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Preface 

The work presented in this thesis has been conducted at the Department of Animal Science, Aarhus 

University, from August 2016 to November 2019. This PhD dissertation was part of the project 

Delivery of Intestinal Satiety-inducing Ingredients (DISI) funded by Innovation Fund Denmark 

(Project No. 5158-00011B) in collaboration with the Interdisciplinary Nanoscience Center, Aarhus 

University, and industrial partner DuPont Nutrition Biosciences ApS. 

This PhD dissertation is based on three original papers, of which one is published and two are in 

preparation for submission. In Paper I, I have shared first authorship with postdoc Yuan Yue, 

Department of Animal Science, Aarhus University. We contributed equally to the planning, 

execution, and writing, with my focus being on the quantification of hormones. In Paper II, the 

construction of particles used for the experiment, and analysis of intestinal content were performed 

by our industrial partner. In Paper III, I did not perform the postmortem analyses myself; neither did 

I write the method sections for proteomics, metabolomics and NMR-based metabolomics or the result 

sections for proteomics or NMR-based metabolomics. All co-authors have had the opportunity to 

comment on the drafts included in this thesis.  

The dissertation has been read and commented on by my supervisors, and approved for submission 

by our industrial partner.  
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Summary 

Overweight and obesity is an increasing problem. WHO predicts that 60-70 % of the European 

population will be overweight or obese by 2030, if the tendency continues at the current pace. Obesity 

is associated with a significant increase in morbidity, reduction in quality, and premature death. Thus, 

obesity has considerable personal, as well as socio-economic consequences. Weight management 

products have traditionally focused on reducing energy content, but this approach has not managed 

to turn the development around. Therefore, the approaches must be changed. One way to do this is 

by adding satiety-enhancing food ingredients to everyday food products, thus have satiation induced 

earlier, and as a result, make the consumer eat less. 

In this PhD thesis, we have tested a number of food ingredients for their ability to increase the 

secretion of satiety-inducing intestinal hormones, with a particular focus on glucagon-like peptide-1 

(GLP-1). We observed that several of the tested food ingredients were able to stimulate GLP-1 

secretion in cell-based models. Based on this, one ingredient, an extract from rosemary, was chosen 

for further evaluation in animal models. First, we tested the acute hormone response in pigs, by 

supplementing either encapsulated or non-encapsulated rosemary extract to a standard meal, and 

measure plasma GLP-1 concentrations over a period of four hours. We observed that rosemary extract 

was able to increase the secretion of GLP-1, and that encapsulation increased this secretion further. 

Subsequently, we tested the long-term effects of a daily supplement of rosemary extract in a six weeks 

intervention in rats. From this study, we concluded that rosemary extract is able to increase the fasting 

GLP-1 plasma concentrations significantly, in addition to reduce triglycerides in plasma and liver 

tissue, reduce total cholesterol and fat percentage in liver tissue, and increase plasma HDL 

cholesterol. Moreover, we hypothesized that the observed improvements in lipid profile are caused 

by changes in the levels of specific liver proteins involved in fatty acid metabolism, caused by the 

elevated fasting GLP-1 concentration.   

The investigations presented in the PhD thesis, contribute with new knowledge on satiety-enhancing 

food ingredients, with focus on rosemary extract. The in vivo studies highlight the potential of 

rosemary extract as a food ingredient that can be used in the prevention and treatment of obesity, 

through an increased feeling of satiety. At the same time, rosemary may have beneficial effects on 

the overall lipid profile. 

  



Dansk resumé 

Svær overvægt og fedme er et voksende problem. WHO forudsiger, at hvis tendensen fortsætter med 

nuværende hastighed, vil 60-70 % af Europas befolkning være overvægtige i 2030. Fedme er 

associeret med en betydelig stigning i sygdomsperioder, i reduceret livskvalitet, og med for tidlig 

død. Dermed har fedme betragtelige personlige, såvel som samfundsøkonomiske konsekvenser. 

Vægttabsprodukter har traditionelt fokuseret på at reducere energiindholdet, men dette tiltag har ikke 

formået at ændre udviklingen. Derfor må tilgangene ændres. Én måde at gøre dette på, er ved at tilføre 

mæthedsfremmende ingredienser til hverdagsprodukter, og dermed få forbrugeren til at føle en 

hurtigere mæthedsfornemmelse og som konsekvens heraf spise mindre. 

I denne ph.d.-afhandling har vi testet en række fødevareingredienser for deres evne til at øge 

udskillelsen af mæthedsfremmende tarmhormoner, med specielt fokus på tarmhormonet, glucagon-

like peptide-1 (GLP-1). Vi fandt, at flere af de testede fødevareingredienser kunne øge GLP-1 

udskillelsen i celleforsøg. På baggrund af dette udvalgte vi én ingrediens, et ekstrakt af rosmarin, til 

efterfølgende biologisk evaluering i dyreforsøg. Først testede vi det akutte hormonrespons i grise ved 

at tilføre enten enkapsuleret eller frit, ikke-enkapsuleret rosmarinekstrakt til et standard måltid. 

