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ABSTRACT 

Dietary carbohydrate quality, characterized by content of whole grain (WG), dietary fiber, and 

sugars, is important for human health. Whole grain consumption and cereal fiber can reduce 

the risk of chronic disorders such as cardiovascular disease (CVD) and type 2 diabetes, an 

effect partly mediated by alterations in cardiometabolic risk factors and low-grade systemic 

inflammation. High-fructose or high-galactose diets may trigger pro-inflammatory and 

negative metabolic effects, but fermentable dietary fiber, e.g., fructooligosaccharides (FOS), 

may mitigate these effects. This thesis examined the effect of dietary carbohydrate quality, 

characterized by intake of specific WGs and sugars, on low-grade systemic inflammation and 

cardiometabolic risk factors. In particular, it evaluated: 1) associations between long-term WG 

rye or wheat intake and inflammatory, endothelial function, and CVD risk-related biomarkers; 

2) alkylresorcinols (AR) in adipose tissue as potential biomarkers of long-term WG intake; 3) 

effects of WG/bran rye and refined wheat on inflammatory and endothelial function biomarkers 

in individuals with low-grade prostate cancer; and effects of high fructose and galactose intake, 

with or without added FOS, on 4) selected metabolic factors and inflammatory and gut 

permeability biomarkers; and 5) modulation of gut microbiota in rats. 

Data and samples from two prospective cohort studies, Swedish Mammography Cohort-

Clinical (SMC-C) (n=109) and Cohort of Swedish Men-Clinical (COSM-C) (n=149), were 

used to analyze associations between long-term WG intake and selected biomarkers of 

inflammation, endothelial function, and metabolic factors. WG intake was assessed by food 

frequency questionnaires and using alkylresorcinols (AR) in plasma and adipose tissue as 

biomarkers. Combined WG rye and WG wheat intake was positively associated with cathepsin 

S, while total AR in plasma was inversely associated with endostatin (adjusted for age, sex, 

and BMI). Long-term WG rye intake was modestly correlated (r=0.31-0.41) with AR in 

adipose tissue, whereas WG wheat was poorly correlated (r=0.17-0.33) over 14 years for men 

and 17 years for women. The effect of WG/bran rye on selected inflammatory biomarkers was 

explored in a dietary intervention cross-over study of 17 men with low-grade prostate cancer. 

TNF-R2, e-selectin, and endostatin were significantly lower in these men after consumption of 

WG/bran rye products than consumption of refined wheat with added cellulose. In an animal 

study with rats (n=6/group and time point) fed a high-fructose or high-galactose diet, 

with/without added FOS, or three control diets for six or 12 weeks, the intervention diets 

affected several metabolic factors and gut integrity markers, but not inflammation biomarkers. 

High-fructose and high-galactose diets did not cause substantial changes in gut microbiota 

composition, but addition of FOS favored the genus Bifidobacterium. Gut microbiota was 

associated with several metabolic and inflammation biomarkers.  

These results suggest that WG wheat and rye may have positive impacts on some 

inflammation biomarkers. Fructose and particularly galactose had adverse metabolic effects in 

rats, but no obvious effect on inflammation markers. Sugars did not markedly affect gut 

microbiota composition in rats.  



ABSTRAKT 

Kostens kolhydratkvalitet som kan beskrivasutifrån innehållet av fullkorn, kostfiber och 

sockerarter, har en viktig inverkan på människors hälsa. Ett högt intag av fullkornintag och 

spannmålsfibrer visat sig leda till minskad risk att utveckla kroniska sjukdomar, såsom hjärt- 

och kärlsjukdomar och typ 2-diabetes. Riskminskningen medieras delvis genom förändringar 

i kardiometaboliska riskfaktorer och låggradig systemisk inflammation. En kost med högt 

innehåll av fruktos eller galaktos kan utlösa proinflammatoriska och negativa metaboliska 

effekter. Fermenterbara kostfibrer, såsom fruktooligosackarider (FOS), har föreslagits mildra 

sådana effekter. Det övergripande syftet med denna avhandling var att undersöka hur kostens 

kolhydratkvalitet, med avseenede påfullkorn från råg och vete samt sockerarter, påverkar 

kardiometaboliska riskfaktorer och låggradig systemisk inflammation.  

De specifika syftena var: 1) analysera sambandet mellan långvarigt intag av fullkornsråg och 

vete och biomarkörer för inflammation, endotelfunktion och kardivaskulärsjukdom; 2) 

utvärdera alkylresorsinoler (AR) i fettvävnad som potentiella biomarkörer för långvarigt 

fullkornsintag; 3) analysera effekterna av fullkorn/rågkli och vittvete på biomarkörer för  

inflammation/endotelfunktion hos individer med låggradig prostatacancer; 4) utvärdera 

effekterna av högt fruktos- och galaktosintag med eller utan tillsatt FOS på utvalda metaboliska 

faktorer samt biomarköer för  inflammation och tarmpermeabilitet; 5) i en råttmodell utvärdera 

effekterna av högt fruktos- och galaktosintag med eller utan tillsatt FOS på tarmflorans 

sammansättning. 

Data från två prospektiva kohortstudier, Swedish Mammography Cohort-Clinical (SMC-C) 

(n=109) och Cohort of Swedish Men-Clinical (COSM) (n=149), användes för att analysera 

sambandet mellan långvarigt fullkornsintag – fastställt via livsmedelsfrekvensformulär samt 

med AR som biomarkör i plasma och i fettvävnad. Även utvalda biomarkörer för inflammation, 

endotelfunktion och metaboliska faktorer inkluderades. Summan av fullkornsråg och-veteintag 

var positivt associerad med cathepsin S, och total AR i plasma var omvänt associerad med 

endostatin (justerat för ålder, kön och BMI) (Paper I).  Samma data och prover användes för 

att utvärdera AR i fettvävnad som en biomarkör för långvarigt fullkornsintag. Långvarigt intag 

av fullkorn var måttligt korrelerat (r=0.31-0.41) med AR i fettvävnad, medan fullkornsvete 

hade en lägre korrelation (r=0.17-0.33) under 14 år för män och 17 år för kvinnor (Paper II). 

En crossover-studie på 17 män med låggradig prostatacancer användes för att undersöka 

effekten av fullkorn/ rågkli på utvalda inflammatoriska biomarkörer. TNF-R2, e-selectin och 

endostatin var signifikant lägre hos män efter konsumtion av fullkorn/ rågkliprodukter jämfört 

med vitt vete med tillsatt cellulosa (Paper III). I en djurstudie matades råttor (n=6/grupp och 

tidpunkt) antingen med hög fruktos- eller höggalaktosdiet med eller utan tillsatt FOS jämfört 

med tre kontrolldieter under 6 eller 12 veckor. Interventionsdieterna påverkade flera metabola 

faktorer och tarmintegritetsmarkörer, men inte inflammationsbiomarkörer (Paper IV). Kost 

med hög fruktos och hög galaktos orsakade inte betydande förändringar i tarmflorans 

sammansättning medan tillsats av FOS stimulerade Bifidobacterium-släktet. Tarmflorans 



 

 

sammansättning var associerad med flera metaboliska och inflammatoriska biomarkörer 

(Paper V). 

Sammanfattningsvis tyder resultaten på att fullkornsvete och fullkornsråg kan ha en positiv 

inverkan på vissa inflammationsbiomarkörer. Dessutom visade sig fruktos och särskilt galaktos 

ha negativa metaboliska effekter hos råttor, men ingen påtaglig effekt på 

inflammationsmarkörer. Sockerarter hade inga markanta effekter på tarmflorans 

sammansättning hos råtta. Randomiserade, kontrollerade studier på människor behöver 

genomföras för att bekräfta dessa resultat. 
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1 INTRODUCTION 

 

Cardiometabolic diseases (CMDs) comprise different disorders, including cardiovascular 

disease (CVD), diabetes type 2 (T2D), and chronic kidney disease (CKD). CMDs evolve over 

a long time and risk factors such as insulin resistance, hyperglycemia, dyslipidemia, obesity, 

and hypertension, which are regarded as key components of metabolic syndrome, play a central 

role in the etiology (1, 2). Low-grade systemic inflammation is regarded as a hallmark of 

pathological features of CMDs and has therefore been suggested as a key component in CMDs 
(3). One strategy for prevention of CMDs is to alter modifiable risk factors. Diet is an important 

modifier of such risk factors, and a healthy diet, along with improved lifestyle habits, could 

reduce, reverse, and prevent CMDs (4, 5).     

Carbohydrates represent a heterogeneous group of molecules consisting of carbon, hydrogen, 

and oxygen atoms, and are the main source of energy and dietary fiber in the human diet (6-8). 

Amount and composition of the carbohydrates in the diet are therefore of great importance for 

health and wellbeing (3, 9).   

Carbohydrate quality in the diet can be measured in various ways and can be described by 

characterization of amounts and types of whole grain (WG), dietary fiber, and their sources, 

and by glycemic index (GI) (10). In this thesis, simple sugars were also included as a component 

of carbohydrate quality, due to their implied negative effects on health (8, 11).  

In recent decades, there has been growing evidence that high WG intake is associated with 

reduced risk of several non-communicable diseases and their common risk factors (10, 12). 

Epidemiological studies have reported an inverse association between high WG intake and the 

incidence of CVDs, T2D, CKD, and cancers (12). Randomized control trials (RCTs) have shown 

beneficial effects of high WG intake on body weight, cholesterol level, and systolic blood 

pressure (13-15), but results for many outcomes are inconclusive (10, 16).  

Whole grain foods are one of the main contributors to cereal fiber intake in the diet (17). Meta-

analyses have shown that high intake of cereal fiber decreases the risk of all-cause and CVD-

specific mortality, and also the incidence of T2D, coronary heart disease (CHD), and colorectal 

cancer (10, 16, 18). However, while reductions in disease risk appear to be consistent in 

observational epidemiological studies, results from RCTs on cardiometabolic risk factors 

appear to be less consistent (10, 16). 

Simple sugars are readily consumed in the diet. Studies on both humans and animals have 

shown clear adverse effects of high intake of simple sugars on cardiometabolic conditions such 

as insulin resistance, diabetes, dyslipidemia, and obesity (19, 20). High fructose and high 

galactose intake in animals has been shown to enhance expression of pro-inflammatory 

cytokines and induce activation of inflammatory cascades and endothelial function (21-24). 

However, only a small number of studies have investigated the role of carbohydrate quality, 

including simple sugars, on inflammation, and the mechanisms underlying observed effects are 
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still poorly understood. Moreover, few studies have investigated the impact of sugars on the 

composition of gut microbiota. Glycemic index, a measure of glycemic response to 

carbohydrate-containing foods, is an important dimension of carbohydrate quality and is 

influenced by various factors, including types of sugars and fibers consumed and total energy 

intake (25, 26). However, a recent meta-analysis showed that the associations between GI and 

cardiometabolic health outcomes are weaker and less consistent than for WG and cereal fiber 
(10). Therefore, GI was not the main focus in this thesis. 

Health effects of WG have mainly been attributed to dietary fiber content and composition, and 

associated phytochemicals, but also to food structure and indirect effects on gut microbiota (12, 

27-29). However, most studies on the effect of carbohydrate on gut microbiota have focused on 

dietary fiber, while very few have considered the effects of sugars (30, 31). Moreover, many 

studies have investigated the effects of total WG intake on metabolic risk factors, without 

acknowledging that grains differ in amount and composition of dietary fiber and 

phytochemicals. Few studies have investigated the effects of specific grains, particularly minor 

grains such as rye, which is the richest source of dietary fiber among the cereals. In most 

observational studies, self-reported data have been used to evaluate the association between 

WG intake and metabolic factors, rather than an objective measure such as dietary biomarkers 

that could provide complementary information (32, 33).  
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2 BACKGROUND 

2.1 CARDIOMETABOLIC DISEASES AND RISK FACTORS  

Cardiometabolic diseases comprise a cluster of disorders that can cause dysregulation of the 

metabolic system in the body (34), leading to CVD, T2D, and CKD (35-37). Important risk factors 

in these underlying diseases, referred to as cardiometabolic risk factors, include obesity, insulin 

resistance, hyperglycemia, dyslipidemia, hypertension, and vascular dysfunction.  

There is growing evidence that low-grade inflammation plays a role in the pathophysiology of 

many chronic diseases, and low-grade systemic inflammation has been studied as a target for 

prevention and intervention in many studies (38, 39). Low-grade systemic inflammation has been 

shown to be closely associated with cardiometabolic risk factors (40). Elevation of C-reactive 

protein (CRP), a major acute protein, has been linked with metabolic dysfunction, particularly 

abnormal glucose metabolism through insulin resistance (41). Proatherogenic and prothrombic 

features of CRP result in abnormal lipid metabolism (39). Moreover, increased expression of 

CRP, tumor necrosis factor α (TNF-α), and interleukin-1 beta (IL-1β) has been observed in 

T2D and CVD patients, indicating the important role of low-grade inflammation in CMDs (38).  

Reducing cardiometabolic risk factors is regarded as an important strategy to control CMDs (1). 

Modern lifestyle features, including poor diet, smoking, lack of exercise, and high alcohol 

consumption, are the major modifiable risk factors in CMDs (35). Changing dietary and lifestyle 

habits is an important prevention strategy to reduce the prevalence of CMDs through effects 

on cardiometabolic risk factors (42, 43). 

 

Obesity 

Overweight and obesity can be defined as excessive or abnormal accumulation of fat that may 

cause detrimental effects on health (44). Body mass index (BMI, kg/m2) is commonly used to 

determine overweight and obesity. For adults in Western countries, overweight is defined as 

BMI ≥25 kg/m2, while obesity is defined as BMI ≥ 30 kg/m2 (45). The etiology of obesity is 

multifactorial, including an interaction between genetics, hormones, and environment (45). 

Energy imbalance between calories consumed and expended, due to dietary and lifestyle habits, 

is the fundamental reason for overweight and obesity (46, 47).   

