified 851 

metabolites are listed. The color coding scale indicates the log10 fold changes relative to WSD diet: 852 

Blue; fold change < 1, white; fold change = 1, red; fold change > 1. Stars indicate significance 853 

levels: * P < 0.05, ** P < 0.01, *** P < 0.001. Abbreviations: BA, bile acid; 9,10,13-TriHOME, 854 

9,10,13-trihydroxy-11-octadecanoic acid, 9,12,13-TriHOME, 9,12,13-trihydroxy-10-octadecanoic 855 

acid; DHPPA, dihydroxyphenyl-propionic acid glucuronide UI, unidentified by MS/MS; Unknown, 856 

currently not analyzed by MS/MS 857 
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SUPPORTING INFORMATION 859 

Supplementary Table S1. Ingredients list of WSD, RSD, and AXD experimental diets 860 

 WSD RSD AXD 

Ingredients, (g/kg, as-fed basis)
 a
 

White wheat flour 568 455 -

Raw potato starch  - 56 -

HiMaize® (60% resistant starch) - 168 -

Rye flakes - - 655

Enzyme treated wheat bran  - - 80

Lard 96 89 80

Soy bean oil 32 30 27

Sugar 100 0 0

Lacprodan 87 (Whey protein) 
b
 131 129 85

Vitacel WF600 (73% cellulose) 
c
 40 40 40

Vitamin-mineral mixture 
d
 30 30 30

Chromic oxide  3 3 3

WSD, Western-style diet; RSD, resistant starch-rich diet; AXD, arabinoxylan-rich diet 861 
 a registered trademark of Ingredion Incorporated, Bridgewater, NJ, USA 862 
a
 Formulated to supply 53% E from carbohydrates, 17% E from protein, and 30% E from fat 863 

b
 Arla Foods Ingredients amba, Viby J, Denmark 864 

c
 J. Rettenmaier and Söhne GmbH, Rosenberg, Germany 865 

d
 Supplying per kg diet: 18.9 mg retinol (vit A), 0.15 mg cholecalciferol (vit D3), 1038 mg α-tocopherol (vit E), 31.5 mg vitamin K, 866 

31.5 mg vitamin B1, 31.5 mg vitamin B2, 157.5 mg D-pantothenic acid (vit B5), 315 mg niacin (vit B3), 0.79 mg biotin (vit B7), 867 
0.315 mg vitamin B12, 47.3 mg vit B6, 1260 mg Fe, 225 mg Cu, 630 mg Mn (VA Vit SL/US Anti, Vilomix, Mørke, Denmark). 868 



 

 

Supplementary Table S2. List of sparse MBPLSR metabolites discriminating between WSD, RSD and AXD intake 869 

Compartment MS m/z(-) RTa Metaboliteb Pathway Mean values RSD vs. WSD AXD vs. WSD 

   
 

 WSD RSD AXD 

Fold 

change
c
 P value 

q 

value
d
 

Fold 

change
c
 P value 

q 

value
d
 

Cecum content  187.0973 4.15 Azelaic acid
e
   113 73 507 0.6 0.08 0.03 4.5 < 0.001 < 0.001 

  329.2319 5.73 9,12,13-TriHOME
f
 

13-and 9-LOX/reductase linoleic acid 

metabolism 20 12 237 0.6 0.05 0.03 11.9 < 0.001 < 0.001 

 389.2680 7.39 UI unconjugated BA
f
 Bile acid metabolism 118 64 108 0.5 0.05 0.03 0.9 0.71 0.21 

  391.2825 7.07 HDA
e
 Bile acid metabolism 187 163 190 0.9 0.36 0.06 1.0 0.93 0.21 

 453.2839 7.38 Fragment of BA 389.26 Bile acid metabolism 82 82 76 1.0 0.99 0.15 0.9 0.88 0.21 

  498.2866 5.12 UI Unidentified  73 21 7 0.3 0.28 0.06 0.1 0.16 0.09 

 779.5430 7.39 Dimer of 389.26 Bile acid metabolism 95 29 46 0.3 0.07 0.03 0.5 0.18 0.09 

 783.5740 7.05 Dimer of 391 (UA)
f
 Bile acid metabolism 331 254 309 0.8 0.29 0.06 0.9 0.80 0.21 

 815.5627 6.48 Dimer of 407.27 (HCA)
f
 Bile acid metabolism 153 76 104 0.5 0.27 0.06 0.7 0.55 0.21 

Colon content 187.0975 4.15 Azelaic acid
e
  142 72 246 0.5 0.001 0.001 1.7 0.005 < 0.001 

 
229.1438 6.12 Dodecanedioic acid (tentative)

 f
 

Intermediate in lipid and carbohydrate 

metabolism 35 5 30 0.1 < 0.001 < 0.001 0.9 0.42 0.003 

 233.0633 0.81 Unknown Unidentified 39 1.7 1.5 0.04 0.05 0.04 0.0 0.05 < 0.001 

 319.1625 4.61 Unknown Unidentified 72 29 29 0.4 < 0.001 < 0.001 0.4 < 0.001 < 0.001 

 329.1030 4.31 UI Unidentified 21 8 103 0.4 < 0.001 < 0.001 4.9 < 0.001 < 0.001 

 329.2320 6.25 9,10,13-TriHOME
f
 

13-and 9-LOX/reductase linoleic acid 

metabolism 10 6 150 0.6 0.24 0.12 15.0 < 0.001 < 0.001 

 329.2322 5.73 9,12,13-TriHOME
f
 13-and 9-LOX/EH linoleic acid metabolism 31 20 227 0.6 0.24 0.12 7.3 < 0.001 < 0.001 

 375.1841 6.08 13-HODE or 9-HODE sulfate
f
 Oxylipin of linoleic acid cascade 64 46 392 0.7 0.45 0.21 6.1 < 0.001 < 0.001 

 385.9481 0.84 Unknown Unidentified 59 20 13 0.3 0.001 0.001 0.2 < 0.001 < 0.001 

 389.2686 7.37 UI unconjugated bile acid
f
 Bile acid metabolism 162 97 82 0.6 0.07 0.05 0.5 0.03 < 0.001 

 391.2829 7.04 HDA or UA
e
 Bile acid metabolism 215 208 195 1.0 0.81 0.33 0.9 0.61 0.004 