Herefter målte vi plasma GLP-1 koncentrationer over en periode på fire timer. Vi fandt, at 

rosmarinekstrakt var i stand til at øge udskillelsen af GLP-1, og at enkapsulering øgede denne 

udskillelsen yderligere. Herefter testede vi langtidseffekten af et dagligt tilskud af rosmarinekstrakt i 

et seks ugers forsøg med rotter. Fra dette forsøg kunne vi konkludere, at rosmarinekstrakt er i stand 

til at øge fastekoncentrationerne af GLP-1, reducere triglycerider i plasma og i levervæv, reducere 

kolesterol og fedtprocent i leveren, og øge plasma HDL kolesterol. Ydermere fandt vi, at disse 

forbedringer sandsynligvis skyldes ændringer af niveauerne af leverproteiner involveret i 

fedtsyremetabolismen, forårsaget af den forhøjede faste GLP-1 koncentration. 

Studierne, som er præsenteres i denne ph.d.-afhandling, bidrager med ny viden om 

mæthedsfremmende ingredienser, med specielt fokus på rosmarinekstrakt. In vivo studierne 

tydeliggør potentialet af rosmarinekstrakt, som en ingrediens, der kan bruges i forebyggelse og 

behandling af svær overvægt og fedme gennem en øget mæthedsfølelse. Samtidig kan rosmarin have 

helbredsgavnlige virkning på den generelle lipidprofil.  
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1 Introduction 
During the last century, globalization and technological improvements combined with an increase in 

the availability of energy-dense food product had led to a rapid increase in the prevalence of obesity 

and obesity-related diseases worldwide. If the present trend continues, it is estimated that 58 % of the 

world population will be overweight or obese by the year 2030 [1]. Obesity is associated with 

numerous diseases and a substantial increase in morbidity, premature mortality, and reduced quality 

of life [2]. Thus, living with obesity can have immense consequences for the affected individual, but 

obesity also has excessive economic impact for the societies [3]. Costs of special care, 

hospitalizations, pharmacotherapy, and loss of working days, will increase as overweight and obesity 

affect more people. This has caused a great interest in halting the obesity development. Patient 

education and intensive lifestyle interventions, such as diet changes, increase in physical activity, and 

behaviour therapy, have been shown efficient to some extent, in certain patient groups, at least for 

the time being monitored. Unfortunately, more than 50 % of the patients return to their baseline 

weight in fewer than 5 years after ending a lifestyle modification program, why new approaches is 

necessary and the obesity pandemic is still rising [4-6].  

One approach to better weight management could be to alter the natural hunger and satiety response, 

so that the urge to initiate eating will be postponed or the termination of the eating process will occur 

earlier. Appetite regulation is complex system with several chemical and hormonal responses 

involved. One of the important appetite-regulating hormones is glucagon-like peptide-1 (GLP-1), 

which is secreted from the intestinal tract in response to nutrients and induces satiety through 

activation of appetite regulating areas of the brain [7]. By increasing the naturally GLP-1 secretion, 

better weight management for obese individuals might be achieved.  

Several bioactive food components, including lipids, proteins, and polyphenols, have shown 

beneficial results in the prevention of obesity, and some are also known to stimulate the secretion of 

satiety-inducing hormones [8-10]. This thesis focus on identification of food ingredients with an 

ability to enhance GLP-1 secretion. Subsequently, one of the food ingredient will be encapsulated 

and the effect on postprandial hormone response will be evaluated in a pig. Lastly, the long-term 

effects of daily supplementation of the chosen food ingredient will be investigated in a rat model.  
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2 Background 

2.1 Obesity 

2.1.1 Today’s obesity challenge 

Worldwide, the mean body mass index (BMI) has steadily increased since the 1980s. By 2013, the 

prevalence of adults suffering from overweight or obesity was estimated to 37.5 % [11]. Today, 

obesity is rapidly increasing in children as well as in adult, and whereas the condition was previously 

observed primarily in developed countries, it is today also found in developing countries. It is 

predicted that by year 2030 58 % of the world population will be overweight or obese if the present 

trend is continuing [1]. A standard tool for measuring obesity is calculations of the BMI. A general 

agreement exists that a BMI of 25-29.9 kg/m2 classifies you as overweight and a BMI of or above 30 

kg/m2 defines you as obese. The severity of obesity can then be further subdivided. The BMI 

classification system is universally applied although it originates from morbidity and mortality data 

derived from only Caucasians. In the recent years, ethnic-specific criteria for classification of BMI 

has started to be implemented. Asian Indians, residing in India, are for instance classified as 

overweight and obese with BMIs of ≥23 kg/m2 and ≥25 kg/m2, respectively [12]. Obesity is 

characterized by excessive fat accumulation in the adipose tissue. This contributes to an altered state 

of the general metabolism, and conditions such as hypertension, dyslipidaemia, non-alcoholic fatty 

liver disease, insulin resistance, coronary artery diseases, certain types of cancer, metabolic 

syndrome, and type 2 diabetes mellitus [13-17], are all associated with obesity. Moreover, conditions 

related to impaired body functions, such as mobility limitations, obstructive sleep apnoea and 

osteoarthritis are also often observed in this patient group [18-20]. As a consequence, obesity is 

associated with a substantial increase in morbidity, premature mortality, and reduced quality of life 