Obesity is a major determinant of many of the other cardiometabolic risk factors (48, 49). Obesity 

aggravates dyslipidemia, insulin resistance, and hypertension (50, 51). Abdominal obesity is 

strongly correlated with insulin resistance, higher low-density lipoprotein (LDL), and lower 

high-density lipoprotein (HDL) (52). Individuals with BMI >35 kg/m2 have a higher risk of 

developing T2D than individuals with normal weight (37, 43). Elevated LDL cholesterol may 

contribute to accelerated atherogenesis (53). Moreover, the majority of obese individuals, but 

not all, display insulin resistance (54). Studies in obese subjects with impaired glucose tolerance 

have shown a reduction in the incidence of new-onset diabetes after weight reduction achieved 
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by control of food intake combined with consistent physical activity (51, 55). Obesity is 

preventable and could be avoided by reducing energy intake, increasing physical activity, and 

increasing consumption of whole grains, vegetables, and fruits (35, 56). Reducing body weight is 

one of the strategies to improve health and lower cardiometabolic risk factors such as blood 

pressure, blood glucose, insulin sensitivity, triglycerides, and increased HDL cholesterol (57). 

Type and amount of carbohydrates consumed have been shown to play a role in long-term 

weight management (58).  

 

Hyperglycemia and insulin resistance 

Hyperglycemia is defined as an abnormally high concentration of glucose in circulation in the 

body. Hyperglycemia occurs due to the inability of beta cells to produce the hormone insulin 

or to the inability of insulin to bind to protein receptors on the target cell membrane (59).  

Hyperglycemia is a condition that indicates pre-diabetes or diabetes (59, 60). Several important 

factors that cause hyperglycemia include large meals containing too much sugar, physical 

inactivity, and not taking anti-diabetic medication properly (61, 62). Chronic hyperglycemia may 

result in accumulation of advanced glycation end products (AGEs) and subsequent impaired 

renal function, because the kidney is the major site of AGE clearance (63-65). Accumulation of 

AGEs can lead to endothelial dysfunction, increased oxidized LDL in plasma, lower LDL 

uptake, and suppressed repair of the vascular system (63, 66). High concentrations of AGEs in 

various tissues have also been linked with greater severity of atherosclerotic plaque and 

oxidative stress (63).  

Insulin resistance or impaired glucose tolerance is a metabolic condition where the body does 

not respond to insulin in the liver or in the muscles (67). Under normal conditions, insulin binds 

to the protein receptors found on the plasma membrane of target cells and causes the cells to 

take in more glucose molecules from the blood. However, under insulin resistance conditions, 

the cells do not respond to the insulin due to an impaired signaling pathway and the beta cells 

therefore compensate by generating more insulin. At some point, the production of insulin 

becomes exhausted, despite high demand, and T2D develops (67, 68).  

Before manifestation of T2D, impaired fasting glucose (IFG) and/or impaired glucose tolerance 

(IGT) will occur. IFG and IGT are pre-diabetic conditions that refer to the state of abnormal 

regulation of glucose between normal glucose homeostasis and diabetes (69). Such states can be 

reversible with improved lifestyle, including improved diet (70). Normal fasting blood glucose 

concentration is less than 5.6 mmol/L and returns to below 7.8 mmol/L by two hours after 

eating. Briefly, IFG is defined as an increase in concentration of fasting plasma glucose to ≥5.6 

but <6.9 mmol/L, whereas IGT is defined as an increase in plasma glucose concentration to ≥ 

7.8 but <11.1 mmol/L, after an oral glucose tolerance test with 75 g glucose load. Individuals 

with increased IFG and/or IGT tend to develop diabetes at different progression rates (69). Apart 
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from T2D, other common conditions associated with insulin resistance are dyslipidemia, 

hypertension, and metabolic syndrome (67).  

 

Dyslipidemia 

Dyslipidemia is an abnormal lipid profile of one or several lipids or lipoproteins in circulation 
(71). The lipid profile includes lipoproteins carrying cholesterol (HDL, LDL, very-low-density 

lipoprotein (VLDL), intermediate-density lipoprotein (IDL)) and triglycerides. Atherogenic 

dyslipidemia is characterized by imbalanced proatherogenic and antiatherogenic 

concentrations, such as LDL and HDL, respectively, in circulation (72). HDL has 

atheroprotective properties, and low HDL has been used as a strong independent risk factor to 

predict CVD in healthy individuals (73).  

High LDL and triglycerides and low HDL concentrations are main components of 

cardiometabolic diseases (74-76). High LDL concentration is frequently associated with poor 

diet, obesity, kidney or liver disease, and certain types of medication (75, 77). High LDL 

concentration increases the risk of CVDs, especially coronary heart disease (CHD), with the 

CVD risk decreasing with reductions in LDL concentration (78).  

Diet and lifestyle interventions and selective medication are used in individuals with high 

cardiovascular risk, in order to reduce the risk. Statins were initially developed to treat 

hypercholesterolemia and have been linked with a significant reduction in cardiovascular 

events (79). Moreover, most CHD patients have a low HDL concentration. Low HDL cholesterol 

can be a predictive risk factor for CHD and is only slightly improved by statin therapy (35, 80).  

 

Hypertension 

Hypertension is a common condition in which the force exerted on the walls of arteries by the 

blood consistently exceeds normal ranges. Globally, more than 1 billion people have been 

diagnosed with hypertension and this figure is projected to exceed 1.6 billion by 2025 (81). 

Hypertension is rarely accompanied by symptoms until serious complications arise. Long-term 

and uncontrolled hypertension results in thickening and narrowing of the blood vessels and 

significantly raises the risk of myocardial infarction, heart failure, stroke, and CKD (82).  

A strong correlation has been reported between hypertension and obesity, diabetes, 

dyslipidemia, and insulin resistance, i.e., the core pathophysiological features of metabolic 

syndrome (35, 82, 83). The majority of diabetes patients have hypertension, together with other 

cardiometabolic risk factors including dyslipidemia, abdominal adiposity, and low-grade 

systemic inflammation (84, 85). In fact, the primary causes of hypertension are poor diet and lack 

of exercise (35, 86).  
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2.2 LOW-GRADE SYSTEMIC INFLAMMATION – A RISK FACTOR IN 
CARDIOMETABOLIC DISEASE 

Low-grade systemic inflammation plays a critical role in the etiology of chronic diseases and 

often occurs without symptoms (40, 87). During a state of low-grade systemic inflammation, 

tissues express high concentrations of immune cells and inflammatory factors. This does not 

cause any structural changes or loss of primary function, with levels remaining in the healthy 

range (40). However, prolonged low-grade inflammation has been suggested as a causal risk 

factor for many chronic diseases such as CVD and diabetes (88-90). During inflammation, 

immune cells produce inflammatory factors known as cytokines to signal other immune cells 

and coordinate complementary cascades to fight against ‘non-self’ molecules (40). Inflammation 

status can be clinically evaluated by measuring the concentrations of cytokines, other 

inflammatory biomarkers, white blood cells, and fibrinogen in the blood (91). 

Elevated expression of high-sensitivity C-reactive protein (hsCRP), an acute-phase 

inflammatory protein produced by the liver, is commonly used to reflect low-grade systemic 

inflammation (92, 93). Expression of hsCRP can signal many conditions, including infections, 

CVD, cancers, and autoimmune diseases (91). During inflammatory disorders, hsCRP binds to 

phospholipids of pathogens or damaged cells, and initiates a complementary system. 

Interleukin-6 (IL-6) is released by activation of T-cells and macrophages, and is the main 

inducer of hsCRP gene expression (92). In human studies, circulating concentrations of 

inflammatory biomarkers such as hsCRP , IL-6, interleukin-10 (IL-10), and tumor necrosis 

factor α (TNF-α) have been associated with increased risk of developing T2D (94), obesity (95), 

and metabolic syndrome (96). High expression of CRP and of TNF-α is associated with obesity 

and could mediate insulin resistance, which leads to manifestation of metabolic syndrome (90).  

Cytokines are small proteins produced by cells (including immune cells such as macrophages, 

B and T lymphocytes, and mast cells) in response to pathogens and other antigens that regulate 

immune responses. Cytokines include interleukins, chemokines, tumor necrosis factor (TNF), 

interferons, and lymphokines (97, 98). Interleukins can have both pro- and anti-inflammatory 

properties. The primary roles of interleukins are modulation of growth and activation and 

differentiation of immune cells during inflammation. Interleukins are also involved in 

proliferation, adhesion, maturation, and migration of immune cells. Interleukins consists of a 

large group of proteins that can evoke many reactions in cells and tissues and have some 

redundant functions (99). For instance, interlukin-4 (IL-4), interleukin-5 (IL-5), and interleukin-

13 (IL-13) are involved in stimulating B-cell differentiation and growth. IL-6 is produced by 

B and T lymphocytes and macrophages, and has primary effects on differentiation of B cells 

and stimulation of acute-phase protein. TNF is an important cytokine that contributes to both 

physiological and pathological processes, systematic inflammation, tumor lysis, apoptosis, and 

initiation of acute-phase reaction (100).  
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Figure 1. Schematic overview of the role of low-grade inflammation in diabetes and 

cardiovascular disease (Modified from Matheus et al. (64)). 

 

The TNF family includes TNF-alpha (TNF-α), TNF-beta (TNF-β), and their ligands. All TNF 

family members are involved in activation of nuclear factor-κB (NF-κB) (101). As a key 

mediator of both acute and chronic systematic inflammation responses, TNF also stimulates 

other cytokines and chemokines (100). Moreover, TNF interacts with its two receptors, TNF 

receptor 1 (TNF-R1) and TNF-R2, which belong to a subgroup of the TNF receptor 

superfamily (102). TNF-R1 plays an important role in apoptosis, necroptosis, and activation of 

NF-κB, and is expressed by any type of cell (102, 103). Unlike TNF-R1, TNF-R2 is not involved 

in cell death-inducing activity, but it also stimulates activation of NF-κB (102, 104). Expression 

of TNF-R2 is limited to only a few types of cells, such as regulatory T-cells, myeloid cells, 

epithelial cells, and some tumor cells (104).  

The interrelations between inflammation, obesity, and insulin resistance have been thoroughly 

investigated, but are complex. Expression of pro-inflammatory cytokines induces insulin 

resistance by inhibiting the signal transduction of insulin in skeletal muscles, liver, and adipose 

tissue (105, 106). Higher CRP, IL-6, TNF-α, and interleukin-8 (IL-8) concentrations in circulation 

have been observed in insulin-resistant individuals (105, 107). Moreover, in individuals with 

insulin resistance, higher glucose concentration in circulation results in higher uptake by 

endothelial cells (108). Higher glucose inside the endothelial cells produces reactive oxygen 

species (ROS) as a by-product. Increased ROS level leads to formation of AGEs and 

stimulation of protein kinase C (PKC), which increases the production of vascular endothelial 

growth factor (VEGF) and other growth factors that result in angiogenesis and cell growth. 

PKC also increases production of endothelin, which can stimulate platelet aggregation. In 

addition, PKC is involved in increased NF-kB production. The net result from this activation 
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is increased expression of inflammatory receptors and increased vascular permeability through 

stimulation of cytokine production. Essentially, the increased vascular permeability and 

receptor expression allow monocytes circulating in the blood and LDL to pass through the 

endothelial layer and enter the tunica intima. As they enter the tissues, macrophages engulf 

LDL and become foam cells. They also release cytokines and chemokines, which causes 

further inflammation, produce more ROS, and convert LDL into oxidized LDL. This cycle is 

important in initiation and progression of atherosclerosis, a chronic inflammatory condition 

caused by a continuous supply of atherogenic oxidized LDL. Apoptosis and necrosis of foam 

cells contribute to formation of a lipid-rich core within the plaque. The foam cells also secrete 

growth factor, cytokines, and chemokines, causing smooth muscle proliferation and migration 

into the tunica intima. Smooth muscle cells secrete extracellular matrix substances such as 

collagen, and this fibroproliferative response stabilizes the plaque. Tunica intima thickening by 

fibroproliferative response and lipid accumulation results in atherosclerotic plaque formation. 

Disruption of atherosclerotic plaque leads to atherothrombosis (109). In animal models with 

atherosclerosis, reductions in plasma lipids have been shown to profoundly affect production 

of plaque in arteries and to reduce many inflammatory processes (89). Therefore, it has been 

suggested that lowering inflammatory markers could significantly reduce the incidence of 

various chronic diseases (93).  

 

2.3 WHOLE GRAINS AND CARDIOMETABOLIC RISK FACTORS  

Whole grain (WG) contains all three parts of the grain kernel (bran, germ, and the starchy 

endosperm) in similar proportions as in the intact grain (110)
. The bran and germ are rich in 

dietary fiber, vitamins, and bioactive compounds such as polyphenols and phenolic acids, 

vitamin B, minerals, proteins, and fats. The starchy endosperm contains mainly starch, but also 

some proteins. Whole grains of rye, wheat, corn, brown rice, oats, sorghum, and barley differ 

in their composition and quality of bioactive compounds, dietary fiber, and other nutrients. 

When grain is milled into refined flour, most of the beneficial compounds from the other parts 

and from the germ are removed, leaving the starch-rich endosperm and some proteins (111).  