  401.1377 3.22 Unknown Unidentified 23 7 6 0.3 0.00 0.00 0.3 < 0.001 < 0.001 

  409.1901 5.08 UI Unidentified 51 27 126 0.5 0.02 0.02 2.5 0.004 < 0.001 

  435.2740 7.37 Fragment of BA 389.26 Bile acid metabolism 99 60 70 0.6 0.06 0.047 0.7 0.16 0.002 

  437.2897 7.06 Fragment of UA [M+FA-H]
-
 Bile acid metabolism 145 144 156 1.0 0.98 0.36 1.1 0.60 0.004 



 

 

 779.5431 7.37 Dimer of 389.26 Bile acid metabolism 59 23 28 0.4 0.14 0.09 0.5 0.20 0.002 

  783.5741 7.05 Dimer of 391.28 (HDA or UA)
f
 Bile acid metabolism 265 274 300 1.0 0.89 0.35 1.1 0.66 0.005 

  815.5617 6.48 Dimer of 407.27 (HCA)
 f
 Bile acid metabolism 48 28 1.4 0.6 0.58 0.25 0.0 0.18 0.002 

Urine 111.0090 0.84 UI Unidentified 209 206 543 1.0 0.96 0.26 2.6 0.005 0.001 

 134.0599 4.22 Fragment of hippuric acid  111 175 684 1.6 0.18 0.07 6.2 0.003 0.001 

 156.0661 3.17 Tiglylglycine (tentative)
f
 Acyl glycine, minor metabolites of fatty acids 126 335 471 2.7 0.16 0.07 3.7 0.02 0.002 

 158.0817 3.33 Unknown Unidentified 275 480 643 1.7 0.12 0.07 2.3 0.05 0.006 

 178.0495 4.22 Hippuric acid
e
 Phenolic acids metabolism/fermentation 809 1495 7704 1.8 0.16 0.07 9.5 0.006 0.001 

 181.0506 3.26 Homovanilic acid
f
 Tyrosine metabolism 134 253 290 1.9 0.06 0.07 2.2 0.07 0.01 

 182.0458 1.39 4-pyridoxic acid
f
 Vitamin B6 metabolism 176 399 778 2.3 0.05 0.07 4.4 0.02 0.003 

 187.0071 4.83 p-cresol
f
 

Tyrosine and 4-hydroxyphenylactic acid 

metabolism/fermentation 541 1209 2537 2.2 0.12 0.07 4.7 0.02 0.003 

 187.0975 7.01 Azelaic acid
e
 

Dicarboxylic acid found in wheat, rye, and 

barley 250 429 1274 1.7 0.12 0.07 5.1 0.009 0.002 

 188.9873 1.36 Unknown Unidentified 6 10 247 1.7 0.16 0.07 41 0.08 0.008 

 189.0416 1.00 Unknown Unidentified 113 224 208 2.0 0.28 0.10 1.8 0.03 0.003 

 191.0207 0.84 UI Unidentified 341 358 1022 1.0 0.89 0.25 3.0 0.01 0.001 

 192.0664 4.85 Methyl-hippuric acid (tentative)
 f
 Phenolic acids metabolism/fermentation 1990 3999 9637 2.0 0.14 0.07 4.8 0.005 0.001 

 204.0667 6.77 Cinnamoylglycine
f
 Phenolic acids metabolism/fermentation 71 96 508 1.4 0.59 0.19 7.2 0.02 0.002 

 212.0024 3.80 Indolsulfuric acid
f
 Tryptophan metabolism 493 909 3122 1.8 0.34 0.11 6.3 0.01 0.002 

 218.1032 2.29 Panthothenoic acid
f
 Pantothenate and CoA biosynthesis 676 1269 2124 1.9 0.06 0.07 3.1 0.02 0.003 

 
226.0181 5.98 Glutamyl phosphate

f
 

L-glutamyl-5-phosphate (Arginine and 

proline metabolism) 237 580 1492 2.4 0.12 0.07 6.3 0.005 0.001 

 
226.0181 7.15 Glutamyl phosphate

f
 

L-glutamyl-5-phosphate (Arginine and 

proline metabolism) 132 313 543 2.4 0.12 0.07 4.1 0.02 0.003 

 227.1312 12.20 Unknown Unidentified 0.21 72.0 0.31 343 0.02 0.06 1.5 0.38 0.033 

 231.0793 5.68 UI Unidentified 374 722 1356 1.9 0.06 0.07 3.6 0.004 0.001 

 231.9953 3.04 Unknown Unidentified 150 368 584 2.5 0.03 0.07 3.9 0.01 0.002 

 243.1194 7.00 Unknown Unidentified 7 74 17 11 0.00 0.04 2.4 0.12 0.01 

 245.1029 6.37 Unknown Unidentified 107 214 214 2.0 0.07 0.07 2.0 0.04 0.004 

 250.0720 4.90 n-feruloylglycine
f
 Phenolic acids metabolism/fermentation 23 37 941 1.6 0.20 0.08 41 0.004 0.001 

 253.0181 5.37 Unknown Unidentified 129 437 521 3.4 0.09 0.07 4.0 0.07 0.01 

 265.1163 6.36 Unknown Unidentified 8 14 365 1.8 0.16 0.07 46 0.001 0.001 



 

 

 324.0720 1.24 Unknown Unidentified 166 130 321 0.8 0.61 0.19 1.9 0.06 0.006 

 326.0878 3.54 [M-H+Glucironide]
- f

 Parent ion; m/z 150.0647; UI 18 31 602 1.7 0.09 0.07 33 0.003 0.001 

 

340.0790 3.82 [M-H+Glucuronide]
- f

 

Parent ion; m/z 164.0386; 

4-pyridoxolactone - a bacterial oxidation 

metabolite of vitamin B6 3.8 4.4 142 1.2 0.75 0.22 37 0.24 0.02 

 357.0823 2.55 DHPPA glucuronide
f
 Tyrosine metabolism 15 27 500 1.8 0.14 0.07 33 < 0.001 < 0.001 