[2].  

Obesity is the result of a long-term imbalance between energy intake and energy expenditure. 

However, the cause of this imbalance is multifactorial and is often seen to be a mixture of hereditary, 

environmental, and socioeconomic factors. Many genetic markers of obesity risk have been 

identified. However, only approximately 1.5 % of the inter-individual variations in BMI can be 

accounted for by the 32 most common genetic variants, and when comparing those with highest to 

those with lowest genetic risk in these variants, a difference of only 2.7 kg/m2 is seen, indicating that 

genetics clearly plays a role but cannot explain the world-wide rise in obesity alone [21, 22]. 

Epigenetic changes caused by parental conditions, such as famine, obesity, smoking or chemical 

exposure may have obesity-related repercussions [23-25]. Individual behaviours such as diet, 
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physical activity, sleep pattern and stress also have a clear and likely cumulative effect on weight 

management in the individual [26-28]. Environmental factors also seems to have high impact on the 

risk of developing obesity. These factors includes certain viruses [29] and the composition of the gut 

microbiome [30]. Moreover, there is evidence that if an individual has someone in his close social 

network that develops obesity, then the individual is 57 % more like to become obese himself [31]. 

Lastly, socioeconomic risk factors, such as income and educational level is a factor, with wealth being 

inversely correlated with prevalence of obesity [32].  

2.1.2 Treatment of obesity 

The high prevalence of overweight and obesity has excessive economic impact for the healthcare 

systems [3]. Costs of special care, hospitalizations, pharmacotherapy, and loss of working days will 

rise as long as more and more people are affected by overweight and obesity. This has resulted in 

great interest in halting the rise in the obesity epidemic and all accompanying disorders. Treatment 

methods for obesity can be divided into three categories: lifestyle interventions, surgical 

interventions, and pharmaceutical interventions. Patient education and intensive lifestyle 

interventions, such as diet changes, increase in physical activity, and behaviour therapy, have been 

shown efficient to some extent, in certain patient groups, at least for the time being monitored [5, 6]. 

Unfortunately, less than 5 years after ending a lifestyle modification program more than 50 % of the 

patients have returned to their baseline weight [4].  

Despite its invasive character and the risks, that accompanies bariatric surgery, the prevalence of the 

different types of surgeries has continued to increase worldwide since the introduction in the 1960s 

[33]. Bariatric surgeries are very effective and leads to extensive and sustained weight loss, which 

may have influenced the popularity. In general, bariatric surgery, unlike most pharmaceutical 

interventions, targets a variety of pathways involved in body weight regulation in order to induce 

effective weight loss. These include rapid nutrient delivery, increased secretion of intestinal satiety-

inducing hormones, altered neural perception of taste, an advantageous persistent swift of the gut 

microbiome, and changes in transit time and intestinal absorption [34-37]. That being said, surgery is 

most often a last resort after lifestyle changes and pharmaceutical interventions have proven 

inadequate.  

Pharmacotherapy for treating obesity has been available since the 1950s. From the 1950s until today, 

a large variety of drugs with many different underlying mechanisms have been developed. These 

include drugs promoting weight loss by inhibiting gastric and pancreatic lipases, resulting in an 
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inhibition of the absorption of dietary fat [38], and drugs that supress hunger, induce satiety or 

increase resting energy expenditure [39, 40]. Unfortunately, all these drugs have not been satisfactory 

due to high cost and considerably side effects, including insomnia or hypersomnia, fatigue, 

hypertension, headaches, memory impairment, anorexia, and a large variety of gastrointestinal 

adverse effect.  

2.1.3 The role of appetite-regulating hormones in obesity 

A positive energy balance, in which energy intake exceeds energy expenditure, will over time result 

in weight gain. Nevertheless, obesity is a complex disease, and many other factors have to be 

considered, both in the pathogenesis and in the response to treatment. One interesting factor is the 

level of appetite-regulating hormones. One of these hormones is glucagon-like peptide-1 (GLP-1). 