 

2.3.1 Measurement of whole grain intake 

A limitation in most observational studies investigating the role of diet on health is that they 

rely on self-reported dietary data, which may lead to relatively large measurement errors (112, 

113). In dietary intervention studies, lack of compliance is an issue which could also lead to 

problems when interpreting the results. One way to overcome these difficulties could be to 

introduce dietary biomarkers, to be used as independent measures of specific food intakes or 

compliance measurements in dietary interventions. Currently, only a few valid dietary 

biomarkers exist (114).  
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Alkylresorcinols (ARs) have been suggested and evaluated as biomarkers of whole grain wheat 

and rye intake (115-118). Recently, ARs have been used as a tool to reflect whole grain intake 

from wheat and rye in epidemiological studies and in whole grain interventions (117). ARs 

constitute a group of phenolic lipids (1,3-dihydroxy-5-alkylbenzene derivatives) mainly found 

in the outer layer of rye and wheat grains. The concentration of ARs varies in different whole 

grains, ranging from 720-761 µg/g for rye, 489-1429 µg/g for wheat, and 42-51 µg/g for barley, 

while ARs are not found in any appreciable amounts in oats, maize, millet, rice, and sorghum 
(117). Alkylresorcinol homologs ranging in size from C17:0 to C25:0 form specific profiles in 

different cereals. The ratio of C17:0 to C21:0 homologs is 1.0 for rye and 0.1 for wheat, and 

has been used to determine the source of whole grain in food products (115, 117).   

In humans, ARs are absorbed from the upper intestine via the lymphatic system, and can be 

quantitatively determined in human plasma, urine, feces, and adipose tissues (116, 119, 120). The 

half-life of ARs is around five hours and they are completely eliminated from plasma after 140 

hours (121). Previous small-scale studies have suggested that AR concentrations in adipose tissue 

may serve as a long-term biomarker of whole grain wheat and rye intake (122, 123). However, 

observational studies comparing plasma AR with adipose tissue AR concentrations are lacking 

in the literature.  

 

 
 

Figure 2. Structure of five major alkylresorcinol homologs (source: Ziegler et al. (124)). 
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2.3.2 Effects of different grains on inflammation 

To date, observational studies and RCTs have reported mixed findings on the effects of whole 

grains on inflammation (125). Whole grain intake is reported to be inversely associated with CRP 

and plasminogen activator inhibitor 1 (PAI-1) concentration (126). Consumption of WG wheat 

has been shown to cause no alteration in hsCRP and IL-6 concentrations in healthy individuals 
(127). In overweight and obese individuals, consumption of WG wheat has been found to cause 

a reduction in TNF-α concentration after eight weeks and increased anti-inflammatory cytokine 

concentration (IL-10) after four weeks, compared with refined wheat (128).  

Consumption of WG rye did not change IL-6 concentration in healthy individuals in an 

overnight crossover study (129). A reduction in IL-6 was observed in individuals at risk of 

developing metabolic syndrome after eight weeks of consumption of whole grains, particularly 

rye (130). Rye and oat diets, compared with the typical Western diet, lower alkaline phosphatase 

(ALP) and alanine aminotransferase (ALT) concentrations, an effect associated with alleviation 

of TNF and toll-like receptor 4 (131). Moreover, rye and barley intake lowers acute inflammatory 

responses and is correlated with glycemic response and gut fermentation (132-134). In addition, 

an oat-enriched diet has been shown to improve inflammatory status compared with a control 

diet (135). Four weeks of consumption of oat porridge has been found to significantly lower the 

concentrations of hsCRP, TNF-α, IL-6, and IL-8 in hypercholesterolemic individuals (136). 

In animal studies, it has been shown that the small particle size of wheat bran improves the 

inflammatory status in fructose-induced metabolic syndrome in mice (137). In a previous study 

with an obese rat model, rats treated with wheat bran had reduced PAI-1 concentration 

compared with rats treated with α-cellulose, but there were no effects on IL-6 or IL-1β 

concentrations (138). Mice fed wheat bran had lowered TNF-α and IL-6 concentrations, and 

enhanced IL-10 in response to LPS-induced inflammation, compared with mice fed a control 
(139). Treatment using ARs from various wheat brans on LPS-treated macrophage RAW 264.7 

cells was found to result in lower expression of NF-κB and inhibitor κB kinase (140), suggesting 

that AR could be an active component of WG affecting inflammation.  

Although the mechanisms behind the anti-inflammatory and protective effects of whole grains 

remain unclear, several promising pieces of evidence indicate that short-chain fatty acids 

(SCFAs), which are produced in the gut from WG fiber, may be a major contributor (141). 
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2.4 THE ROLE OF GUT FERMENTATION AND FIBER-MEDIATED EFFECTS 
ON INFLAMMATION AND CARDIOMETABOLIC RISK FACTORS 

The interactive role of diet and gut microbiota composition and function on human health is 

currently a very active area of research. The human gut contains a complex and diverse 

community of microorganisms that colonize different parts of gastrointestinal tract, but mainly 

the large intestine (28). The most abundant bacteria found in healthy individuals are anaerobes 

dominated by the phyla Bacteroidetes and Firmicutes (29, 142, 143). Other phyla found at lower 

levels include Actinobacteria, Proteobacteria, and Verrucomicrobia (28, 29). Gut microbiota 

plays an essential role in many aspects of human health and diseases, including maturation and 

stimulation of the immune system, modulation of metabolic activities, and protection of the 

host from gastrointestinal infection (144, 145).  

Complex carbohydrates are important in shaping the whole microbiota community in the large 

intestine, through modulation of gut microbiota richness and diversity (146-148). Greater 

microbial richness and diversity are associated with improved health status (149). Dietary fiber 

is the main food component responsible for the increased richness and diversity of gut 

microbiota in general and of SCFA-producing bacteria such as Faecalibacterium prausnitzii 

and Roseburia spp. in particular. Fermentable carbohydrates such as fructooligosaccharides 

(FOS), inulin, and galactooligosaccharides (GOS) are fermented by gut microbiota, producing 

diverse beneficial substances such as SCFAs. Human and animal studies have demonstrated 

that FOS and inulin can promote the growth of Bifidobacterium species (150, 151). Higher 

abundance of Bifidobacterium has been linked with a range of health benefits, including 

protective effects on gut barrier and stimulation of the immune system (151, 152). Fructans are 

also reported to enhance the growth of Faecalibacterium prauznitzii, a butyrate-producing 

bacterial species (28, 150). However, lower levels of supplementation with fructans may impair 

the growth of Bacteroides and Clostridium (28).  

Alteration of gut microbiota composition has been associated with cardiometabolic risk factors 

and low-grade inflammation (153-155). Dysbiosis or imbalance of microbiota composition 

increases pathobionts and decreases non-pathogenic bacteria. Dysbiosis has been implicated in 

gut barrier dysfunction and enhanced translocation into the circulation of lipopolysaccharides 

(LPS), a major component of the cell membrane in Gram-negative bacteria (155). The 

immunogenic impact of LPS involves increased expression of pro-inflammatory biomarkers 

such as TNF-α, CRP, and IL-6 as a response of the immune system. In general, insulin 

resistance and dyslipidemia have been associated with low diversity of gut microbiota. 

Individuals with obesity, CVD, and T2D have been shown to host lower abundances of specific 

bacteria such as Bifidobacteria and Akkermansia species (156).  
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Figure 3. Overview of the effects of (left) the Western diet and (right) a diet rich in fiber on 

health of the gut microbiota (GM) and on host metabolism. (source: Warmbrunn et al. (153)). 
BCAA – branched-chain amino acids, SCFA – short-chain fatty acids. 

 

Moreover, microbiota-derived metabolites, mainly SCFAs, have been identified as playing a 

primary role in maintenance of health and development of diseases (157). SCFAs are organic 

acids with 2-carbon to 5-carbon weak acids, including acetate (C2), propionate (C3), butyrate 

(C4), and valerate (C5), and primary products of non-digestible carbohydrate fermentation. 

Concentrations of acetate, propionate, and butyrate in the colonic lumen vary depending on the 

type of dietary intake (158-160). A higher concentration of these fermentation products lowers the 

pH in the colon and increases butyrate formation (161).  

Many studies have investigated the association between SCFAs and gut integrity and glucose 

homeostasis, and the effects of SCFAs on lipid metabolism, appetite regulation, and immune 

function (162). SCFAs also affect metabolic health and CVD risk factors through various 

mechanisms, including regulation of blood pressure, metabolic function, gut barrier function, 

and gut microbiota activity (163). Butyrate is the most extensively studied SCFA and numerous 

beneficial effects have been reported for CMD risk factors (164-166). Lower butyrate in the gut 

has been linked with development of CVD and metabolic syndrome (167). In regulation of blood 

pressure, butyrate can lower diastolic blood pressure by reduced inflammation (168). Butyrate 

also inhibits activation of NF-κB, which plays a role in immune responses such as IL-6, TNF-

α, and IL-1β production (169). Acetate affects cholesterol and lipogenesis metabolism, and plays 

a direct role in regulation of appetite (28, 170, 171). Propionate is gluconeogenic and is metabolized 
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in the liver. Propionate and butyrate may stimulate satiety signals through interaction with gut 

fatty acid receptors FFAR3 (172) and may act as an effective inhibitor of lipid synthesis (173). 

Several studies have shown that acetate and propionate also exhibit immune-suppressive 

activity and have anti-inflammatory properties (174, 175).   

 

2.5 THE EFFECTS OF COMMON DIETARY SUGARS ON CARDIOMETABOLIC 
RISK FACTORS AND INFLAMMATION  

The simplest form of carbohydrates, also known as ‘sugars’, conventionally comprises 

monosaccharides and disaccharides (6, 7). In brief, monosaccharides are sugar molecules 

consisting of glucose, fructose, and galactose that are found in a variety of natural food sources, 

including fruits, vegetables, and dairy products. In general, sugars have a sweet taste and are 

colorless and water-soluble. Glucose is the most abundant monosaccharide and a major source 

of energy in most organisms (7). Metabolism of glucose in cells through glycolysis provides 4 

calories per gram of carbohydrate. Fructose is another common monosaccharide, largely found 

in fruits and commonly present from hydrolysis of sucrose. Fructose is sweeter than glucose 

and is used commercially in the beverage and food industries. Fructose differs from glucose in 

several significant ways, including absorption and metabolism, which mainly occur in the liver 
(176). Galactose is commonly found in dairy products, as a building block in the disaccharide 

lactose, and may be incorporated into galactolipids, which are structural components of the 

central nervous system in the body (177, 178).  

Disaccharides are two sugar molecules linked by a glycosidic linkage. Common examples are 

sucrose, lactose, and maltose, which are widely found in food products. Sucrose is a dominant 

disaccharide, also known as ‘table sugar’, composed of glucose and fructose molecules. It is 

refined from sugar cane and sugar beet, and has been widely used as a sweetener for centuries 
(6). Lactose is made up of glucose and galactose molecules and is mainly present in dairy 

products, while maltose is a combination of two glucose molecules produced in hydrolysis of 

starch. Polyols, sugar alcohols, are also classified as sugars. Polyols are naturally produced and 

commercially synthesized, and are used as sweeteners such as xylitol, mannitol, and sorbitol 
(6).  

High intake of simple sugars has been postulated to contribute to inflammation processes by 

altering proinflammatory mediators through various mechanisms (87). Many studies have 

reported an association between excessive intake of simple sugars and inflammation (3, 21, 22). A 

pro-inflammatory condition such as hyperglycemia is associated with high glucose uptake, and 

may induce oxidative stress and exacerbate vascular cell damage (66). Increased expression of 

plasma cytokines such as IL-6 and TNF-α, adhesion factors, e-selectin, intercellular adhesion 

molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and IL-8 has been 

observed in individuals with acute increases in blood glucose. This acute inflammatory 

response normalizes within 2-3 hours. However, T2D subjects and individuals with impaired 
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glucose tolerance demonstrate stronger and longer expression of inflammatory responses. T2D 

subjects also show increased expression of ROS and increased oxidation of LDL (179, 180).  

 

2.5.1 Effects of high fructose and high galactose intake on cardiometabolic 
risk factors and inflammation 

Fructose 

High fructose or high galactose intake is believed to contribute to development of metabolic 

disorders. Decades ago, fructose was used as an alternative to other simple sugars, particularly 

in T2D patients, since it improved glucose response in a dose-dependent manner (181). However, 

controversy arose when it was discovered that fructose intake favors lipidemia.  

Metabolism of fructose produces various metabolites and byproducts such as lactate, glucose, 

free fatty acids, and uric acid, which can directly or indirectly disturb tissue and organ functions 
(182). Impairment of β-cell mass has been observed in rats fed high-fructose diets, while high-

fructose diets have also been associated with insulin resistance, dyslipidemia, and inflammation 
(183, 184). In addition, high frutose intake may cause hyperlactatemia, which may result in insulin 

resistance through impairment of insulin signaling by preventing the activity of 

phosphatidylinitisol-3-kinase (P13K) and protein kinase B (185).  

Both human and animal studies have found unfavorable effects of higher consumption of 

fructose, e.g., in development of metabolic syndrome and chronic diseases (23, 186-188). Emerging 

evidence indicates a close relationship between metabolic syndrome induced by fructose and 

inflammation (19, 189). Adipose tissue, a key site for energy homeostasis, shows increased 

expression of proinflammatory cytokines in the circulation after high fructose intake (190). 

Excessive intake of fructose at physiological dosages may also induce inflammatory changes 

in vascular cells by increasing serum intercellular adhesion molecule-1 (ICAM-1) 

concentration, pro-inflammatory cytokines including IL-6, IL-10, and TNF-α, protein 

mediators, and recruitment of inflammatory cascades during inflammation (19, 22). In addition, 

high fructose intake has been associated with intestinal barrier dysfunction (191). Endotoxemia 

due to translocation of LPS can result in metabolic syndrome, including chronic inflammation, 

insulin resistance, and non-alcoholic fatty liver disease (NALFD) (192).     
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Figure 4. Overview of fructose metabolites and direct and indirect effects of high fructose 

intake on tissue and organ functions (source: Zhang et al.(182)). 

 

Galactose 

Many studies of galactose have focused on its genetic-related link to metabolic diseases, such 

as galactokinase- and galactose-1-phosphate uridyltransferase deficiency (21, 193). Galactose is 

primarily metabolized into glycogen in the liver. Metabolism of galactose into glycogen could 

lower integration of glucose into glycogen, due to lack of hepatocytes to store the glycogen. 

However, consumption of a diet with more than 30% galactose may result in 

hypergalactosemia because of inefficient uptake of galactose in hepatic cells (194). Galactose 

intake at higher levels has been linked to cataract formation in humans and animals, due to 

accumulation of galactitol in the lens (177, 195). 