 357.1012 8.00 Unknown Unidentified 33 85 34 2.6 0.11 0.07 1.0 0.88 0.07 

 369.0838 3.61 Unknown Unidentified 9 10 168 1.1 0.87 0.25 19 < 0.001 < 0.001 

 385.1138 4.57 UI Unidentified 7 10 352 1.4 0.31 0.11 50 < 0.001 < 0.001 

 425.1806 10.85 Unknown Unidentified 187 372 446 2.0 0.01 0.06 2.4 0.01 0.002 

 431.1915 7.58 Unknown Unidentified 166 260 299 1.6 0.24 0.09 1.8 0.09 0.01 

 433.2057 8.10 Unknown Unidentified 274 354 504 1.3 0.33 0.11 1.8 0.04 0.005 

 433.2071 8.73 Unknown Unidentified 237 375 456 1.6 0.10 0.07 1.9 0.05 0.01 

 453.1760 7.83 Unknown Unidentified 80 131 80 1.6 0.16 0.07 1.0 0.99 0.08 

 473.1488 7.63 Enterolactone
e
 Plant lignan metabolism/fermentation 21 20 606 1.0 0.96 0.26 29 < 0.001 < 0.001 

  
567.1709 5.19 p-cresol glucoronide dimer

f
 

Tyrosine and 4-hydroxyphenylactic acid 

metabolism/fermentation 287 403 674 1.4 0.29 0.10 2.3 0.003 0.001 

a
 Retention time (min)

 870 
b
 Abbreviations: 13-HODE, 13-hydroxy-9,11-octadecadienoic acid; 9-HODE, 9-hydroxy-10,12-octadecadienoic acid; 9,10,13-TriHOME, 9,10,13-871 

trihydroxy-11-octadecenoic acid; 9,12,13-TriHOME, 9,12,13-trihydroxy-10-octadecenoic acid; DHPPA, dihydroxyphenylpropionic acid glucuronide; 872 

BA, bile acid; HCA, hyocholic acid; HDA, hyodeoxycholic acid; UA, ursodeoxycholic acid; LysoPC, lysophosphatidylcholine; LOX, lipoxygenase; 873 

EH, epoxide hydrolase; UI, unidentified by MS/MS; unknown, currently not analyzed by MS/MS 874 
c
 Fold change was calculated as the mean of the normalized intensity of a metabolite after consumption of an experimental diet, and dividing it with the 875 

mean of the same metabolite after consumption of the control WSD diet 876 
d
 q value, false discovery rate and multiple testing correction 877 

e
 Identified using commercially available standards 878 

f
 Tentatively identified using MS/MS and previously published papers and METLIN/LIPID MAPS databases  879 
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SUPPLEMENTARY FIGURE S1. PCA-score plots for the metabolomics profiles of a) cecum 880 

tissue, b) colon tissue, and c) plasma samples from pigs fed different sources and concentrations of 881 

dietary fiber for 3 consecutive weeks. Tissue samples were collected by mucosal scraping after 882 

slaughtering. WSD, Western style diet; RSD, resistant starch diet; AXD, arabinoxylan-rich diet. 883 

The variances accounted for by the principle components are shown on the axes 884 

885 

 886 

  887 

b) 

a) 

c) 
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SUPPLEMENTARY FIGURE S2. Plot of frequencies of selected variables by CMV from Sparse 888 

MB-PLSR from a) cecum content, b) cecum tissue, c) colon content, d) colon tissue, e) plasma, and 889 

f) urine. 890 

 891 

 892 

 893 

a) b) 

c) d) 

e) f) 
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10. GENERAL DISCUSSION 

The main objective with the Ph.D. study was to investigate the implications of an increased 
DF intake and SCFA absorption on metabolic profiles in two porcine models. This section 
will discuss the findings from the three papers, as well as supplementary data not included 
in the papers. 

10.1. POSTPRANDIAL RESPONSES TO RESISTANT STARCH AND ARABINOXYLAN 

The carbohydrates which have the greatest impact on postprandial glucose absorption are 
the easily digestible carbohydrates that are absorbed in the small intestines. The diets in 
the present study provided the same amount of available carbohydrates (Paper I), but the 
glucose absorption profile differed between diets. The WSD and AXD demonstrated 
similar glucose absorption profiles, whereas RSD displayed a lower peak and a more 
prolonged net portal glucose flux. The differences in glucose absorption profiles are most 
likely explained by structural differences of the DF sources, affecting small intestinal 
degradation. A noticeable difference between the diets is the high content of total and 
soluble NSP and fructans in the AXD from the rye rich in AX. Soluble fibres increase 
luminal viscosity and alter the rheological properties of digesta (104), and may delay the 
digestion and absorption processes, thereby impeding starch hydrolysis. However, this 
seems not to be the case in the present study, where AXD did not affect glucose absorption 
compared to WSD (Paper I). Rye and wheat starches are degraded due to their accessible 
and open structure, enabling easy access for the salivary and pancreatic α-amylases (105, 
106). In contrast, the starch in RS2, such as high-amylose maize and raw potato starch, is 
inaccessible to amylases due to the granular starch and compact lamellar structure of the 
amylose polymers (32), consequently delaying degradation and glucose absorption. 
Furthermore, the delay in glucose absorption in response to RSD could be explained by the 
action of PYY (Appendix I), which slow gastric emptying, thereby increasing digestion 
efficiency and delay nutrient absorption (107). The complementary results presented in 
appendix I showed higher PYY concentrations in response to RSD compared with WSD 
and AXD, thus confirming previous studies in rodents showing increased levels of PYY in 
response to HAM-RS2 (108). A slower gastric emptying mediated by increased PYY 
secretion may have contributed to the delay in glucose absorption in RSD-fed pigs. 

Postprandial increases in plasma glucose concentrations is sensed by the pancreas and 
triggers a rapid increased in insulin secretion from the pancreas. Therefore, reduced 
glucose absorption would be expected to elicit lower insulin secretion. The cereal-based 
AXD was the only diet which attenuated peak insulin flux and reduced insulin secretions 
compared to the WSD in the multi-catheterised pig model (Paper I). On the contrary, the 
AXD did not affect glucose absorption. Similar results have previously been described in 
response to rye intake in pigs and healthy (non-diabetic) subjects (109, 110), and in 
subjects diagnosed with metabolic syndrome (111). This reduction in postprandial insulin 
levels without a concurrent decrease in glucose absorption compared with wheat products 
is described as the ‘rye factor’. Structural differences and compositional properties have 
been proposed to contribute to this ‘rye factor’ rather than the total DF intake per se (112). 
Here, the authors suggested that the closer packing of starch granules in rye compared to 
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wheat was associated with lower rates of starch hydrolysis, thus reducing insulin responses 
(112). Interestingly, both whole grain rye kernels and flour-based rye products made from 
endosperm rye- and whole grain rye flour result in favourable low insulin responses (113). 
Moreover, addition of rye bran to a refined wheat background did not result in the same 
low insulin responses as endosperm products (114), indicating that components present in 
the rye endosperm contribute to the improved insulin economy. 