Circulating GLP-1 levels are significantly decreased in obese subject, with a negative correlation to 

BMI and waist circumference [41]. Moreover, morbidly obese subjects show increased activity of the 

GLP-1-degrading enzyme dipeptidyl peptidase-IV (DPP-IV), which could explain the lower GLP-1 

levels [42]. Whether abnormalities in DPP-IV activity contributes to the pathogenesis of obesity or 

obesity causes these abnormalities, is still not understood. However, since GLP-1 induces satiety, the 

lower levels of active GLP-1 in obese subjects will cause lower satiety, and thus increase food intake. 

Obese individuals with normal glucose tolerance have showed reduced incretin effects compared to 

lean subjects, resulting in lower insulin secretion rate and lower insulin concentrations in the blood 

[43]. It is not clear at what stage during the development of diabetes, the impairment of GLP-1 

secretion is established. It has been suggested that impaired secretion of GLP-1 from the intestinal L-

cells are caused by a reduction in responsiveness to carbohydrates [44]. It has also been suggested 

that a higher level of circulating free fatty acids in obese subjects are causing an inhibition of GLP-1 

secretion [45]. Studies in mice has demonstrated that leptin resistance, which is often seen in obese 

individuals, is associated with diminished GLP-1 secretion, thus indicating that leptin has a role as 

physiological regulator of GLP-1 secretion under both basal and stimulated conditions [46]. 

A study of morbidly obese women showed that fasting cholecystokinin (CCK) levels, as well as 

maximum postprandial levels, are significantly lower in this group compared to a control group of 

lean women or a group of moderately obese women [47]. The same study showed that the 

postprandial CCK levels in lean women were increased three fold at 30 min, then slightly decreasing 

at 60 min, before rising again at 120 min, whereas the CCK response in obese or morbidly obese 

subjects showed a steady increase until its peak at 60 min. This altered postprandial pattern of CCK 
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release, thus the insufficient satiety signalling, may contribute to the pathogenesis or maintenance of 

obesity. This corresponds to a study in healthy elderly people with diminished hunger, who showed 

an increase in fasting CKK concentrations [48], but is in contrast to others who have found fasting 

CCK plasma concentrations to be increased in obese subjects compared to non-obese [49]. 

In human infants, the circulating levels of peptid YY (PYY) is negatively correlated to bodyweight, 

when adjusted for food intake [50]. Same tendencies have been observed for both children and adults, 

where PYY is negatively correlated to markers of adiposity [51, 52]. Moreover, in adults, peaks in 

postprandial PYY concentrations were negatively correlated with changes in body weight in a follow-

up study adjusted for sex, age, bodyweight, and time of follow-up. Another study have shown that 

peripheral infusions of active PYY will cause an increase in energy expenditure, suggesting that PYY 

regulates bodyweight not only by reducing food intake but also by increasing energy expenditure 

[53]. In contrast, a large study, including more than 2000 subjects of either normal weight, overweight 

or obesity, concluded that serum PYY is not negatively associated with either BMI or body fat 

percentage after adjusting for age, sex, smoking habits, medication use, and menopause [54]. By 

contrast, they reported that in women PYY is positively associated with body fat percentage, trunk 

fat percentage, and waist circumference. 

 

2.2 The human gastrointestinal system  

Many of the appetite-regulating hormones, including GLP-1, CCK, and PYY, are secreted from the 

gastrointestinal tract. The gastrointestinal system consist of a series of tube-shaped organs, stretching 

from the mouth to the anus. To the system are attached several glands that empty their secrets into 

these organs. When food enters the mouth, it will be chopped into smaller pieces and lubricated by 

the saliva before entering the stomach through the oesophagus. The stomach is a highly acidic 

environment where secretion of proteases and hydrochloric acid initiate the digestion, while storing 

the food for up to three hours. In healthy individuals, an intragastric environment of pH < 4 is 

maintained [55]. As the ingest enters the stomach, an outward expansion results in a distention of the 

gastric wall which stimulates the secretion of hydrochloric acid through neural regulation. Moreover, 

the entering of food will cause a secretion of proenzymes involved in digestion, such as the zymogens 

pepsin A, pepsin B, gastricsin, and, apply to neonates, chymosin [56]. The small intestine, which can 

be divide into duodenum, jejunum, and ileum, continuous the digestion and absorption of nutrients 

takes place here. The pancreas secretes bicarbonate and pancreatic juice, containing digestive 
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enzymes, into the duodenum in order to neutralize the acidic gastric content and complete the 

intraluminal digestion of carbohydrates, proteins, and fats. The liver secretes bile into the duodenum, 

which is further involved in the fat digestion. About seven hours after the first bite, the chyme reaches 

the large intestine. The large intestine is 1.0-1.5 metres long and can be divided into the caecum, the 

appendix, the ascending, transverse, descending, and sigmoid colon, and the rectum. In the large 

intestine, fluids and electrolytes are reabsorbed and the faecal matter is stored until expulsion from 

the body.  