A high concentration of D-galactose and other reducing sugars may induce production of AGEs 

and ROS (11). AGEs are produced in the Maillard reaction, which is a spontaneous reaction 

between reducing sugars and free amines such as the amino side-groups of amino acids (65, 196, 

197). Accumulation of AGEs enhances IL-1β secretion via inflammasome, which is independent 

of any other metabolic changes. In animal studies, continuous injection of D-galactose 

produces ROS and AGEs and leads to pathological processes of age-related diseases, such as 

diabetes, atherosclerosis, and Alzheimer’s disease (63, 198, 199). Several human studies have 

consistently reported that diets with high AGEs may enhance inflammation, oxidative stress, 

and biomarkers of endothelial function (196) leading to CVD, CKD, and diabetes. The 

pathological cascades of AGEs have been linked to activation of NF-κB and generation of pro-

inflammatory factors such as TNF-α and IL-1β, as well as ROS (199, 200). 
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Figure 5. Summary of adverse effects after high galactose intake (modified from Bo-Htay et 

al. (201)). ROS – reactive oxygen species, SOD – superoxide dismutase.  
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3 AIMS 

 

The overall aim of this thesis was to investigate the impact of dietary carbohydrate quality 

indicators such as whole grains, sugars, and fermentable dietary fiber on selected 

cardiometabolic risk factors, with emphasis on low-grade systemic inflammation.  

 

Specific objectives were to:  

 

1. Investigate the association between whole grain consumption, assessed by food 

frequency questionnaires (FFQ) and by concentration of alkylresorcinols in plasma 

and in adipose tissue, as a biomarker of whole grain intake, and selected biomarkers 

of inflammation and cardiometabolic risk factors in men and women (Paper I). 

 

2. Evaluate alkylresorcinol concentrations in adipose tissue biopsies as a biomarker of 

long-term consumption of whole grain wheat and whole grain rye in free-living 

Swedish men and women (Paper II).  

 

3. Explore the effects of high whole grain and bran rye consumption on low-grade 

inflammation after a six-week dietary intervention study in men with prostate cancer 

(Paper III).  

 

4. Investigate the effect of high fructose or high galactose intake, with and without added 

fructooligosaccharides, on advanced glycation end products, metabolic factors, 

inflammation, and gut barrier function in a rat model (Paper IV). 

 

5. Investigate the effect of high fructose or high galactose intake, with and without added 

fructooligosaccharides, on gut microbiota composition in a rat model (Paper V). 
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4 SUBJECTS AND METHODS 

4.1 STUDY DESIGNS 

Three different types of studies were used to address the specific aims of the thesis: (i) a human 

observational study with a cross-sectional design (Papers I and II); (ii) a human 

experimental/intervention study (Paper III); and (iii) an animal experimental study using a rat 

model (Papers IV and V). A summary of the work is presented in Figure 6.  

 

 
 

Figure 6. Overview of the studies in the thesis. Green – Papers I and II, pink – Paper III, blue – Papers IV 

and V. FFQ – food frequency questionnaire, CVD – cardiovascular disease. 
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4.1.1 Swedish Mammography Cohort–Clinical and Cohort of Swedish Men–
Clinical  

The observational studies (Papers I and II) were based on data and samples obtained from 

women and men in two population-based cohort studies, the Swedish Mammography Cohort 

(SMC) and the Cohort of Swedish Men (COSM). Data on the long-term diet of the subjects were 

collected using food-frequency questionnaires (FFQs), the design of which is shown in Figure 

7. 

The SMC was initiated in 1987 and involved women who were born between 1914 and 1948 

and residing in Västmanland and Uppsala counties, Sweden. The invitation to the mammography 

screening was sent together with a questionnaire on diet (67-food item FFQ), weight, height, 

marital status, and education (FFQ-87), and the response rate was 74%. In 1997, a more 

comprehensive questionnaire was sent to all participants who were still alive. It included 96 food 

items, with additional questions regarding dietary supplement use, smoking status, and physical 

activity (FFQ-97), and the response rate was 70%. Between 2003 and 2009, the SMC 

participants who resided in Uppsala county were invited to participate in a sub-cohort study, the 

so-called SMC-Clinical (SMC-C) (Figure 7). The women were asked to complete a 123-item 

FFQ (FFQ-03), undergo a health examination including measurement of body weight, height, 

hip and waist circumference, blood pressure, and dual-energy X-ray absorptiometry scan, and 

donate biosamples. The biosamples included fasting blood, adipose tissue biopsies, and urine, 

and the response rate in SMC-C was 60%. In Papers I and II, biosamples from 109 women 

randomly selected from among over 5000 participants in the SMC-C were used. 

 

 

Figure 7. Overview of repeated dietary data collection by food frequency questionnaire (FFQ) 

reflecting long-term consumption in women from the Swedish Mammography Cohort-Clinical 

(SMC-C) and in men from the Cohort of Swedish Men-Clinical (COSM-C) (data used in Papers 

I and II). 
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The COSM was initiated in 1997 and involved men who were born between 1918 and 1952 and 

residing in Örebro and Västmanland counties. Participants were required to complete a 

questionnaire FFQ-97, the same as in the SMC 1997, and response rate was 50%. In 2009, 

another questionnaire (FFQ-09) was sent to all participants still residing in the study area. 

Between 2010 and 2019, the COSM participants living in Västmanland county were invited to 

participate in a sub-cohort study, the so-called COSM-Clinical (COSM-C) (Figure 7). The men 

were asked to complete 132-item FFQ (FFQ-10) and undergo a clinical examination, including 

measurement of body weight, height, hip and waist circumference, and blood pressure. They 

donated blood, adipose tissue, and urine samples according to the same protocol as in the SMC-

C. In Papers I and II, blood and adipose tissue biopsy samples from 149 men randomly selected 

from among over 5000 participants in the COSM-C were used. 

 

4.1.2 Whole grain intake 

Whole grain intake was estimated from three FFQs: in women FFQ-87, FFQ-97, and FFQ-03 

and in men FFQ-97, FFQ-09, and FFQ-10 (Papers I and II). The average food intake values 

(g/day) for crispbread, whole-meal bread, white bread, porridge, muesli, pasta, and pancakes 

were converted from self-reported frequency of intake (range 3/day, 2/day, 1/day, 5-6/week, 3-

4/week, 1-3/month, or never) and multiplied by age-specific portion size (202). The average 

content of whole grain rye and whole grain wheat in cereal products on the Swedish market was 

calculated using the Swedish National Food Agency database. The value obtained was 

multiplied by daily product intake from FFQs, to obtain the estimates of whole grain intake 

(g/day). In brief, mean WG rye intake, calculated from FFQ-97, FFQ-09, and FFQ-10 for men 

and from FFQ-87, FFQ-97, FFQ-03 for women, was 43.4 g/d for men and 29.4 g/d for women. 

The corresponding figure for WG wheat intake was 20.6 g/d and 13:0 g/d, respectively.  

In Paper I, whole grain rye and wheat (WGRnW) intake was estimated by combining whole 

grain rye and whole grain wheat FFQ-based intakes. Whole grain rye to whole grain rye and 

wheat intake ratio (WGR/WGRnW) was also calculated. In Paper II, various FFQ-based 

intakes, comprising WG products (WGP), total WG (TWG), WG wheat (WGW), WG rye 

(WGR), and WG rye and wheat (WGR&W), were calculated as the mean of three repeated 

dietary assessments in men (FFQ-97, FFQ-09, FFQ-10) and in women (FFQ-87, FFQ-97, FFQ-

03).  

 

4.1.3 Alkylresorcinols  

Alkylresorcinol concentrations were measured in plasma and in adipose tissue of participants 

from the SMC-C and COSM-C (Papers I and II), according to a method described by 

Wierzbicka et al. (119).  
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4.1.4 A whole grain/rye bran intervention study in men with prostate cancer 

Samples and data used in Paper III were from 17 men with clinically diagnosed prostate cancer, 

defined by Gleason score and tumor stage based on tumor spread to lymph nodes and metastasis 

staging system (203). All participants had low-risk prostate cancer, with a Gleason score of 5, and 

participated in the study on an outpatient basis. Their mean age was 73±4.6 y, BMI was 27.5±4.6 

kg/m2, and all men were non-smokers and had no intake of dietary supplements. The study was 

conducted as a randomized, non-blind cross-over design with six-week interventions separated 

by a two-week washout period (Figure 8). Participants received both the intervention diets, and 

blood samples were collected before and after 2, 4, and 6 weeks of the treatment (204). 

 

Figure 8. Overview of the human intervention study in Paper III. WG – whole grain. 

All participants received WG/bran rye products (RP) and refined wheat grain products (WP) 

with added cellulose. The intervention food and macronutrient content in Paper III is presented 

in Table 1. All participants were advised to keep to their regular diet and consume all 

intervention foods (keep leftovers, if any) as part of their breakfast, lunch, and dinner. No cereal-

based products such as bread, porridge, and table spread were allowed during the intervention 
(204).  

Table 1. Summary of whole grain/bran product intake and macronutrient content per day 

 
The intervention foods for this study were designed and supplied by Lantmännen AB and WasaBröd, Sweden. 

Breakfast

Lunch

Dinner

2 to 3 snacks

Macronutrient (g/d) RP WP

Carbohydrate 134±16 135±23

Protein 52±5 49±8

Fat 36±5 34±5

Fiber 77±9 76±1

Intervention food (per day)

300 g soft bread (3 pieces)

100 g crispbread (10 pieces)

50 g breakfast cereals (muesli)

33 g porridge (uncooked)

58 g table spread
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4.1.5 Experimental study in rats 

The rat study (Papers IV and V) was performed at the Institute of Nutritional Sciences, 

University of Hohenheim, Germany. Healthy male Sprague Dawley rats (n=90) were purchased 

from Janvier Labs at seven weeks of age, with body weight range 250-274 g. The rats were 

housed at 20-22 °C in a humidity-controlled (50±10%) animal room with a 12-h light/12-h dark 

cycle, and provided with food and water ad libitum. All rats were fed a starch diet (control) for 

a two-week adaptation period before the experiment started. 

 

 

Figure 9. Overview of the experimental animal study in Papers IV and V. FOS – 

fructooligosaccharides.   

 

The rats were randomly divided into seven treatment groups (n=12 for each group) and one 

baseline group (n=6) to measure the metabolic status of the rats before the experiment. In brief, 

the rats were grouped by different type of intervention diets as follows: 1) fructose, 2) 

fructose+FOS, 3) galactose, 4) galactose+FOS, 5) starch (control), 6) starch+FOS (FOS control), 

and 7) starch+olive (negative control). Starch was used as a control and was added to all 

intervention diets to obtain isocaloric conditions. Starch with added FOS was used as a control 

to evaluate the effect of FOS during a 12-week intervention. Starch with olive oil as part of fat 

was used as a negative control, to determine the effect of safflower oil, which contains higher 

concentrations of n-6 polyunsaturated fatty acids (n-6 PUFA), inducing low-grade inflammation. 

The baseline group was sacrificed at day 0 and then six rats from each group were sacrificed at 

6 weeks and another six rats at 12 weeks (Figure 9). The rats were fasted for 12 hours and 

anesthetized with carbon dioxide gas before decapitation. Blood samples from each rat were 

collected into heparinized monovettes (Monovette®, Sarstedt, Germany), and samples of feces 

and small and intestinal contents were collected in Eppendorf tubes. Tissues, including liver, 

kidney, and brain, were kept in cryotubes and snap-frozen in liquid nitrogen. All samples were 

immediately stored at -80 °C prior to analysis. 
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4.1.6 Fructose and galactose 

Diets rich in simple sugars, particularly high fructose and high galactose, were formulated for 

Papers IV and V based on a review of the literature reporting effects on low-grade inflammation 

within the suggested dosing range (205-208). In brief, each intervention diet contained either 50% 

kcal from fructose (50g/100g) or 50% kcal from galactose (50g/100g), except for the control 

groups (Table 2). The high dose was chosen to increase the likelihood of some galactose and 

fructose escaping digestion in the small intestine and reaching the colon, in order to evaluate the 

potential impact on gut microbiota. 

 

4.1.7 Fructooligosaccharides (FOS) 

FOS used in this study was inulin-type from chicory root with 93-97% purity (Orafti® 

Oligofructose, Boneo GmbH, Germany). In total, 7.9% of the daily energy intake derived from 

FOS (15g/100g) for those diets with added FOS (Papers IV and V) (Table 2). The amount of 

FOS was selected based on reported doses shown to reverse potential pro-inflammatory response 

in rats (209, 210).  

Table 2. Dietary composition of the high carbohydrate diet

 
FOS – fructooligosaccharides.

Starch 

(Control)
Fructose Galactose

Starch+FOS 

(FOS Control)
Fructose+FOS Galactose+FOS

Starch+olive 

(Negative Control)

Energy, kcal 3970 3970 3970 3820 3820 3820 3970

Carbohydrates

Starch, g/kg 615 115 115 540 40 40 615

Fructose, g/kg - 500 - - 500 - -

Galactose, g/kg - - 500 - - 500 -

% Energy 62.0 62.0 62.0 56.5 56.6 56.6 62.0

 

FOS, g/kg - - - 150 150 150 -

Cellulose, g/kg 125 125 125 50 50 50 125

% Energy 6.3 6.3 6.3 10.5 10.5 10.5 6.3

Protein 

g/kg 180 180 180 180 180 180 180

% Energy 18.1 18.1 18.1 18.9 18.9 18.9 18.1

Fat:

Safflower oil, g/kg 60 60 60 60 60 60 -

Olive oil, g/kg - - - - - - 60

% Energy 13.6 13.6 13.6 14.1 14.1 14.1 13.6

Minerals & vitamins 

g/kg 20 20 20 20 20 20 20
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4.2 SELECTED BIOMARKERS ANALYZED AS OUTCOMES IN THE DIFFERENT 
STUDIES 

Different metabolic, endothelial function, inflammatory, gut function and CVD biomarkers were 

selected and analyzed in Papers I, III, IV, and V, based on markers previously identified as 

being altered by whole grain, dietary fiber, or sugar intake in dietary intervention studies reported 

in the literature. The biomarkers used are listed in Table 3.  