The blunted glucose absorption in response to RSD was not accompanied by reduced 
insulin concentrations or secretions. Insulin concentrations appeared to be higher after 
RSD intake compared to AXD and WSD consumption (Paper I). This is, however, not in 
line with previous studies where meals containing HAM-RS2 have induced reductions in 
both postprandial glucose and insulin responses (115). Other studies in healthy human 
subjects using HAM-RS2 have been ambiguous. Some studies found no effect on 
postprandial glucose levels after consumption of HAM-RS2 (116-118), and described 
different effects on insulin responses; Weickert et al. (116) reported that insulin secretions 
were unaffected by the intervention, whereas others have reported lower insulin secretions 
as a result of HAM-RS2 intake (117, 118). In the study by Robertson and colleagues (118), 
the lower insulin levels were ascribed to a higher hepatic insulin clearance. These 
conflicting results most likely reflect differences in experimental conditions and duration 
of the interventions. Two studies were acute studies, where subjects were on habitual diets 
before receiving a single meal with high RS (116, 117), whereas the third study was a 4-
week intervention study (118). Also metabolic status (healthy, insulin resistant or type-2 
diabetic), and gender has been suggested as a possible confounder in studies with RS, as 
improved insulin sensitivity was observed in obese male subjects but not in an equivalent 
female test group (119). 

Protein and fat contents are known to affect postprandial glucose and insulin responses 
(120), although small differences have been shown to have minor effects (121). Overall, fat 
content was similar between diets; however, this was not the case for protein content. 
Despite the intent of the diets having comparable macronutrient compositions, protein 
content was lower in the AXD (15.4%) compared to the WSD and RSD (20.7% and 19.1%, 
respectively). Both protein content and amino acid composition can affect insulin secretion 
with valine, leucine, isoleucine, lysine, and threonine being particularly insulinogenic 
(122). Therefore, it cannot be excluded that the difference in protein content and amino 
acid composition may have affected the insulin response. 

The effect of whole grain on insulin economy has been suggested to be modulated by the 
incretin hormones GIP and GLP-1. Studies in catheterised porcine models have previously 
shown a correlation between increased DF intake and attenuated levels of GLP-1 and GIP 
in response to RS consumption (123); however, human studies on this have been 
contradicting, possibly due to differences in DF sources or amounts (124). No effects were 
found on GIP or GLP-1 secretions (Paper I). Both GIP and GLP-1 are regulated by nutrient 
ingestion, especially carbohydrates and fats (125). Long-term fat supplementation in 
animals increases intestinal GIP mRNA expression and peptide levels (126), and 
circulating plasma levels of GIP (127). The diets in the present study were high in both DF 
and fat, compared to the diets used in previous studies (123). Therefore, it could be 
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speculated that the high fat intake in the present study may have abrogated any potential 
attenuated incretin response mediated by the increased DF intake in RSD and AXD. In 
contrast to GIP, GLP-1 is also stimulated by proteins (124). The diets were balanced with 
regards to fat and protein, except for the AXD, which had a lower protein content that 
potentially could have reduced GLP-1 secretion. The lack of response despite a lower 
protein content in the AXD is most likely caused by differences in absorption and secretion 
locations; the majority of protein and glucose absorption take place in the upper 
duodenum, whereas GLP-1 is secreted by L-cells in the distal part of the small intestines 
and in the colon. This may have minimised the effects of the different protein contents. 

10.2. COLONIC DIETARY FIBRE FERMENTATION; SCFA PRODUCTION AND 

ABSORPTION 

The SCFAs available for host metabolism is dependent on the number and specific 
microbial composition of an individual, gut transit time, and the substrates ingested. In the 
present study, the source of DF in RSD and AXD affected the colonic microbial 
fermentation differently, despite similar DF content compared to WSD. Consumption of 
AXD and RSD both increased postprandial absorption of total and individual SCFAs, but 
to a different extent (Paper I); AXD gave rise to the highest postprandial SCFA absorption, 
RSD intermediate levels and WSD in the lowest levels. These results were consistent, as 
identical distributions were observed in faecal SCFA excretion (Paper I). Moreover, AXD 
stimulated pool size (Table 1; (128)) and butyrate absorption to the largest extend (Paper 
I). This was unexpected, as RS previously has been highlighted as being particularly 
fermentable and butyrogenic (129). 

Table 1. Pool size (mmol/d) in the large intestine (pooled content from caecum and colon; n = 30), and 
net portal absorption of total and individual SCFA from 0 to 5 hours after the first daily meal in pigs (n 
= 6) fed either the Western-style diet (WSD), the resistant starch diet (RSD), or the arabinoxylan diet 
(AXD). The Data is least-squares mean values with their standard errors. BCFA; branched chain fatty 
acids. 
 Diet   
 WSD RSD AXD SEM Pdiet 
Pool size (mmol/day)*      

Total SCFA 237c 512b 641a 31 < 0.001 
Acetate 152b 320a 384a 25 < 0.001 
Propionate 51c 109b 148a 9 < 0.001 
Butyrate 19c 46b 79a 5 < 0.001 
Total BCFA 2.8b 3.8a,b 4.4a 0.4 0.01 

Portal SCFA absorption (mmol/h)†      
Total SCFA 37c 66b 102a 9.3 < 0.001 
Acetate 24c 40b 62a 6.1 < 0.001 
Propionate 8.2c 17b 25a 2.6 0.001 
Butyrate 2.8b 5.7b 10.2a 1.0 0.001 
Total BCFA 1.3b 1.6b 2.8a 0.3 < 0.001 

a,b,c Mean values within a row with unlike superscript letters were significantly different (P < 0�05) 
* Data from Nielsen et al., 2014 (128). † Data from Paper I. 