The small intestine, as it is a crucial component for breakdown and absorption of nutrients. The 

duodenum is the first and shortest segment, measuring on average 20-25 cm in length in an adult 

human. Pancreatic enzymes, including the proteolytic enzymes trypsin and chomytrypsin, the 

pancreatic amylase, and the lipolytic enzymes, mainly lipase, and bile from the liver, which facilitates 

the lipid absorption through a process of emulsification, are entering the upper part of duodenum [57, 

58]. From duodenum, the chyme, which now contains partly digested nutrients, enters the 2.5 meters 

long jejunum, which primary function is absorption of sugars, amino acids, and fatty acids, before 

reaching the 3 meter long ileum where any remaining nutrients will be absorbed [59].  

2.2.1 Cells of the gastrointestinal tract 

The gastrointestinal tract consists of four types of cells, which all arise from pluripotent stem cells 

located near the base of the crypts of Lieberkühn [60]. The four cell types are enterocytes, 

enteroendocrine cells, Paneth cells, and goblet cells. As the stem cells divide, their progeny cells will 

migrate towards the villi, differentiate into enterocytes, enteroendocrine cells or goblet cells, or 

towards the base of the crypt, and differentiate into Paneth cells. The main function of Paneth cells is 

to synthesize and secrete antimicrobial molecules with physiological functions in the innate 

immunity, as well as factors involved in the modulation of epithelial stem cells [61]. The function of 

epithelial goblet cells is to produce mucins, which are co-secreted with several crosslinking and 

stabilizing proteins to form the protective mucus layer, found throughout the gastrointestinal tract. 

This layer act as a physical barrier and protects the mucosal surface from dehydration, mechanical 

and enzymatic damage, as well as protection from pathogens. The mucus layer is comprised of water, 

ions, cytokines, molecules of the immune system, sloughed epithelial cells, and the carbohydrate-rich 

mucins [62]. Whereas the colon is covered by a stratified two-layered mucus system to handle the 

high numbers of microbes present here, the small intestinal epithelium is only cover by a single, loose 

layer of mucus, which allows better absorption of nutrients while still protecting the tissue and 
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organism [63]. Bile salts, phospholipids and free fatty acids can form mixed micelles, which can be 

used in the transport of lipophilic compounds across the mucus layer. The enterocytes are by far the 

most abundant cell type in the small intestine where they are solely responsible for nutrient 

absorption. Enterocytes also have a secretory role and a role in the innate immune signalling [64].  

The main function of the enteroendocrine cells is to synthesize over thirty identified hormones 

produced throughout the gastrointestinal tract. These cells comprise only a small minority, less than 

1%, of the entire gut epithelial cell population [65]. The enteroendocrine cells are further subdivided 

into specific cells, based on which hormone(s) they produce. Among these cell types are G cells 

(gastrin), P cells (ghrelin), D cells (somatostatin), enterochromaffin cells (serotonin), K cells 

(glucose-dependent insulinotropic polypeptide (GIP)), I cells (cholecystokinin (CCK)), and L cells 

(glucagon-like peptides (GLPs) and peptide YY (PYY)) [65]. These hormones are accumulated inside 

the cells in secretory granules until stimulation, where the content is secreted into the intestinal 

extracellular space by basolateral exocytosis. From the intestinal space, the hormones can act locally 

by activating neural pathways or nearby cells, or they can reach distant targets by entering the blood 

stream. The enteroendocrine cells can either be “open cells” with contact to the intestinal lumen 

through projection of apical microvilli, or “closed cells” that do not reach the intestinal lumen but are 

in need of signals from the surrounding cells to secrete their products [66]. In humans, K cells are 

found in the stomach and small intestine with a fairly constant distribution throughout the small 

intestine, whereas the L cells are primarily found in the distal part of the small intestine and the 

proximal part of the colon [67, 68]. I cells are prominent in the duodenum and jejunum but absent 

from the colon [69]. Furthermore, some GLP-1 producing cells that coproduce GIP are found 

primarily in the proximal small intestine, and GLP-1 cells that coproduce PYY are found in the distal 

small intestine and in the colon [69, 70]. 

 

2.3 Appetite 

2.3.1 Hormonal regulation of appetite 

Hunger is the state leading to initiation of an eating process and lasts until satiety signalling overtake 

the hunger signalling. The brain receives nutrient signals, neural signals, and hormonal signals in 

order to regulate the appetite. Both hunger and satiety are subject to strict hormonal regulation, where 

the hypothalamus acts as the main control centre for these hormones. The appetite-regulating 

hormones can be divided into those secreted in the nervous tissues and those secreted in the peripheral 
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tissue. The brain receives the information from the small intestine through neural signalling, 

transmitted via the vagus nerve, or through the circulation if the peptide is able to cross the blood-

brain-barrier [71]. The latter is mainly through the median eminence, an organ rich in fenestrated 

capillaries and with a location close to the arcuate nucleus, where the appetite regulation starts [72]. 