Table 3. Summary of selected biomarkers measured in plasma in Papers I, III, IV, and V 

 
*Analyzed in serum. ALP – alkaline phosphatase; ALT – alanine aminotransferase; AST – aspartate transaminase; CML – Nɛ-

(carboxymethyl)lysine; CRP – c-reactive protein; HDL – high density lipoprotein; hsCRP – high sensitivity c-reactive protein; 

ICAM-1 – intercellular adhesion molecule-1; IL-1β – interleukin-1β; IL-1Ra β – interleukin-1 receptor antagonist; IL-6 – 

interleukin-6; LDL – low density lipoprotein; TNF-α – tumor necrosis factor-α; TNF-R1 – tumor necrosis factor-receptor 1; 

TNF-R2 – tumor necrosis factor-receptor 1; VCAM-1 – vascular cell adhesion molecule-1. 

 

Biomarkers in samples from subjects in the SMC-C and COSM-C (Paper I) were measured 

using commercial sandwich enzyme-linked immunosorbent assays (ELISA). High sensitivity c-

reactive protein (hs-CRP) was measured using a Mindray BS 280 Instrument (Mindray, 

Shenzhen, China). Biomarkers from low-grade prostate cancer patients (Paper III) were also 

measured using commercial sandwich enzyme-linked immunosorbent assays (ELISA), while 92 

inflammation-related protein biomarkers were analyzed using a multiplex immunoassay (Olink 

Bioscience, Sweden). Biomarkers from the rat studies (Papers IV and V) were analyzed using 

Paper I Paper III Paper IV and V

Inflammatory markers Inflammatory markers Inflammatory markers

hsCRP IL-1Ra CRP

IL-1Ra IL-1α TNF-α

TNF-R1 IL-6 IL-1β

TNF-R2 TNF-R2 IL-6

92-inflammation related protein (OLINK)

Endothelial markers Metabolic factors markers

ICAM-1 Endothelial markers Blood glucose

VCAM-1 E-selectin Insulin*

E-selectin ICAM-1 Total cholesterol

VCAM-1 HDL

CVD-related markers LDL

Endostatin CVD-related markers Triglycerides

Cathepsin S Cathepsin S

Cathepsin B Endostatin Inflammation-related markers

CML

Pentosidine

Lysine

Gut permeability markers

 Zonulin

Endotoxin

Liver function markers

AST

ALT

ALP

Kidney function markers

Urea

Creatinine

 Uric acid

Biomarkers 
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specific methods, e.g., ELISA, colorimetric methods, and analytical methods (211), depending on 

the specific marker.   

 

4.3 GUT MICROBIOTA 

Gut microbiota composition in large intestine contents collected at baseline, six weeks, and 12 

weeks was analyzed using the 16S rRNA method (Figure 10) (Paper V). 

 

Figure 10. Workflow of gut microbiota analysis. 

 

Deoxyribonucleic acid (DNA) from microbiota samples was extracted using the QIAamp Fast 

DNA Stool mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. 

The v3 and v4 regions of the 16S rRNA gene were amplified using the primers 341F and 805R. 

Polymerase chain reaction (PCR) was carried out using Phusion® High-Fidelity PCR Master 

Mix (New England Biolabs) and PCR products were purified using Qiagen Gel Extraction Kit 

(Qiagen) and quantified with Qubit®3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific). 

The NEBNext® UltraTM DNA Library Prep Kit was used to generate the final libraries. The 

amplicons were sequenced on the Illumina platform at Novogene (Beijing, China).  

 

4.4 STATISTICAL ANALYSES 

All analyses were carried out using Statistical Analysis System, version 9.3/9.4 (SAS Institute, 

Cary, NC, US) (Papers I-V). Principal component analysis (PCA) was conducted using the 

open-source statistical environmental RTeam with in-house scripts (Paper III). A summary of 

the statistical methods used in Papers I-V is presented in Table 4. The assumption of normality 

and homogeneity of variance for all datasets of each study was tested using the Shapiro-Wilks 

test. Two-sided P<0.05 was considered statistically significant.  
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Table 4. Summary of statistical methods, dependent and independent variables, and covariates used in the studies reported in Papers I-V 

Paper   
Statistical procedure 

(SAS)   Dependent variables   Independent variables1   Covariate 

I 

 
 

 

Biomarkers 

    

BMI, age, and sex 

 Student's t-test   
Whole grain intake (WGRnW and WGR/WGRnW) 

from FFQs (COSM-C: FFQ-97, FFQ-09, FFQ-10; 

SMC-C: FFQ-87, FFQ-97, FFQ-03) 

 

 ANCOVA   Total AR and C17:0/C21:0 ratio in plasma and 

adipose tissue 
 

            

II  

      

SMC-C3: AR concentration in 

plasma and adipose tissue 

  

SMC-C: Whole grain intake  

(FFQ-87, FFQ-97, FFQ-03) 

  

BMI, age, and sex 

 CORR  
  

 %ICC5  
  

 Means  
  

 ANOVA  
COSM-C4: AR concentration 

in plasma and adipose tissue  

 

COSM-C: Whole grain intake  

(FFQ-97, FFQ-09, FFQ-10) 

 

 GLM  
  

 
  

  

          

III 

  Mixed linear model   

Biomarkers 

  

Diet, sequence, period, subject 

  

Occasion, baseline 

value 

 (Proc mixed)  
  

 CORR  
  

 GLM  
  

  PCA       

IV 
  

ANOVA2 
  

Biomarkers 
  

Diets 
  

Baseline value 

  

        

V 

 

ANOVA2 

 Gut microbiota  Diets 
 

  (phylum and genus level)  
 

 CORR  Biomarkers  Gut microbiota (phylum)  

            
1Random factors in italics. 2Tukey's pair-wise comparison was used as post hoc test.3Alkylresorcinols (AR) in plasma and adipose tissue were collected in 2003. 4AR in plasma and adipose tissue were 

collected in 2010. 5Intra-class correlation coefficient.
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5 RESULTS AND DISCUSSION 

5.1 LONG-TERM WHOLE GRAIN INTAKE, BIOMARKERS OF WHOLE GRAIN 
INTAKE, AND LOW-GRADE INFLAMMATION IN OBSERVATIONAL 
STUDIES 

5.1.1 Baseline characteristics of men and women in Papers I and II 

The characteristics of participants included in the observational studies (Papers I and II) are 

summarized in Table 5. In total, 258 participants were included in the investigations; 149 

men (from COSM-C) and 109 women (from SMC-C). On average, the men were older than 

the women (mean 87 y and 66 y, respectively), but no differences in BMI were observed 

(24.6 kg/m2 and 24.3 kg/m2, respectively).  

Energy intake from the mean of the three FFQs (see Figure 7) was significantly higher in 

men (2314 Kcal/d) than in women (1644 Kcal/d). Average daily whole grain rye and wheat 

intake was also higher for men (WG rye; 43.4 g/d, WG wheat; 20.6 g/d) than for women 

(WG rye; 29.4 g/d, WG wheat; 13.0 g/d). As reported in previous studies, higher age was 

associated with higher intake of whole grain products (212). Total whole grain intake was 

higher than that reported in the national dietary survey Riksmaten, where it was 39 g/d for 

women and 46 g/d for men (213). 

 

Table 5. Biomarkers of inflammation, endothelial function, and cardiovascular disease (CVD) 

risk in men from the Cohort of Swedish Men-Clinical (COSM-C) and women from the 

Swedish Mammography Cohort-Clinical (SMC-C).  

 
CI – confidence interval ; NS – non-significant. Comparisons between men and women using Student t-test. *P<0.05, 

**P<0.01, ***P<0.001. 

 

P

Biomarkers Mean Mean 95% CI

Inflammatory

hs-CRP (mg/L) 2.2 1.4 0.7, 2.1 ***

IL-Ra (µg/L) 0.2 0.2 0.2, 0.9 NS

TNF-R1 (µg/L) 1.4 1.1 1.0, 1.4 ***

TNF-R2 (µg/L) 5.4 5.2 4.4, 6.1 *

Endothelial function

ICAM-1 (µg/L) 189.3 149.6 132.4, 179.4 ***

VCAM-1 (µg/L) 325.9 282.3 250.3, 349.7 ***

E-selectin (µg/L) 11.8 12.3 9.1, 15.3 NS

CVD risk-related

Cathepsin B (µg/L) 74.4 50.1 38.5, 65.7 ***

Cathepsin S (µg/L) 7.6 9.1 8.0, 10.3 ***

Endostatin (µg/L) 57.2 55.1 47.4, 65.8 NS

6.7, 8.7

44.2, 69.6

164.8, 228.0

282.3, 399.1

9.0, 14.9

56, 6 95.2

1.0, 3.9

0.2, 0.9

1.2, 1.9

4.5, 6.7

Men (n=149) Women (n=109)

95% CI
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Overall, no differences were observed between men and women for AR concentrations in 

plasma, i.e., total AR, AR homologs C17:0-C25:0, and C17:0/C21:0 ratio. However, AR 

concentrations in adipose tissue were significantly higher in men than women, but not 

C17:0/C21:0 ratio (Table 6). The range of AR concentrations recorded in adipose tissue were 

in line with values reported in previous studies (122, 123). 

 

Table 6. Alkylresorcinols (AR) in plasma and adipose tissue in men from the Cohort of 

Swedish Men-Clinical (COSM-C) and women from the Swedish Mammography Cohort-

Clinical (SMC-C) 

 
CI – confidence interval ; NS –non-significant. Comparison between men and women by Student t-test. *P<0.05, 

**P<0.01, ***P<0.001. 
 

 

5.1.2 Associations between self-reported whole grain rye and wheat intake, 
alkylresorcinols as intake biomarkers, and inflammatory, endothelial 
function, and CVD-risk related markers (Paper I) 

Among self-reported whole grain intake variables, only total WGRnW intake was 

statistically significantly associated with one CVD-related biomarker, namely cathepsin S 

(Q1: 7.8, Q4: 8.8, P-trend = 0.025). Cathepsin S is a lysosomal protease that is involved in 

degradation of damaged proteins through hydrolysis of peptide bonds of amino acids. 

Cathepsin S is involved in wide range of physiological processes, such as expression of 

cytokines and chemokines, cell signaling, apoptosis, and antigen presentation by MHC class 

II.  

P

Mean Mean

Alkylresorcinols in plasma

Total AR (nmol/L) 51 31 , 82 47 31 , 71 NS

C17:0 (nmol/L) 6 3 , 11 5 3 , 10 NS

C19:0 (nmol/L) 17 11 , 28 15 9 , 25 NS

C21:0 (nmol/L) 18 11 , 27 17 12 , 25 NS

C23:0 (nmol/L) 5 3 , 8 5 3 , 8 NS

C25:0 (nmol/L) 4 2 , 8 6 3 , 9 NS

C17:0/C21:0 0.3 0.2 , 0.5 0.3 0.2 , 0.5 NS

Total AR (pmol/g) 1142 711 , 1755 883 565 , 1303 *

C17:0 (pmol/g) 108 52 , 162 76 46 , 111 *

C19:0 (pmol/g) 329 216 , 519 248 168 , 374 *

C21:0 (pmol/g) 398 249 , 612 308 204 , 474 *

C23:0 (pmol/g) 124 77 , 204 103 63 , 150 *

C25:0 (pmol/g) 149 85 , 257 116 81 , 199 *

C17:0/C21:0 0.3 0.2 , 0.3 0.3 0.2 , 0.4 NS

Men (n=149) Women (n=109)

95% CI95% CI

Alkylresorcinols in adipose tissue
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Loss of regulation of cathepsin S has been shown in development of various pathological 

conditions leading to diabetes, CVD, arthritis, and cancers (214). Cathepsin S is upregulated 

in diabetic individuals compared with healthy individuals, and has become a therapeutic 

target to delay progression of diabetes (215). Higher expression of cathepsin S has also been 

observed in adipose tissue in obese individuals, but has been shown to be lower after weight 

reduction, indicating that cathepsin S is influenced by the diet and improved by weight loss 
(216, 217). Moreover, cathepsin S has been shown to be strongly associated with increased LDL 

and triglyceride concentration (216, 218). A healthy Nordic diet has been shown to reduce 

cathepsin S concentration in slightly overweight and hyperlipidemic individuals, which could 

be due to reduction of weight and lower LDL concentrations (219). The lack of association 

found for WGR/WGRnW ratio suggests that both WG rye and wheat were involved in this 

association.  

In contrast to self-reported data, no significant associations were found for total AR and 

C17:0/C21:0 ratio in either plasma or adipose tissue. However, total AR (Q1: 61.7, Q4: 54.1, 

P-trend = 0.035) and C17:0/C21:0 ratio (Q1: 61.4, Q4: 54.4 , P-trend = 0.026) in plasma 

were inversely associated with expression of endostatin concentration, another CVD-related 

marker. No such association was found for AR in adipose tissue. Endostatin is a 20 kDa 

fragment cleaved from the C-terminal of collagen XVIII by proteolytic enzyme (220). 

Endostatin is known to be an endogenous angiogenesis inhibitor and to be involved in cancer 

development and progression (221). Anti-angiogenic functionality of endostatin plays an 

important role in inhibition of cancer cell migration, proliferation, and angiogenesis, and 

protects against growth and progression of tumors (220). Moreover, expression of endostatin 

in circulation has been shown to have a positive association with cardiovascular phenotypes 

such as obesity, hypertension, kidney disease, and diabetes (222-224). Higher concentrations of 

endostatins have also been associated with increased risk of CVD in patients with diabetes 

and kidney disease (222, 225) and with mortality (226).  