The majority of SCFA production in the pig occurs in the caecum and upper colon where 
substrate availability is highest (130). As expected, acetate constituted the majority of the 
produced and absorbed SCFAs, propionate levels were intermediate and butyrate levels 
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were lowest (Table 1). Whole grain cereal products with high AX content have previously 
been shown to induce changes in the colonic SCFA production profile (42), and to 
stimulate the proliferation of butyrate-producing microorganisms (131), such as Roseburia 
intestinalis and Faecalibacterium pausnitzii. In line with this, the level of butyrate-
producing bacteria was higher in faecal samples after AXD consumption than in WSD and 
RSD-fed pigs (128). In the present study, AXD most efficiently increased butyrate 
production and absorption (Paper I). In contrast, previous studies in rodent and pigs fed 
an AX-rich diet have failed to show a preference for butyrate production (132, 133). These 
studies, however, used AX-rich extracts from wheat, whereas the AX in the present studies 
was part of a whole grain matrix. Although this may not be the reason for the discrepancy, 
fermentation of AX from a whole grain matrix can be expected to be slower (42), compared 
to fermentation of AX concentrates (132, 133). Slower fermentation decreases luminal pH, 
and AX-extracts would be expected to decrease pH mainly in the caecum, whereas whole 
grain AX decreases pH in both the caecum and colon (128). Colonic pH balance is 
important for the produced ratio of acetate and butyrate (131, 134) and cannot be excluded 
as a contributing factor in determining the ratio of SCFAs, by favouring butyrate 
production. Increased butyrate formation after AX consumption has been reported in 
other in vivo studies (104, 135, 136), whereas in vitro fermentation studies with AX are 
more variable with some showing no preference for butyrate production (137) while others 
do (138). 

Structural differences between RS2 sources can affect fermentation and butyrate 
productions, resulting in other butyrogenic properties of RS in the present study than 
expected based on the literature. HAM-RS2 constituted ¾ of RS in the RSD and the study 
with the intact pigs showed differences in the degradation of the two sources of RS along 
the length of the large intestines (128). Dissimilarities in granular characteristics of HAM-
RS2 and raw potato starch most likely explain these differences in degradation. Potato 
starch granules have a smaller surface area to volume ratio, as well as reduced granular 
size compared with HAM-RS2 (139), therefore increasing the surface potentially subjected 
to enzymatic hydrolysis. This is presumably causative for the RS from the raw potato 
starch being less resistant towards degradation than expected. 

Previously, the general perception was that only acetate can be detected in peripheral 
plasma in humans. Under normal physiological conditions, peripheral acetate, propionate 
and butyrate are 100-150 µmol/L, 4-5 µmol/L, and 1-3 µmol/L, respectively, in humans 
(140). This is consistent with the values found in response to WSD (Paper I), where arterial 
acetate, propionate and butyrate are 114 µmol/L, 3.7 µmol/L, and 2.8 µmol/L, respectively. 
However, supplementation with fermentable carbohydrate increased arterial SCFA levels 
1.5-2.9, fold, with the most significant increase for butyrate in AXD-fed pigs. Fermentable 
carbohydrate intake has previously been shown to elevate portal levels of acetate, 
propionate, and butyrate in animal models (110, 123), as well as peripheral plasma levels of 
acetate and propionate in animals and humans (47, 141, 142). Butyrate is, however, in most 
studies virtually undetected or only detected in very low concentrations in humans as a 
result of the extensive hepatic metabolism (98). 
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The higher fasting and arterial butyrate levels reported here suggests that DF 
supplementation can be used to augment both portal and peripheral total SCFA and 
butyrate concentrations. In contrast, no difference in response to rye consumption in 
fasting total and individual SCFA concentrations have been reported in healthy human 
subjects after a 4-week intervention period (143). Lappi et al. (143) did, however, show a 
rapid postprandial increase of plasma butyrate after consumption of a standardised meal 
in subjects following rye bread interventions compared to a white wheat bread, in line with 
previous studies (144, 145). The authors proposed that the postprandial increase in 
butyrate concentrations reflects increased fermentation of the DF-rich meal from the 
previous evening, which in response to a new meal, is passed on to the large intestines. 
This is however, not clearly supported by our studies in pigs, where total and individual 
SCFAs increased 60 min postprandial, but subsequently fluctuated at 180 and 300 min 
(Paper I). The differences in fasting concentrations between pigs and humans may be 
caused by differences in meal patterns and gastrointestinal physiology, as pigs consume ~4 
time as much carbohydrates and close to ~10 times as much DF as humans; the 
consequence is a more even flow of digesta from the small to the large intestine in pigs 
than in humans when the pigs were fed equal meal sizes at equal intervals (146). 

In addition to contributing to host metabolism, absorbed fermentation products have been 
suggested to influence systemic metabolism and insulin economy (147). The concentration 
of circulating NEFA is known to affect insulin sensitivity in healthy, lean subjects (148), 
and an increased flux of NEFA is associated with inhibition of glucose uptake by muscle 
and the development of insulin resistance (149). Lower fasting plasma NEFA levels in 
AXD-fed pigs were associated with the highest absorption of SCFA and butyrate (Paper I). 
This supports the proposed effects of cereal-based meals to reduce the rate of digestion 
and absorption, thus prolonging the feeling of satiety (150). It also suggests that an 
increased and continuous colonic supply of SCFA during an overnight fast contribute to 
the improved insulin economy after a standardised breakfast meal (144). Taken together, 
these observations on SCFA support the theory of a potential role of SCFA and butyrate in 
peripheral tissues. 

10.3. EFFECTS OF DIETARY FIBRE ON HEPATIC INSULIN CLEARANCE AND 

SCFA METABOLISM 

Lower plasma insulin in peripheral circulation can be mediated by increased hepatic 
insulin clearance, by reduced insulin secretion, or by increased insulin receptor affinity. A 
lowered postprandial insulin secretion may be seen as consequence of increased insulin 
sensitivity in peripheral tissues due to increased insulin receptor affinity and is sometimes 
referred to as improved insulin economy (151), because less insulin is required to clear 
elevated plasma glucose in the postprandial phase. Alternatively, the liver may clear a 
higher fraction of the secreted insulin which also will lower the insulin levels in peripheral 
circulation. As described above, consumption of AXD lowered insulin secretion compared 
to WSD and RSD (Paper I). Lower peripheral insulin levels have previously been ascribed 
to a higher hepatic insulin clearance in response to RS consumption (117, 118). This was 
suggested to be caused by increased colonic fermentation and SCFA production and/or 
higher SCFA absorption. Although this is not conclusively supported by the present study, 
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a high DF intake in the present study increased hepatic insulin clearance compared to the 
WSD. This increase was, however, not directly correlated with the net SCFA absorption, 
which was higher for AXD compared to RSD-fed pigs (Paper II). The importance of hepatic 
insulin clearance is highlighted by the observation that hyperinsulinaemia, a risk factor of 
the metabolic syndrome and T2DM, may be caused by increased pancreatic insulin 
secretion and decreased hepatic insulin clearance (152). Thus, the results presented here 
suggest that the health-benefits related to a high DF intake can be related both to the 
attenuated insulin secretion and to the increased hepatic insulin clearance. In addition, 
SCFA production and absorption was higher in AXD than in RSD suggesting that other 
factors than SCFA affect hepatic insulin clearance. This is supported by other studies 
showing that improved insulin sensitivity was independent of colonic carbohydrate 
fermentation including faecal SCFA and breath hydrogen (153). It may be speculated 
whether the lower insulin secretion (Paper I) in combination with the increased hepatic 
insulin clearance (Paper II), reflects a diminished need for peripheral insulin 
postprandially because of increased peripheral insulin sensitivity. In support of this, cereal 
DF has been shown to improve whole-body insulin sensitivity in randomised controlled 
intervention studies (154, 155) and prospective cohort studies after correction of 
confounding factors (156). 