By enhancing the levels of satiety-inducing hormones or lowering the levels of hunger-inducing 

hormones in the brain, food intake will be reduced and over time, a weight loss may be achieved. 

Hunger and satiety signals can be divided into long-term hormonal signals regarding general health, 

and short-term central-neural and hormonal signals involved in initiation and termination of a meal.  

 

2.3.2 The melanocortin system 

The melanocortin system is a central nervous system, critical for the regulation body weight, appetite, 

and energy expenditure. The melanocortin system consists of the family of melanocortin receptors, 

the neurons expressing proopiomelanocortin (POMC), the melanocortins, and the neurons producing 

neuropeptide Y (NPY) and agouti-related protein (AgRP), which both function as endogenous, 

competitive antagonists of melanocortins. The melanocortins are a family of related peptide hormones 

derived from the POMC gene in POMC expressing neurons. From the POMC gene, the POMC 

prohormone is produced. This is further cleaved by prohormone convertase 1 and 2 to produce a range 

of biologically active peptides, including the melanocortins, involved in appetite-regulation, named 

α-melanocyte stimulating hormone (α-MSH), β-MSH and adrenocorticotropic hormone (ACTH) [73, 

74]. In the hypothalamus, α-MSH and β-MSH activate the melanocortin 4 receptor (MC4R), and to 

a lesser extent MC3R. It is the activation of the MCRs, which results in satiation and suppression of 

food intake. Of the MCRs involved in appetite, AgRP is an antagonist for both MC3R and MC4R, 

while agouti only works as an antagonist for MC4R [75]. In 6 % of severe early-onset obesity cases 

in humans, the MC4R seems to be implicated [76].  

The two orexigenic neuropeptides are NPY and AgRP. AgRP is a 112-amino acid molecule which 

actions primarily involves antagonistic binding to MC3R and MC4R to modulate energy homeostasis 

[77]. NPY is a 36-amino acid polypeptide, and it is one of the most abundant peptide transmitters in 

the brain. NPY is released primarily from hypothalamic neurons [78-80]. NPY is a potent orexigen 

signalling through seven receptors designated Y1-Y7, where the NPY Y1 and Y5 are those expressed 

in the hypothalamus and involved in appetite regulation [81]. Continuous intracerebroventricular 

infusions of NPY had resulted in sustained hyperphagia and development of obesity in rats [82]. The 
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neurotransmitter γ-aminobutyric acid (GABA) is also involved in appetite regulation. In the 

hypothalamus, GABA is co-released by NPY/AgRP neurons. NPY/AgRP neurons directly inhibit 

POMC/cocaine- and amphetamine-regulated transcript (CART) neurons through presynaptic 

GABAergic inputs onto the POMC/CART neurons, thus inhibiting satiety responses [83].  

 

Figure 1: Hormonal regulation of appetite in the hypothalamus. Dotted lines represent inhibitory effects. Solid lines 

represent stimulatory effects. PP: Pancreatic polypeptide; GLP-1: glucagon-like peptide-1; OXM: oxyntomodulin; CCK: 

cholecystokinin; GIP: glucose-dependent insulinotropic polypeptide; NPY: Neuropeptide Y; AgRP: Agouti-related 

protein: POMC: Proopiomelanocortin; CART: Cocaine- and amphetamine-regulated transcript; ARC: arcuate nucleus; 

Y1R: Y1 receptor; Y5R: Y5 receptor; α-MSH: α-melanocyte stimulating hormone; MC3R: melanocortin 3 receptor; 

MC4R: melanocortin 4 receptor. Modified from [84]. 

 

The POMC/CART and NPY/AgRP neurons projects to second-order neurons, and the second-order 

neurons process the information further, and project to multiple extrahypothalamic areas were 

appetite is regulated through activation or inactivation of MC3/4R to promote or inhibit satiation and 

satiety [85]. Short-term appetite-regulating signals, including those from glucagon-like peptide-1, 

peptide YY, and cholecystokinin, are conveyed here through nutrient stimulation of the vagal afferent 

nerves via specific receptors expressed on the vagal nerves in proximity to the gastrointestinal tract 

[86, 87]. Many short-term gastrointestinal satiety hormones are also expressed in brain areas such as 
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the hypothalamus, where they acts as neurotransmitters or modulators of appetite regulation [88]. The 

pathways in which hormones regulate energy homeostasis are summarized in Figure 1. 