Overall, the findings in Paper I may suggest that whole grain rye and wheat are associated 

with higher cathepsin S and lower endostatin concentrations. However, the associations 

appeared modest and might explain the inconsistency between the findings from FFQ and 

dietary biomarkers.  
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5.1.3 Alkylresorcinols in adipose tissue as biomarkers of long-term whole 
grain intake (Paper II) 

The baseline characteristics of study participants included in Paper II were the same as for 

Paper I (described in section 5.1.1). Whole grain intakes and their stability over time, as 

estimated by intra-class correlation (ICC), in men and in women are presented in Table 7.  

Overall, modest correlations were observed between self-reported whole grain intakes from 

FFQs and AR in adipose tissue. Correlations between mean intakes from the three FFQs and 

AR in adipose tissue were stronger when the average long-term intake based on repeated FFQs 

was calculated, than when using intake estimates from a single FFQ completed nearest to the 

AR adipose tissue measuring point. Correlation coefficient for whole grain intakes estimated 

over the period of 14 years (men) and 17 years (women) and AR in adipose tissue was in the 

range r=0.09-0.44, depending on specific whole grain intake variable: WGR (r=0.31-0.42) > 

WGRnW (r=0.27-0.44) > TWG (r=0.22-0.42) > WGP (r=0.15-0.36) > WGW (r=0.09-0.33). 

Whole grain rye intake was most strongly associated with adipose tissue AR, which could be 

due to regular consumption over time of WG rye, rich in AR, leading to accumulation. Whole 

grain wheat showed the weakest correlation with AR in adipose tissue among men, most likely 

due to irregular intake of WG wheat reported in FFQs, as supported by low ICC values in the 

range 0.10-0.28 in men (Table 7). The findings of stronger correlations for estimated whole 

grain intakes (WGR, WGRnW, TWG), i.e., g/d intake of WG as an ingredient of WG products, 

rather than of the WG product (containing WG), with adipose tissue AR concentrations confirm 

the benefits of estimating whole grain intake in g/d, rather than just reporting WG product 

intakes, in epidemiological studies. Moreover, a stronger correlation was observed between 

intake from repeated FFQs, rather than from a single FFQ, and AR concentrations in adipose 

tissues, suggesting that repeated FFQs improve accuracy in evaluation of long-term whole 

grain intake, at least in populations where the intake of whole grain does not vary substantially 

over the period.  

On correlating whole grain intakes for men and women with individual AR homologs, it was 

found that WGRnW and WGR were significantly associated with AR homologs in adipose 

tissue, but not with AR homologs in plasma. This might be due to longer half-life of AR in 

adipose tissue than in plasma. However, WG wheat intake showed poor correlations with AR 

homologs in both adipose tissue and plasma. This might be due to large measurement errors 

inherent to estimation of WG wheat intake using FFQs. The C17:0/C21:0 ratio was around 

0.30 in both plasma and adipose tissue, which suggests that both WG wheat and WG rye were 

consumed by the study participants, which is also in agreement with the self-reported intakes 
(116).  
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Table 7. Whole grain (WG) and energy intake (food frequency questionnaire (FFQ)-based) and intraclass correlation (ICC) of three repeated 

measurements in men and women 

 

WGP – whole grain products; TWG – total whole grains; WGW – whole grain wheat;  WGR – whole grain rye; WGRnW  – whole grain rye and wheat (source: modified from Wu et al. (227)). 

 

 

 

mean SD mean SD mean SD mean SD mean SD mean SD

FFQ-based (g/day):

WGP 304 114 311 152 292 148 248 103 186 85 196 93

TWG 116 53 124 66 115 62 99 47 74 37 81 40

WGW 28 14 29 17 27 16 28 13 21 11 21 11

WGR 51 31 50 30 47 34 56 30 34 22 32 19

WGRnW 79 36 79 42 74 44 84 38 55 27 53 26

Energy (kcal/day) 2395 651 2436 709 2443 753 1625 411 1764 477 1742 502

ICC 95% CI ICC 95% CI ICC 95% CI ICC 95% CI ICC 95% CI ICC 95% CI

FFQ-based (g/day):

WGP 0.31 (0.18, 0.47) 0.37 (0.24, 0.52) 0.31 (0.22, 0.42) 0.24 (0.10, 0.45) 0.52 (0.38, 0.65) 0.44 (0.34, 0.54)

TWG 0.36 (0.24, 0.51) 0.42 (0.30, 0.56) 0.39 (0.29, 0.49) 0.43 (0.29, 0.58) 0.54 (0.41, 0.67) 0.52 (0.43, 0.61)

WGW 0.28 (0.16, 0.45) 0.10 (0.02, 0.39) 0.14 (0.06, 0.28) 0.18 (0.06, 0.43) 0.44 (0.30, 0.59) 0.30 (0.21, 0.41)

WGR 0.46 (0.33, 0.58) 0.53 (0.42, 0.64) 0.48 (0.38, 0.57) 0.30 (0.16, 0.49) 0.46 (0.32, 0.60) 0.36 0.27, 0.47)

WGRnW 0.42 (0.30, 0.56) 0.40 (0.28, 0.54) 0.39 (0.30, 0.50) 0.25 (0.11, 0.46) 0.47 (0.33, 0.62) 0.34 (0.25, 0.45)

Energy (kcal/day) 0.31 (0.18, 0.47) 0.47 (0.35, 0.60) 0.34 (0.25, 0.45) 0.46 (0.32, 0.61) 0.53 (0.40, 0.66) 0.42 (0.33, 0.53)

 FFQ-87, 97, 03

Men (n=149) Women (n=109)

FFQ-97 FFQ-09 FFQ-10 FFQ-87 FFQ-97 FFQ-03

FFQ-97,09 FFQ-09,10  FFQ-97, 09, 10 FFQ-87,97 FFQ-97,03
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In summary, AR in adipose tissue could be used as a biomarker of long-term WG rye intake 

after adjustment for sex, but it is still unclear whether it could also be used to reflect WG wheat 

intake. The correlations between AR in adipose tissue and estimated WG wheat intake from 

FFQ were poor, and further studies in which WG wheat is estimated using a more precise 

instrument are needed before conclusions can be drawn.  

 

5.2 EFFECTS OF WHOLE GRAIN/BRAN RYE CONSUMPTION ON 
INFLAMMATORY, ENDOTHELIAL FUNCTION, AND CVD RISK-RELATED 
BIOMARKERS 

Average total energy, dietary fiber, fat, and protein intake per day for the two intervention 

diets in 17 men with prostate cancer are presented in Table 8. The nine inflammatory 

biomarkers analyzed in Paper III are listed in Table 3. 

 

Table 8. Summary of total energy and macronutrient intake per day during the dietary 

interventions 

 

 
RP – WG/bran rye products; WP – refined wheat grain products  

 

After consumption of WG bran rye (RP) for six weeks, compared with refined wheat (WP) 

with added cellulose fiber, men had lower concentrations of TNF-R2, e-selectin, and 

endostatin (Table 9). No significant effects were found for the other biomarkers analyzed 

(cathepsin S, ICAM-1, IL-6, IL-Ra, VCAM-1). Several studies have reported that 

consumption of whole grains in the diet can reduce expression of inflammatory markers such 

as CRP, IL-6, and IL-1β in healthy individuals (125, 228). More pronounced effects of WG diets 

in reducing proinflammatory cytokines such as CRP, TNF-R2, and ICAM-1 have been 

observed in unhealthy individuals such as in T2D patients (130, 228). However, only a few 

studies have focused on the role of WG rye intake on such biomarkers, and in those studies 

consumption of WG rye had a greater effect on inflammatory biomarkers than consumption 

of WG wheat (204, 229).  

 

 

RP WP

Total energy (kJ/d) 8192±1175 8401±1989

Total dietary fiber intake (g/d) 24.5±8.0 23.0±10.2

Total fat intake (g/d) 76.1±17.5 61.0±12.3

Total protein intake (g/d) 86.8±16.7 88.0±16.1
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Table 9. Effects of rye and wheat products in the diet on the tumor necrosis factor receptor 

2 (TNF-R2), e-selectin, and endostatin 

 
Data shown are least squares (LS) mean and 95% confidence interval (in brackets). 

 

 

Men included in the study in Paper III had slow-growing prostate cancers and were under 

monitoring. In general, low-grade prostate cancer progresses slowly and is less likely to 

spread. Prostate-specific antigen (PSA) is a common molecular marker used for screening 

and surveillance of diagnosed prostate cancer (230). Higher expression of PSA in the 

circulation is used to evaluate the presence and progression of prostate cancer, although the 

levels can also increase for other reasons (230).  

In Paper III, the association between PSA and the selected biomarkers was measured (Table 

2 in Paper III). Partial correlation analysis revealed an inverse association between PSA 

concentration and ICAM-1 (r=-0.21, P<0.05), whereas PSA was positively correlated with 

endostatin (r=0.26, P<0.01). Apart from adhesion molecules, ICAM-1, a member of the 

immunoglobulin superfamily, also plays a role in stimulation of T-cells and natural killer 

cells (231). Expression of ICAM-1 is reported to enhance antitumor responses and suppress 

the growth of prostate tumor (232). In cancer patients, angiogenesis leads to progression of 

cancer cell growth, metastasis, and invasion. Anti-angiogenic therapy is a promising strategy 

to arrest the development of new blood vessels in cancer patients (220, 233). Higher expression 

of endostatin has been observed in several cancers, which could be due to invading cancer 

cells cleaving endostatin from collagen XVIII (220, 221). 

In Paper III, correlations were observed between cathepsin S concentration and endostatin 

(r=0.50, P<0.001), TNF-R2 (r=0.40, P<0.001) and e-selectin (r=0.33, P<0.001). ICAM-1 

was significantly associated with VCAM-1 over treatment periods. Upregulation of ICAM-

1 and VCAM-1 has been detected in various malignant tumors and they are reported to be 

involved in metastasis, e.g., VCAM-1 transmigrates tumor cells into sub-epithelium and 

develops new niches (231). Expression of the IL-1 family, particularly IL-1a, IL-1Ra, or IL-

1RII, can be seen in patients with prostate cancer and benign prostatic hyperplasia patients 
(234, 235). Upregulation of these markers is also associated with invasion of tumor and 

metastasis (236). Explorative analysis of the effects of rye and wheat products on 92 

inflammation-related proteins showed no significant effects (Paper III).  

 

P-value

Effect of diet

TNF-R2, ng/mL 4.7 (4.3 – 5.1) 5.3 (5.0– 5.6) 0.023

E-selectin, ng/mL 17.4 (16.5 – 18.4) 19.8 (18.8 – 20.8) 0.001

Endostatin, ng/mL 55.2 (50.4 – 60.5) 62.0 (59.0 – 65.2) 0.018

Parameter Rye products Wheat products
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Overall, the results in Paper III suggest that WG/bran rye consumption could lower 

expression of some inflammatory biomarkers, particularly endostatin, TNF-R2, and e-

selectin concentrations, in low-grade prostate cancer patients. However, further intervention 

studies on the roles of WG/bran rye in modulation of subclinical inflammation in a large 

population are needed to confirm these findings. 

 

5.3 EFFECTS OF HIGH FRUCTOSE AND HIGH GALACTOSE INTAKE, WITH 
OR WITHOUT ADDED FRUCTOOLOGOSACCHARIDES, IN RATS 

The primary outcome of Paper IV and V was the effect of diets on metabolic factors, 

inflammation, gut integrity and gut microbiota composition after 12 weeks of intervention.  

5.3.1 Energy intake and body weight 

Energy intake (kcal/day) was higher in rats fed the fructose diet than in those fed the 

fructose+FOS and starch+FOS (FOS control) diets. The FOS intake range in the starch+FOS 

(FOS control), fructose+FOS, and galactose+FOS groups was 3.5 ± 0.1 g to 4.5 ± 0.2 g per 

day. The fructose intake in the fructose and fructose+FOS groups was 15.2 ± 0.4 g and 12.9 ± 

0.3 g per day, respectively. The galactose intake from the galactose and galactose+FOS diets 

was 14.0 ± 0.7 g and 14.9 ± 0.8 g per day, respectively (Table 10). Even though energy intake 

was higher in rats fed the fructose diet, no difference was observed in botdy weight of rats in 

this group compared with controls.  

 

Table 10. Summary of energy intake (kcal/day) and specific intake (g/day) of fructose, 

galactose, and fructooligosaccharides (FOS) in rats in specific intervention groups 

 
n.a. – not applicable.  

Starch = control, starch+FOS = FOS control, starch+olive = negative control. Energy intake is expressed as least squares (LS) 

mean ± SEM for six rats, assessed by one-way ANOVA followed by Tukey’s post hoc test. LS means with different superscripts 

(lowercase letters) are significantly different (P<0.05). Dietary intake is expressed as mean+SEM for six rats.  

 

Diet Energy intake (kcal/day) Fructose Galactose FOS

Starch 380.3 ± 8.2 
ab

n.a n.a n.a

Starch+olive 369.5 ± 9.4 
abc

n.a n.a n.a

Starch+FOS 318.6 ± 14.7 
c

n.a n.a 3.5 ± 0.1

Fructose 426.2 ± 9.9 
a

15.2 ± 0.4 n.a n.a

Fructose+FOS 350.2 ± 8.9 
bc

12.9 ± 0.3 n.a 3.9 ± 0.1

Galactose 393.8 ± 19.9 
ab

n.a 14.0 ± 0.7 n.a

Galactose+FOS 403.6 ± 20.8 
ab

n.a 14.9 ± 0.8 4.5 ± 0.2

Dietary intake (g/day)
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Long-term intake of high fructose may increase body weight and abdominal fat (237). Several 

studies have suggested that a diet containing high fructose increases body weight due to a 

reduction in insulin and leptin and elevated ghrelin concentrations, which may result in 

overeating by disruption of satiety (183, 237). In contrast, in Paper IV there was no difference in 

body weight between rats fed the high-fructose diet compared with the starch (control) and 

starch+olive (negative control) groups. These findings are in line with results in several 

previous studies demonstrating that high intake of fructose during interventions lasting eight 

weeks to seven months did not directly increase body weight, but increased abdominal fat and 

modulated blood lipids (238, 239). However, abdominal fat was not measured in Paper IV, so it 

is not possible to support or refute previous findings on increased body fat after a fructose diet.  