Very few studies of in vivo SCFA fluxes are available due to the inaccessibility of the colon, 
which significantly complicates the investigations of the impact of SCFA on human health. 
The role of the liver in SCFA metabolism in response to a Western diet has previously been 
quantified in humans undergoing surgery (98), and recently in mice infused with SCFA in 
the caecum (157). However, the effect of increased SCFA from DF fermentation has not 
previously been quantified in a porcine model. The net absorbed SCFAs can be used as 
glucogenic (mainly propionate) or ketogenic substrates (mainly acetate and butyrate) by 
the liver. These SCFAs were extensively metabolised in the liver, as indicated by the high 
rates of hepatic uptake (Paper II). Net absorbed butyrate is converted into acetate and 
subsequently acetyl-coenzyme A, which may be used in different metabolic pathways, 
including being a substrate for lipogenesis or cholesterol synthesis. In the present study, 
acetate and butyrate were most likely used for hepatic cholesterol synthesis and further 
eliminated from the body as bile acids, as indicated by the up-regulation of hepatic 
HMGCR mRNA expression, and the lower circulating arterial cholesterol levels in response 
to AXD (Paper II). In line with this, den Besten et al. (157) showed that absorbed even 
numbered SCFAs (acetate and butyrate) are incorporated into cholesterol (157). The 
cholesterol lowering effects of DFs are commonly ascribed to the soluble DF fraction, and 
the high content of total and soluble NSP in the AXD supports this general assumption. 

Acetyl-coenzyme A can also be used as a substrate for fatty acid synthesis; however, lipid 
synthesis did not appear to increase in the present study, despite a high feed intake and a 
high ketogenic load from acetate and butyrate after consumption of high DF diets (Paper 
II). The net hepatic uptake of TG and cholesterol was similar among the three 
experimental diets, indicating that the increased ketogenic load from acetate and butyrate 
did not cause TG release to peripheral tissues. In line with this, hepatic gene expression of 
key genes involved in lipid synthesis was not affected by the diets. Infused SCFAs in mice 
were incorporated into both carbohydrates and lipids in the liver (157); however, acetate 
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and butyrate were mainly used for hepatic chain elongation of fatty acids (palmitate and 
stearate). In the mice study, chain elongation was detected as hepatic enrichment of 
palmitate and stearate in four lipid classes; cholesteryl esters, NEFA, TG, and 
phospholipids. In the present study, only NEFA and TG were analysed, and only fasting 
arterial NEFA levels differed among the diets. We can therefore not conclude whether the 
absorbed acetate and butyrate could be used for chain elongation as in the study by den 
Besten et al., where the majority of absorbed acetate and butyrate were incorporated into 
phospholipids (157). 

Propionate was cleared to a high degree by the liver (Paper II), and was most likely used as 
precursor for gluconeogenesis. The conventional view is that propionate is converted to 
propionyl-coenzyme A and enters the citric acid cycle as succinyl-coenzyme A, followed by 
conversion into oxaloacetate and finally ends up as glucose as shown in the study by den 
Besten et al., where propionate was found to accumulate primarily in glucose. This is in 
line with the general opinion that virtually all propionate is metabolised by the liver, 
resulting in minor splanchnic release of propionate (98). 

10.4. MICROBIAL FERMENTATION PRODUCTS OTHER THAN SCFA IN THE 

GASTROINTESTINAL TRACT 

Metabolite profiling was used to detect metabolic changes associated with an increased DF 
intake using multicompartmental metabolomics (Paper III). This approach was chosen to 
track the fate of exogenous and endogenous metabolites from the gastrointestinal 
compartments to either absorption or secretion, and to elucidate inter-compartmental 
correlations in response to a dietary intervention. Unexpectedly, no separation between 
WSD- and RSD-fed pigs could be obtained, suggesting that the substrates available for 
microbial fermentation in the gastrointestinal tract of WSD- and RSD-fed pigs did not give 
rise to differences detectable by the applied metabolomics analysis, despite differences in 
SCFA production and absorption (Paper I). The cereal-based AXD induced the growth of 
butyrate-producing microbial strains more than the RSD, resulting in an augmented SCFA 
production and a range of other metabolites, most likely causing separation of AXD from 
RSD and WSD. The metabolic profiles varied between the experimental diets in the 
present study, most likely due to the botanical origins and the content of bioactive 
components in the DF sources. 

Part of the health-promoting properties of cereal DF is attributed to the bran fraction, and 
especially the aleurone layer, which is rich in antioxidants and phytochemicals (22). In the 
present study, urinary excretion of bacterial degradation products of phenolic compounds 
and amino acids increased in response to AXD consumption (Paper III), which is in 
agreement with the high content of phenolic compounds in the diet. This is in agreement 
with previous findings showing increased levels of microbial phenolic and amino acid 
degradation products in urine after rye consumption (158, 159). In addition, an increased 
caecum content of small dicarboxylic acids (C8-C10) of similar structure was detected in 
AXD-fed pigs (Paper III). These metabolites are most likely derived from oxidation of 
longer-chain dicarboxylic acids found in the rye aleurone matrix (160). Although the 
results presented here suggests rapid metabolism of dicarboxylic acids in the caecum and 
colon, a portion is absorbed to the portal vein and transported to the liver (161). From 
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here, dicarboxylic acids can be either utilized as energy through the citric acid cycle, or 
excreted in urine, as reported in pigs (159) and humans (162, 163) in response to rye 
consumption. Dicarboxylic acid supplementation in a mouse model of T2DM (164) and in 
type-2 diabetic subjects (165) has been shown to improve glycaemic control by increasing 
insulin-mediated glucose clearance and reducing fasting plasma glucose concentrations 
compared to controls. Although dicarboxylic acids in postprandial plasma samples remains 
to be detected in the present study, rye consumption and hence augmented dicarboxylic 
acids absorption could contribute to the currently unknown ‘rye factor’ and the beneficial 
effect of rye on insulin economy. 