2.3.3 Glucagon-like peptide-1 

Glucagon-like peptide-1 (GLP-1) is a peptide hormone produced after processing of the proglucagon, 

which is expressed in several tissues including specific neurons in the brain stem and hypothalamus, 

in pancreatic α-cells, and in intestinal L-cells. The end product is depending on tissue-specific 

posttranslational processing by either prohormone convertase (PC)-1/3 or PC-2 [89]. When 

proglucagon is processed by PC-1/3, the product is GLP-1, whereas the main product of PC-2 

cleavage is glucagon. Differential post-translational cleavages of the precursor gives rise to different 

GLP-1 isoforms, of which two are biologically active. These two are the amidated GLP-1 (7-36) 

amide and the glycine-extended GLP-1 (7-37) [90], with the amidated form being predominant in 

humans [91]. The enteroendocrine L-cells are open-type epithelial cells, located throughout the small 

and large intestines with the highest density in humans in distal ileum and colon [67]. The localization 

places the cells in close proximity to neurons and the microvasculature of the intestine, and 

consequently the L-cells can be affected by both neural and hormonal signals (Figure 2) [92]. The 

distribution patterns of GLP-1 secreting L-cells differ between the different species. In rats, the levels 

are very high in distal ileum and proximal colon, intermediate in proximal jejunum, caecum, and 

distal colon and low in duodenum, whereas the levels in pigs are similar in distal ileum, caecum, 

proximal and distal colon, but GLP-1 secreting L-cells not present at all in duodenum or jejunum 

[93]. 

Fifteen to twenty minutes following ingestion of a meal, a rapid rise in circulation GLP-1 is observed, 

and after 90 to 120 minutes, a second minor peak occurs [94]. As the L-cells in humans are mainly 

located in the distal parts of the small intestines and in the large intestines, the initial GLP-1 secretion 

is considered to be mediated indirectly through a neuronal pathway. In humans, the postprandial GLP-

1 levels are five to ten fold higher than the baseline levels [95-97]. The actual levels range from 1-10 

pM in fasting individuals to postprandial levels of 20-50 pM [98]. Glucose, lipids, and fatty acids are 

some of the nutrients known to stimulate GLP-1 secretion in humans [99]. After secretion, GLP-1 is 

rapidly inactivated by two peptidases. These are dipeptidyl peptidase-IV (DDP-IV), an enzyme found 

on many cell surfaces and as a soluble form in plasma, and the abundantly present neutral 

endopeptidase 24.11 (NEP-24.11) [100-102]. As a result, the apparent half-life of intact GLP-1 in 

plasma is only one to two minutes [103]. Studies have shown that up to 75% of the intestinally 
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secreted GLP-1 will be inactivated by DPP-IV before it reaches the circulation, and of the remaining, 

only 50% will still be active when it leaves the liver [98].   

 

Figure 2: The release of glucagon-like peptide-1 (GLP-1) from intestinal L-cells is stimulated by various food components 

from the luminal side of the L-cell. GLP-1 can enter the circulation or activate GLP-1 receptors on afferent nerve ends of 

the vagus nerve, in order to reach the appetite-regulating areas of the brain. LCFA: long-chain fatty acids; SCFA: short-

chain fatty acids. Modified from [104]. 

Following GLP-1 secretion from the enteroendocrine L-cells, the GLP-1 that enters the circulation 

will be passively transported to several target organs where it is to exert its physiological effect. These 

effects include pancreatic effects on insulin secretion (incretin effect) and β-cell proliferation and 

survival [105], effects on gastric emptying and acid production [106, 107], effects on glucose uptake 

and storage in skeletal muscles [108], hepatic effects on gluconeogenesis [108], and cardioprotective 

effects [109]. GLP-1 is also a well-known appetite regulator [7]. Gut derived GLP-1 is known to 

affect the brain by direct routes, by accessing the brain through areas with permeable blood-brain-

barrier [110], and by indirect routes through activation of termination ends of the vagus nerve, which 

generate a signal, first to the brain stem and then to the hypothalamus, which in response releases 



22 

 

GLP-1 [87]. Subsequent, GLP-1 binds GLP-1 receptors (GLP-1Rs) located on POMC/CART neurons 

and NPY/AgRP neurons in the hypothalamus, which leads to an activation of anorexigenic stimuli 

and inhibition of orexigenic, respectively [111]. As a result, satiety will be induced. 

Binding of GLP-1 to the GLP-1R triggers a conformational change of the receptor, leading to 

activation and dissociation of an associated Gs protein, followed by increase of secondary messengers. 

In vitro studies has identified amino acid residues important for receptor binding and activation, or 

for receptor binding without activation, and on that basis it is hypothesized that the N-terminal region 

of GLP-1 is more critical for receptor activation [112, 113].  

2.3.3.1 GLP-1 inactivation and degradation 

With a half-life of only one to two minutes, it is obvious GLP-1-degrading enzymes are abundantly 

present in the circulation and tissues in proximity to GLP-1. The two enzymes involved in the 

proteolytic inactivation and degradation of the active GLP-1 are DPP-IV and NEP-24.11.  