 

Figure 11. Effects of high fructose or galactose intake on body weight at baseline, six weeks, 

and 12 weeks. FOS – fructooligosaccharides. Starch = control, starch+FOS = FOS control, starch+olive = negative control. 

Data are expressed as least squares (LS) mean ± SEM for six rats, assessed by one-way ANOVA followed by Tukey’s post hoc 

test. LS means with different superscripts (lowercase letters) are significantly different (P<0.05) 

 

After 12 weeks of the intervention, rats fed the galactose and galactose+FOS diets had lower 

body weight than those fed with other diets (Figure 11). These results were consistent with 

previous findings that rats fed a galactose diet failed to grow normally and had lower body 

weight than the control group (240). A high dose of galactose also results in galactosemia, due 

to inefficient uptake of galactose in the liver (194), and galactosuria, which increases secretion 

of galactose into the urine (241). Clinical symptoms such as polyuria and opacity of the lens in 

the eyes were observed in rats fed with these two diets, confirming that 50% galactose has a 

toxic effect on rats. Accumulation of galactose in the circulation increased galactitol production 

and caused cataracts in the rats (242).  
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5.3.2 Effects on blood glucose and insulin 

Regulation of blood glucose involves four important organs, the small intestine, pancreas, liver, 

and muscles. Overall, no differences were observed in blood glucose concentration between 

the intervention groups. Insulin concentration was significantly higher in rats fed the 

galactose+FOS diet than in rats fed the starch+FOS diet. HOMA-IR was significantly higher 

in rats fed the fructose diet than all other diets except fructose+FOS diet (Figure 12).  

Most of the galactose absorbed from the small intestine is converted into glycogen in the liver 
(243). Higher levels of galactose in the liver could limit conversion of glucose into glycogen and 

result in hyperglycemia (244). Moreover, replacement of glucose or fructose by galactose under 

isocaloric conditions does not alter blood sugar concentration and has been shown to improve 

hepatic insulin sensitivity (245). Among other simple sugars, fructose has a minimal effect on 

blood glucose due to slow rate of absorption (246). Fructose also has a low insulinemic response 

and has been recommended as a sweetener for diabetic individuals (21). 

Fructose and galactose diet did not have any effects on blood glucose and insulin 

concentrations, which is in line with previous findings (21, 247). Instead, the galactose with added 

FOS diet significantly increased insulin concentration, which might be due to expression of 

incretins, including glucose-dependent insulinotropic peptide (GIP) and glucagon-like peptide-

1 (GLP-1). GLP-1 binds to the receptors on pancreatic β-cells and induces production and 

release of insulin, resulting in enhanced insulin concentration (248, 249). Galactose might 

stimulate incretin secretion, leading to increased insulin release into the circulation (248). 

Moreover, SFCAs, the main products of fermentation of dietary fiber types such as FOS, have 

been shown to stimulate excretion of GLP-1 from intestinal L-cells (249).  
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Figure 12. Effects of high fructose intake and high galactose intake on the metabolic factors: 

A) glucose, B) insulin, and C) Homeostatic Model Assessment for Insulin Resistance (HOMA-

IR) in rats after 12 weeks. FOS – fructooligosaccharides. Starch = control, starch+FOS = FOS control, starch+olive = 

negative control. Data presented as least squares (LS) mean ± SEM for six rats, assessed by one-way ANOVA followed by 

Tukey’s post hoc test. LS means with different superscripts (lowercase letters) are significantly different (P<0.05).  
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5.3.3 Effects on blood lipids 

In general, high intake of sugars has been shown to increase total cholesterol, LDL, and 

triglycerides (250). In Paper IV, total cholesterol and HDL concentrations were significantly 

higher in rats fed the fructose, galactose, and galactose+FOS diets compared to rats fed 

starch+FOS diet. LDL/VLDL cholesterol was significantly higher in rats fed the galactose and 

fructose+FOS diets than in rats on the starch+FOS (FOS control) diet (Figure 13). High intake 

of fructose has been shown to elevate serum total cholesterol more than sucrose and glucose 
(251). A diet high in D-galactose for seven weeks has been found to increase total cholesterol 

concentration in mice (252). Overall, no clear effects of added FOS on total cholesterol and HDL 

concentrations were observed in rats fed the fructose+FOS and galactose+FOS diets compared 

to rats fed diets without FOS.   

Imbalance in circulating atherogenic lipoproteins, including LDL and VLDL/HDL ratio, has 

been linked with initiation of endothelial dysfunction, which is closely related to the oxidative 

stress and inflammation that play important roles in generation of atherosclerosis (253). LDL is 

the most atherogenic lipoprotein and lowering the LDL concentration through specifically 

targeted diet and drug therapy could decrease the CHD risk (254). The finding that higher 

fructose and galactose led to increased LDL/VLDL concentration is in line with results in 

previous studies (253). However, in Paper IV there was no difference in rats treated with high 

fructose, unless it was with added FOS.  

Many studies have reported that consumption of diets containing high fructose significantly 

increases fasting triglycerides (19, 183, 187, 251). This is explained by fructose metabolism 

producing a large amount of acetyl-CoA, which plays a central role in de novo lipogenesis (187). 

The lipogenic characteristic of fructose has become the main concern that fructose may induce 

hypertriglyceridemia and dyslipidemia (19, 181). However, no significant differences in 

triglycerides concentrations across diet groups were found in the present study (Figure 13B). 
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Figure 13. Effects of high fructose intake and high galactose intake on the metabolic factors: A) total cholesterol, B) high-density lipoprotein 

(HDL), C) low-density lipoprotein/very low-density lipoprotein (LDL/VLDL), and D) triglycerides in rats after 12 weeks. FOS - fructooligosaccharides. 

Starch = control, starch+FOS = FOS control, starch+olive = negative control. Data presented are least squares (LS) mean ± SEM for six rats, assessed by one-way ANOVA followed by Tukey’s 

post hoc test. LS means with different superscript lowercase letters are significantly different, P<0.05. 
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5.3.4 Effects on inflammatory biomarkers  

Although high fructose and high galactose were expected to provoke inflammatory markers, 

the results did not support this. There was no effect of any of the groups compared with the 

control on CRP, IL-6, TNF-α, and IL-1β concentrations after 12 weeks of the intervention 

(Paper IV). All intervention diets contained high amounts of n-6 PUFA from safflower oil as 

part of the fat content, as it is suggested to trigger low-grade inflammation (255, 256). However, 

no difference in inflammatory biomarkers was observed after the 12-week intervention, 

suggesting that inflammation was not induced by addition of n-6 PUFA under the conditions 

in Paper IV.  

  

5.3.5 Effects on advanced glycation end products 

Two biomarkers of AGEs were measured, Nε-carboxymethyl-lysine (CML) and pentosidine. 

CML and pentosidine concentrations were significantly higher in rats fed the galactose diet 

than the in rats on a starch (control), starch+FOS (FOS control), or fructose+FOS diet (Figure 

14). CML is the most abundant AGE found in different foods (exogenous AGEs) and also in 

human tissues, and has been widely studied for its roles in metabolic health and age-related 

diseases (197, 257). This is in line with previous findings that higher intake of D-galactose induces 

production of AGEs (178, 258).  

Pentosidine is a cross-linked compound with lysine and arginine residues linked to a pentose. 

A significant higher of lysine concentration was observed in rats fed the galactose+FOS than 

all other diets. Plasma pentosidine is elevated in inflamed individuals, such as end-stage renal 

disease patients, and is strongly associated with increased hsCRP and other inflammatory 

biomarkers, including IL-6, VCAM-1, and ICAM-1 concentrations (259). Other lysine-rich 

proteins involved in glycation through lysine residues are hemoglobin, collagen, human serum 

albumin, HDL and LDL, CML, immunoglobulin G (IgG), immunoglobulin M (IgM), 

immunoglobulin A (IgA), and histones (260). However, preferable sites of glycation in vivo have 

been suggested in hemoglobin and serum albumin lysine residues in humans (197, 261). 

In general, both CML and pentosidine concentrations were reduced after fructose or galactose 

diets with added FOS, respectively.  
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Figure 14. Effects of high fructose intake and high galactose intake on the advanced glycation 

end products (AGEs): A) nɛ-(carboxymethyl)lysine (CML), B) pentosidine, and C) lysine in 

rats after 12 weeks. FOS – fructooligosaccharides. Starch = control, starch+FOS = FOS control, starch+olive = negative 

control. Data presented are least squares (LS) mean ± SEM for six rats, assessed by one-way ANOVA followed by Tukey’s 

post hoc test. LS means with different superscripts (lowercase letters) are significantly different (P<0.05).  
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5.3.6 Effects on gut permeability markers  

The integrity of the intestinal barrier plays a key role in protecting the body against influx of 

microbiota-derived products (262). Increased gut permeability is associated with gut-derived 

protein fragments, lipopolysaccharides (LPS), in the circulation and dysbiosis or imbalance in 

the microbiota due to dietary and lifestyle habits (30, 263). Zonulin and LPS concentrations were 

measured as biomarkers to determine gut permeability in Paper IV.  

Zonulin, or zonula occludens toxin (Zot), is a protein that regulates the intestinal tight junction 

between enterocytes in the gut. Interaction between antigen or fragments of antigen and 

CXCR3 receptor develops a cascade of responses (264). MyD88-dependent signaling causes 

stimulation of zonulin creation, and then zonulin leaves the cells and activates some receptors 

on enterocyte surfaces, specifically PAR2 and EGFr. The result of this interaction is decoupling 

of tight junction protein, which allows the junctions to open, followed by movement of antigen 

into the circulation (264). Under pathophysiological conditions, zonulin is stimulated and causes 

activation of tight junctions, followed by leaky gut barrier and expression of endotoxin in 

circulation (264).  

In Paper IV, zonulin concentration was significantly higher in rats fed the galactose+FOS diet 

than the fructose and starch+olive (negative control) diets. No clear effects of high fructose or 

high galactose diets on zonulin or endotoxin concentrations were found. However, diets with 

added FOS appeared to have higher zonulin concentration after 12 wk of intervention compared 

to diets without FOS (Figure 15).   

Overall, the results in Paper IV suggest that type of diet affect several metabolic factors and 

gut integrity. A diet high in galactose showed more pronounced adverse effects on insulin, 

blood lipids, CML, pentosidine, and lysine concentrations than a diet containing high fructose. 

However, the effects may to some extent have been influenced by the toxic effects of galactose 

at the very high dose tested.  
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Figure 15. Effects of high fructose intake and high galactose intake on the gut permeability 

markers: A) zonulin and B) endotoxin in rats after 12 weeks. FOS – fructooligosaccharides. Starch = 

control, starch+FOS = FOS control, starch+olive = negative control. Data presented are least squares (LS) mean ± SEM for six 

rats, assessed by one-way ANOVA followed by Tukey’s post hoc test. LS means with different superscripts (lowercase letters) 

are significantly different (P<0.05).  
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5.3.7 Effects on gut microbiota richness and diversity 

Alpha diversity, a measure of microbiota diversity and richness within intestinal samples, was 

measured in Paper V. Significantly lower microbiota richness was found in rats fed the 

starch+FOS (FOS control) diet compared to all other groups, whereas rats fed the starch+olive 

(negative control) showed higher microbiota richness. Similarly, significantly lower microbiota 

diversity was observed in rats fed the starch+FOS (FOS control) diet than all other diets 

(Figure 16). 

Overall, the lower microbiota richness and diversity observed in rats fed the starch+FOS (FOS 

control) diet might be due to inhibition of growth of opportunistic pathogens by prebiotics such 

as FOS (265, 266). 

 
 

Figure 16. Effects of high fructose intake and high galactose intake on the alpha diversity 

parameters: A) species richness and B) Shannon index in the gut of rats after 12 weeks. FOS – 

fructooligosaccharides. Starch = control, starch+FOS = FOS control, starch+olive = negative control. Data presented are least 

squares (LS) mean ± SEM for six rats, assessed by one-way ANOVA followed by Tukey’s post hoc test. LS means with 

different superscript lowercase letters are significantly different (P<0.05). 



 

 47 

5.3.8 Effects on relative abundance of gut microbiota composition  

Beta diversity was analyzed to measure similarity or difference between the treatments. 

Overall, 22 phyla with more than 300 genera were identified in the samples from the different 

diets. Paper V focused on the relative abundance of seven major microbiota phyla in the large 

intestine: Firmicutes, Bacteroidetes, Proteobacteria, Cyanobacteria, Actinobacteria, 

Verrucomicrobia, and Tenericutes (Figure 17). These seven phyla were further analyzed to 

assess the effect of diets and their associations with several selected biomarkers from Paper 

IV. 

 

Figure 17. Relative abundance (%) of gut microbiota at phylum level after treatment with high 

fructose or high galactose, with or without fructooligosaccharides (FOS), in rats after 12 weeks. 

 

The results revealed a significant effect of different diets on changes of gut microbiota 

composition of Actinobacteria, Verrucomicrobia, Tenericutes, and Cyanobacteria 

composition.  No difference was observed for the phylum Firmicutes, Bacteroidetes, and 

Proteobacteria.  

Ingestion of high fructose saturates its absorption in the small intestine and results in a fraction 

of fructose reaching the large intestine (267). In the large intestine, fructose undergoes 

fermentation by gut microbes and may cause abdominal discomfort such as flatulence, pain, 

and diarrhea (267, 268). In Paper V, very limited effects of high fructose or high galactose intake 

on gut microbiota changes at phylum level were observed. However, as expected, the rats fed 

a diet containing FOS showed increased relative abundance of Actinobacteria. Therefore, 

changes in the gut microbiota were investigated at the genus level (Figure 18).  
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Figure 18. Relative abundance (%) of gut microbiota at genus level (above cut-off level 

5.0%) after treatment with high fructose or high galactose, with or without 

fructooligosaccharides (FOS), in rats after 12 weeks. 