Non-targeted metabolomics was used as a hypothesis-generating approach for search for 
potential biomarkers of an increased DF consumption and for elucidating the fate of 
metabolites in vivo. Indeed, this approach revealed novel sulphate-conjugated oxylipin 
metabolites in the gastrointestinal content of pigs, linking new metabolic routes in DF 
degradation with potential implications for bioavailability (Paper III). In addition, other 
conjugation-forms, such as formic acid and acetate conjugations, were detected, most 
likely from the solvents and from microbial fermentation, respectively. Sulphate 
conjugations are commonly used as a pathway for elimination and detoxification of e.g. 
drugs and bile acids (166). Sulphate-conjugated cereal-derived compounds (ferulic acid 
and benzoxazinoids) have been detected in urine and plasma in rats (167) and humans 
(168, 169) after administration of rye foods. In these studies, postprandial plasma samples 
collected 1-3 hours after feeding were analysed, in contrast to the plasma samples analysed 
in this study, which were collected from fasting pigs. In addition, the sulphate-conjugated 
metabolites detected in humans (168) were present in low nanomolar concentrations, 
requiring targeted metabolomics for detection. Therefore, the lack of detection of these 
metabolites in plasma in the present study is most likely due to differences in sampling 
time in combination with potentially low concentrations. In the study by Adhikari et al. 
(168), the authors stated that the compartment where this sulphate conjugation takes place 
is unknown. The results presented here suggest that sulphate-conjugation takes place in 
the colon, and is mediated by the microbiota (Paper III). Furthermore, small intestinal 
bioconversion most likely also contributes, as Hanhineva et al. detected sulphate-
conjugates in plasma 1 hour after administration of a pulse dose rye bran–rich meal (169). 
This is further supported by the lack of these conjugated metabolites in the diets in the 
present study, an observation also reported by Hanhineva et al. (169). The microbes 
responsible for the sulphate-conjugations are currently unknown, suggesting that further 
studies are required to elucidate the microbial contributions in the gastrointestinal tract to 
nutrient bioavailability. 

Most oxylipins detected in gastrointestinal content in the present study are derived from 
linoleic acid metabolism, which is believed to be associated with endothelial inflammation 
and subsequent atherosclerosis (170). In vitro studies have suggested that the pro-
inflammatory properties of some of these metabolites are dependent on the concentration 
(171). Since no quantification of the level of oxylipins was performed in the present study, 
it may be that the oxylipins are not present in concentrations high enough to elicit an 
inflammatory response, or that their sulphate-conjugation and localization in 
gastrointestinal content marks them for excretion. Moreover, studies from our group have 
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reported increased portal absorption of oxylipins in pigs after whole grain consumption 
(172), suggesting that oxylipins could be a marker of increased whole grain and linoleic 
acid consumption. The physiological implications of these findings remain, however, to be 
elucidated.  
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11. CONCLUSIONS 

The results presented in this Ph.D. thesis describe the effects of increased short-chain fatty 
acids, brought about by specific prebiotics on the metabolic responses in pigs fed different 
sources and levels of DF. The following conclusions were drawn from the studies: 

i. Consumption of RSD prolonged and delayed peak glucose absorption, but did not affect 
insulin responses, whereas intake of AXD did not affect glucose absorption, but lowered 
the insulin response. The latter could be ascribed to the soluble AX and/or bioactive 
components. No effects of dietary treatments were found on the incretin hormones. 

ii. Both AXD and RSD increased SCFA production and absorption, but to a different 
extent despite similar DF content; the highest portal SCFA and butyrate absorption was 
found in response to AXD. A less resistant starch structure than expected most likely 
account for the difference in colonic fermentation between RSD and AXD. A lower 
caecal and colonic pH could have favoured butyrate production in the AXD. 

iii. The liver cleared 80-95% of the propionate and butyrate that passed to the liver from 
the portal vein regardless of diet; the clearance of acetate was ~40%. Acetate and 
butyrate were most likely used in cholesterol synthesis, as indicated by the increased 
hepatic HMGCR mRNA gene expression, and lowered arterial cholesterol levels in both 
RSD- and AXD-fed pigs. Propionate was most likely converted into glucogenic 
compounds in the liver. 

iv. Short-term supplementation with high DF diets increased insulin clearance to a similar 
extent regardless of diet. 

v. Non-targeted multicompartmental metabolomics proved to be a useful approach for 
detecting novel metabolites related to the microbial degradation of the experimental 
diets, especially the cereal based AXD. AXD increased the levels of sulphate- and acetic 
acid conjugated oxylipins in caecum and colon content, and the urinary secretion of 
phenolic compounds. 

vi. Potential gastrointestinal and urinary biomarkers for consumption of RS, whole grain 
rye, and low DF intake were identified using sparse MBPLSR. 

In summary, the experiments showed that soluble AX from rye improves insulin economy 
and some of the metabolic markers associated with the metabolic syndrome and T2DM. 
Furthermore, AXD consumption had a significant impact on the metabolic profiles of 
gastrointestinal content and urine. In contrast, DF from resistant high-amylose maize and 
potato starch delayed and prolonged postprandial glucose absorption and multi-block 
analysis revealed potential biomarkers for RS consumption. The beneficial effects of DF 
and SCFAs are not limited to nutrient absorption, but also affect the liver, and several 
approaches are required to give a full assessment of the effects of SCFAs on whole body 
metabolism.  
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12. PERSPECTIVES 

The observed effects of the AXD and RSD diets suggest that the botanical origin of the DF 
has different properties with regards to their effects on postprandial glycaemic responses. 
The two types of DF used in the present study can be incorporated into human diets 
without affecting palatability. The results presented here contributes with additional 
knowledge regarding different DFs with the potential use in functional foods for humans, 
intended for prevention or treatment of human diseases characterised by perturbations in 
postprandial glycaemic responses, such as T2DM. However, the opposing effects of RSD 
on glucose and insulin responses warrant future studies. 