 

 

Overall, more than 300 genera from 22 phyla were identified. A total of 16 genera with relative 

abundance >5.0% were determined. In brief, a significant effect of diet was observed for the 

genera: Lachnospiraceae_NK4A136_group, Bifidobacterium, Akkermansia, 

[Ruminococcus]_gnavus_group, Desulfovibrio, Klebsiella, Ruminococcaceae_UCG-005, 

Alloprevotella, unidentified_Ruminococcaceae, and Parasutterella.  

 

The effect of FOS on gut microbiota composition was clearly apparent at phylum level. Higher 

relative abundance of the phylum Actinobacteria was dominated by the genus Bifidobacterium 

(Figure 18). Many potential beneficial health effects of FOS have been studied, such as lower 

cholesterol and triglyceride concentrations and improved absorption of minerals (150, 269, 270). 

FOS is thoroughly fermented by gut microbiota and metabolized into SCFAs, gases including 

CO2 and hydrogen, and lactate (28, 159, 160). The main components of SCFAs, acetate, propionate, 

and butyrate, can acidify the colon and support growth of Bifidobacterium (266).  
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5.3.9 Association between gut microbiota and selected metabolic, 
inflammatory, and gut permeability markers 

Seven gut microbiota phyla were associated with several selected metabolic factors (blood 

glucose, insulin, HOMA-IR), inflammatory biomarkers (CRP, IL-6, IL-1β, TNF-α), AGEs 

(CML, pentosidine, lysine), and gut permeability markers (endotoxin and zonulin).  

Correlations between gut microbiota phyla and selected biomarkers are shown in a correlation 

matrix in Figure 19. Overall, Firmicutes and Cyanobacteria were positively associated with 

body weight (r=0.54, P<0.001 and r=0.51, P<0.001, respectively). In contrast, Bacteroidetes 

and Actinobacteria showed an inverse association with body weight (r=-0.37, P<0.05 and r=-

0.45, P<0.01, respectively). Moreover, Actinobacteria was also significantly associated with 

lysine (r=0.52, P<0.01) but inversely associated with endotoxin (r=-0.38, P<0.05). 

Verrucomicrobia was inversely associated with CML (r=-0.39, P<0.05) and pentosidine (r=-

0.38, P<0.05) concentrations. Cyanobacteria was positively associated with endotoxin 

concentration (r=0.43, P<0.01). Proteobacteria and Tenericutes did not show an association 

with any of the biomarkers studied.  

Associations between specific gut microbiota and clinical measures could provide insights into 

the potential involvement of specific gut microbiota in the host metabolism and provide hints 

about underlying mechanisms (271, 272). Moreover, the findings could indicate targets for 

prevention and therapeutics of pathophysiological conditions. 
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Figure 19. Correlation matrix of the phyla Firmicutes, Bacteroidetes, Actinobacteria, Cyanobacteria, and Verrucomicrobia versus metabolic factors 

and gut permeability markers in rats fed a high fructose or galactose diet, with and without added fructooligosaccharides.  
The x-axis and y-axis indicate relative abundance (%) of microbiota or concentration of metabolic factors. 
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5.3.10 Methodological considerations 

In this thesis, three different study designs (human observational study, human 

experimental/intervention study, and animal experimental study) were used to address the main 

research objectives. All these types of study have their strengths and limitations. 

 

Human observational studies (Papers I and II)  

A cross-sectional study design was used in Papers I and II. The strength of the studies is that 

the study participants, both men and women, represented a general population, in contrast to 

studies based on some selected groups of a population. Another strength is that various tools 

were used to reflect consumption of whole grain rye and wheat, i.e., self-reported intake in food 

frequency questionnaires and AR concentrations in plasma and adipose tissue. The studies also 

have some limitations. For example, recall bias may have been introduced to some extent when 

the study participants were asked to recall and self-report their food intake in general, and 

intake of whole grain products in particular. It is difficult for people to remember the exact 

frequency of consumption of specific foods, and therefore random misclassification may occur. 

However, repeated assessments of whole grain foods were used to decrease random error in 

reporting and to better reflect long-term diet. Studies have shown that self-reports of diet may 

also systematically differ depending on characteristics of the study participants, such as age, 

obesity, and education level (273). This may lead to systematic misclassification of whole grain 

intake. However, all participants in the two studies were elderly and within a relatively small 

range of age and BMI. Confounding could also have affected the true association between 

whole grain  intake and the studied outcomes, but potential confounding factors were controlled 

for in the statistical analyses by including multivariate models (274). The adjusted confounders 

for Papers I and II are listed in Table 4. The relatively small sample size may also be a 

limitation of these two studies (275). However, although the sample size was small, the study 

was still able to find associations between whole grain intake estimated from FFQs and based 

on measurements of ARs in plasma with selected biomarkers.  

 

Human experimental study (Paper III) 

The human intervention study presented in Paper III was an exploratory study of whole grain 

intake effects on inflammation biomarkers, since the primary aim was to investigate the effects 

of WG/bran rye on prostate specific antigen (PSA) after six weeks in men with low-grade 

prostate cancer (203). Due to the exploratory nature of the study, no power calculations were 

performed, but it is obvious that the sample size (17 men) was small and the results should 

therefore be interpreted with caution. Despite the small sample size, suggestions of effects of 
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WG/bran rye compared with refined wheat products on several inflammatory biomarkers were 

found. These need to be confirmed in future well-designed intervention studies with 

appropriate statistical power.  

 

Experimental animal studies (Papers IV and V) 

In the intervention studies in rats, the doses of fructose and galactose used in the experimental 

diets were high, in order to evoke low-grade inflammation and to increase the likelihood that 

some sugars would reach the colon. In those studies, clinical toxic symptoms were observed in 

rats fed diets containing high galactose concentrations, which required an immediate change in 

the design of the study. The results should therefore be interpreted with caution. Moreover, 

results from rats may not necessarily be directly transferrable to humans (276). In addition, the 

gut microbiota in rats is different from that in humans. However, an animal model allowed an 

intervention with high doses of the sugars that would be impossible to conduct in humans, and 

was able to provide more information and a wider understanding.  
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6 GENERAL DISCUSSION  

It is evident that carbohydrate quality in the diet has major implications for cardiometabolic 

diseases, through modulation of risk factors such as low-grade inflammation, insulin resistance, 

and dyslipidemia (9, 10). Evaluations of carbohydrate quality through assessment of type of 

whole grain, source of dietary fiber, sugars, and glycemic index have shown important effects 

on health outcomes (3, 9, 16). However, the role of specific whole grains on cardiometabolic risk 

factors is still largely unknown. Moreover, studies on the role of whole grain intake in low-

grade inflammation and potential underlying mechanisms are limited. Furthermore, while 

studies have suggested that some of the adverse effects of sugars on metabolic risk factors 

could be mediated by gut microbiota, direct evidence is still lacking (30, 31). The studies 

presented in this thesis addressed some of the knowledge gaps on carbohydrate quality and its 

effect on health. 

Inflammation is a hallmark of cardiometabolic diseases and it is therefore essential to determine 

the potential of diet to modulate this risk factor (125). Several mechanisms for a direct and 

indirect action of whole grains in inflammation have been suggested, including effects of 

phytochemicals, fiber, and metabolites produced by gut microbiota (12, 132, 277, 278). In both 

intervention and observational studies, the effects of whole grains on inflammatory biomarkers 

have been more pronounced in unhealthy than healthy subjects (279, 280).  

In the studies included in this thesis, the emphasis was on the role of whole grain rye and wheat, 

the main cereals consumed in Sweden and many Northern European countries, in modulation 

of inflammatory, endothelial function, and CVD risk-related biomarkers. Comprehensive 

strategies were used to estimate whole grain rye and wheat intake, relying on both FFQs and 

dietary biomarkers in plasma and adipose tissue (Paper I). The results revealed a positive 

association between whole grain rye and wheat and cathepsin S, and a negative association 

between total alkylresorcinols and C17:0/C21 ratio in adipose tissue and endostatin. This 

suggests a potential effect of whole grain rye and wheat in modulation of cathepsin S and 

endostatin. Further studies are required under intervention conditions to confirm these findings. 

In the assessment of alkylresorcinols in adipose tissue as a biomarker of long-term while grain 

intake (Paper II), the same subjects and data as in Paper I were used. It was found that 

alkylresorcinol concentration in adipose tissue was significantly correlated with whole grain 

rye, but a poor correlation was observed for whole grain wheat. The inconsistent results (Paper 

I) and weak correlation obtained (Paper II) are most likely due to poor estimation of whole 

grain wheat intake from FFQs. Food frequency questionnaires with many specific cereal food 

items could be an alternative for improvement (281).  

Comparisons of the ability of whole grain rye bran and refined wheat to modulate inflammatory 

biomarkers and endothelial function in men with low-grade prostate cancer showed that 

consumption of whole grain rye bran had a pronounced effect in reducing several biomarkers, 
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including TNF-R2, endostatin, and e-selectin concentrations, compared with refined wheat 

(Paper III). Refined wheat contains lower amounts of phytonutrients than whole grain rye 

bran, due to removal during processing of bran and germ parts, which contain the main 

beneficial components (277). These findings in this thesis suggest that the effects of whole grain 

rye bran on some biomarkers may derive from phytochemical components and dietary fiber 

content in the product. Although this exploratory study was small and requires confirmation in 

larger settings, the results support the general dietary guideline of replacing refined grain with 

whole grains when cereals are consumed.  

The adverse effects of high fructose or high galactose intake on metabolic factors were unclear, 

and the net effects were complex to determine in the experimental animal setting. Although it 

was difficult to find consistent adverse effects of these sugars, high galactose tended to increase 

advanced glycation end product concentrations over time. A diet containing galactose showed 

greater effects than fructose, but the results might be confounded by clinical symptoms due to 

the high dose (Paper IV). The effect of fructooligosaccharides in alleviating potential effects 

of these sugars was less pronounced. No coherent effects were found on gut microbiota after 

treatment with intervention diets, except for increased abundance of the genus Bifidobacterium 

after consumption of fructooligosaccharides (Paper V). Fermentation of 

fructooligosaccharides by gut microbiota and production of short-chain fatty acids might play 

a role in absorption of monosaccharides and gut microbiota activity (141, 160, 282), and this issue 

requires further investigation. In addition, intestinal alkaline phosphatase in the gastrointestinal 

tract may protective effects against systemic and intestinal inflammation, by inhibiting 

activation of NF-κB and preventing expression of pro-inflammatory cytokines (283). This also 

needs further study.  

In summary, the work presented in this thesis showed that whole grain rye and wheat may have 

potential effects in regulation of low-grade inflammation, confirming previous findings, and 

that alkylresorcinol concentration in adipose tissue has potential as a long-term biomarker of 

whole grain rye intake. High fructose and high galactose diets showed minor effects on 

metabolic factors and gut microbiota composition. Further studies are needed to confirm these 

findings. 
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7 MAIN FINDINGS AND CONCLUSIONS 

 

o Whole grain rye and wheat consumption was positively associated with cathepsin S, 

whereas total alkylresorcinol and C17:0/C21:0 ratio in plasma were negatively 

associated with endostatin concentrations. 

  

o Total alkylresorcinol concentration in adipose tissue was associated with long-term 

whole grain rye consumption and appears to be a promising biomarker of long-term 

whole grain rye consumption, after adjustment for sex. Total alkylresorcinol 

concentration in adipose tissue was weakly correlated with whole grain wheat 

consumption. 

 

o Consumption of whole grain rye/bran products significantly lowered endostatin, e-

selectin, and TNF-R2 concentrations in men with low-grade prostate cancer, in parallel 

with reductions in prostate-specific antigen, compared with refined wheat products with 

added cellulose. 

 

o High intake of fructose or galactose, with or without added fructooligosaccharides, 

affected several metabolic factors and gut permeability markers to some degree 

compared with control diets, but did not cause differences in inflammatory markers. 

High-galactose diets, with or without added FOS, had greater adverse effects on 

metabolic factors than high-fructose diets. There was no clear general benefit of added 

fructooligosaccharides in the diet as a strategy to mitigate adverse effects of high 

fructose and high galactose intake.  

 

o Intake of high fructose or high galactose did not cause pronounced effects on 

microbiota composition, but some effects of the diets were found at certain time points. 

As expected, added fructooligosaccharides significantly increased the abundance of the 

genus Bifidobacterium.  

 

o Gut microbiota (at phyla level) was correlated with several selected metabolic factors, 

advanced glycation end products, and gut permeability markers. 
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8 FUTURE RESEARCH 

 

o The effects of whole grain rye consumption on low-grade inflammation and endothelial 

dysfunction should be further investigated in a larger study population and in 

intervention settings. 

 

o Total alkylresorcinol concentration in adipose tissue as a long-term biomarker of whole 

grain wheat and rye intake should be further evaluated in populations with lower whole 

grain intake.  

 

o A lower dose of galactose than in the present study should be tested in future rat studies, 

to avoid clinical symptoms that could affect the results. 

 

o Different doses of fructose should be tested in future, to determine the dose that may 

potentially modulate low-grade inflammation.   

 

o Histological studies on different animal organs should be carried out to determine 

potential effects of high-fructose and high-galactose diets. 

 

o The effect of intestinal alkaline phosphatase should be further investigated, to 

determine its role in gut integrity, inflammation, and gut microbiota composition in rats 

treated with high-fructose and high-galactose diets. 

 

o The role of gut microbiota-derived metabolites, such as short chain fatty acids, in 

absorption of monosaccharides in the small instestine should be investigated.  

 

o Gut microbiota should be further investigated at species level in animals on diets 

containing high fructose and high galactose. 
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