The lower protein content in the AXD was unintended and the composition of the amino 
acid profile may have affected the insulin response. Therefore, diets with iso-protein levels 
should be tested to corroborate the lowering effects of AXD on insulin secretion. 

Foods with a high DF content and the ability to augment total SCFA absorption, and 
butyrate in particular, in humans are wanted because of the beneficial effects of SCFAs on 
health. However, although AXD consumption was correlated with the highest portal 
absorption of butyrate, the overall increase in SCFAs makes it difficult to assess whether 
butyrate specifically was responsible for the observed effects. An assessment of the effects 
of the individual SCFAs would require SCFA infusions. 

The observation that both high-DF diets increased hepatic insulin clearance, but only the 
cereal-based diet resulted in lower insulin secretions showed that the effects of RS and AX 
on insulin responses were not straightforward in vivo. The results of the present study 
accentuate the importance of the liver in clearing nutrients and hormones, suggesting that 
future experiments may be needed to clarify the role of hepatic insulin clearance in 
response to DF consumption. 

The high hepatic SCFA uptake without release of lipids to peripheral blood indicates that 
diets with high DF-content may alleviate some of the potential negative effects of a high-fat 
intake on hepatic metabolism and nutrients transferred to the peripheral circulation. 
However, it would be interesting to study the effect of a high hepatic uptake of SCFA in a 
low and high-fat setting to substantiate this finding. 

The gut microbiota had an essential role in modulating the phytochemical bioaccessibility 
of cereal-based whole grain foods, with potential implications for bioavailability. 
Multicompartmental metabolomics may contribute to elucidate the bioavailability of 
nutrients in the gastrointestinal tract after microbial conversions. Most of the potential 
biomarkers are currently unidentified, and further mining should be performed to 
establish the importance of these metabolites. Metabolomics is a valuable technology in 
nutritional research, which may be used to study degradation, bioconversion, absorption, 
excretion, and functional properties of new biomarkers.  
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14. APPENDIX I: POSTPRANDIAL PYY CONCENTRATIONS 

After publication of Paper I, additional results were obtained from samples collected from 
the catheterised pigs regarding the hormone PYY. Synthesis and secretion of PYY occurs 
within 30 min of ingestion of a meal from the endocrine L-cells from the distal parts of the 
gastrointestinal tract, especially the ileum and colon, but also in smaller concentrations in 
the upper small intestines (107). In addition, PYY is involved in insulin regulation and 
glucose homeostasis, and increased DF intake has been correlated with decreased and 
prolonged PYY concentrations and secretions in healthy human subjects (124). 

The plasma samples were analysed using a MILLIPLEX Mouse Metabolic Hormone 
Magnetic Bead panel from Millipore, cat. No. # MMHMAG - 44K (Inter-assay CV = 6.0%; 
Millipore, Billerica, MA, USA). The plasma analyses were carried out in the lab of Professor 
Karl-Heinz Herzig, Department of Physiology, Institute of Biomedicine, University of 
Oulu, Finland. 

The effects of diet, time and their interaction were analysed using a normal Mixed Linear 
Model for repeated measurements (SAS 9.3, SAS Institute Inc., Cary, NC, USA): 

Yijkl = µ + αi + βj + αβij + γk + υl + τikl + εijkl 

where Yijkl is the plasma variable; µ is the overall mean; αi is effect of diet (i = WSD, RSD, 
AXD); βj is time after feeding (j = -15, 15, 30, 45, 60, 90, 120, 180, 240, 300); and αβij is the 
interaction between diet and time. The three terms γk, υl and τikl are the effect of week (k = 
1, 2, 3), the random component related to the pig (l = 1, 2,.., 6), and the random component 
related to the l’th pig fed the i’th diet in the k’th week, respectively. The residual error 
component is defined as εijkl. Thus, pig and pig × diet × week were included as random 
components to account for repeated measurements (within pigs and within pigs within 
sampling days). The covariance structure of τikl was modelled using the spatial power 
option to take into account the different intervals between repeated measurements. The 
random effects and residuals are assumed to be normally distributed and independent and 
their expectations were assumed to be zero. Data was analysed by A. K. Ingerslev. 
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Postprandial PYY concentrations (pmol/L) in (a) mesenteric artery: diet (D) P = 0.002, 
time (T) P < 0.001, D × T P = 0.03, and (b) portal vein: diet P = 0.002, time P < 0.001, D × 
T P = 0.33, in pigs fed diets the WSD control diet (WSD, ), the resistant starch diet 
(RSD, ), or the arabinoxylan-rich (AXD, ). Samples were collected during the first 5 
hours after feeding. Values are means (n = 6), symbols indicate that means differ, P ≤ 0.05: 
* WSD ≠ AXD, ‡ AXD ≠ RSD, † WSD ≠ RSD.  

a) 

b) 
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15. APPENDIX II: SCIENTIFIC CONTRIBUTIONS OTHER THAN 

MANUSCRIPTS 

 

Attended conferences/seminars Presentations 

Gut Biology and Health, October 3, 2011, Aarhus, Denmark - 

NuGO Week, August 28-31 2012, Helsinki, Finland 

Poster 

presentation 

Research Seminar on Animal Models, June 7-8 2012 and May 23-24 

2013, Sandbjerg Gods (Aarhus University), Denmark 

Oral 

presentations 

INRA-Rowett Symposium on Gut Microbiology, June 17-20 2012,  

Clermont-Ferrand, France 

Poster 

presentation 

Integrative Approaches in Nutrition Research, March 8-9 2013, 

Clermont-Ferrand, France 

Poster 

presentation 

 



 

Consumption of diets high in dietary fibre (DF) is associated with decreased risk of developing lifestyle-
related diseases such as obesity, type-2 diabetes, and cardiovascular disease. This positive link has been 
correlated with colonic fermentation and production of short-chain fatty acids (SCFAs); however, the 
underlying mechanisms remain elusive, and a better understanding requires detailed studies in an in vivo 
system. In the present Ph.D. project, the metabolic response to increased SCFA production and absorption 
was investigated in a porcine model. The results contribute with valuable information about the impact of 
increased DF intake and SCFA absorption on the metabolic responses in an in vivo pig model.