DPP-IV is an endopeptidase of the serine class, and it is present at endothelial cells throughout the 

entire vascular bed and in a soluble form in plasma [101]. DPP-IV exerts its effect by cleaving a 

dipeptide from the N-terminus of the mature peptide after an H2N-Xaa-Ala/Pro motif, where Xaa can 

be any amino acid, thus many peptides are substrates for DPP-IV [114]. Removal of the N-terminal 

dipeptide from the active GLP-1 results in a complete loss of activity with a 1000-fold decrease in 

binding affinity towards the GLP-1R, and the removal of further amino acids do not reinstate the 

activity [112]. 

 

Figure 3: The amino acid sequence of GLP-1 (7-36) amide, showing cleavage sites of dipeptidyl peptidase-IV (DDP-IV) 

and neutral endopeptidase 24.11 (NEP-24.11). From [115]. 

NEP-24.11 is another enzyme involved in in vivo the degradation of a broad range of peptides, 

including active, as well as metabolites of GLP-1. NEP-24.11 is a 94 kDA zinc metallopeptidase with 

a broad selectivity, able to cleave various short linear or cyclic peptides [116]. NEP-24.11 is widely 

distributed throughout the body, with highest concentration on neutrophils, in brain tissue, in lung 

tissue, and in the kidneys in particular, where its actions are proposed necessary for clearance of 
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peptides and peptide hormones [117]. Whereas DPP-IV only have one cleavage site within the GLP-

1 peptide, eight sites have been identified for NEP-24.11, of which six are at residues important for 

activation and/or binding to the receptor [118]. 

As only approximately 10-15% of the secreted GLP-1 still exhibit activity after leaving the liver, 

DPP-IV can be perceived as the main participant in GLP-1 inactivation [98]. That being said, in vivo 

studies in pigs have suggested that up to 50% of GLP-1 entering the circulation may be degraded by 

NEP-24.11, making NEP-24.11 a substantial modulator of the physiological effects of GLP-1 [102]. 

2.3.4 Peptide YY 

Peptide YY (PYY) is an intestinal peptide hormone, with an intact length of 36 amino acids. The 

peptide contains tyrosine residues at both termini, also indicated in the name where Y is the one letter 

code for tyrosine. PYY was first isolated in 1980 by Tatemoto et al. from porcine upper intestinal 

tissue [119]. PYY has shown strong structural homology to neuropeptide Y (NPY) and pancreatic 

polypeptide (PP), and consequently the three hormones are often grouped together as the NPY family 

of biologically active peptides.  

The main site for PYY production is the intestines where it is synthesized and released from 

specialized enteroendocrine L-cells, but is also produced in other tissues associated with the digestion 

of food, such as the pancreatic islets of Langerhans [120], the oral cavity [121], and certain brain 

areas [122]. In the intestinal L-cells, PYY is stored in intracellular storage vesicles. As for satiety-

inducing hormones, the majority of these storage organelles contains only PYY but in approximately 

20%, a colocalization of PYY and GLP-1 is observed [123]. In humans, PYY secreting L-cells are 

present throughout the gastrointestinal tract, with a clear tendency of concentrations to be increasing 

distally, demonstrated by a very low concentration of PYY in duodenum and jejunum (<10 pmol/g), 

higher concentrations in distal ileum (80-90 pmol/g), and highest concentrations in colon and rectum 

(80-480 pmol/g) [124]. Rats have very low levels of PYY secreting cells in duodenum and proximal 

jejunum, highest levels in the distal ileum, and intermediate levels in caecum, proximal and distal 

colon, whereas pigs have comparable levels in duodenum, proximal jejunum, distal ileum, and distal 

colon, but low levels in caecum and proximal colon [93]. For rats, these PYY distribution patterns 

resembles those of GLP-1 but for pigs, the patterns differ greatly between PYY and GLP-1, even 

though both hormones are secreted from the same type of cells.  

It is well established that certain macronutrients stimulate the secretion of PYY. In general, diets high 

in protein or fat seems to induce a greater postprandial PYY secretion than diets high in carbohydrates 
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[125]. PYY has been characterized as having a 24-hour diurnal rhythm driven by meal, and with 

meal-related factors, such as timing and energy load to be of importance [126]. In lean, healthy 

women the fasting PYY levels are 60-80 pg/mL, and the levels will rise to a postprandial maximum 

peak 40-60 min after intake of meal, followed by a minor peak in PYY concentrations 100-120 min 

after meal intake [126]. The postprandial PYY concentrations will depend on energy load and 

composition. PYY is secreted as intact PYY1-36 but within minutes after secretion, DPP-4 cleaves an 

N-terminal dipeptide from the mature PYY1-36 to produce PYY3-36, which is the active form of PYY. 

PYY is able to cross the brain  blood barrier to mediate its effect here [127].  

Like GLP-1, PYY has anorexigenic properties, through binding to specific PYY receptors in the 

hypothalamus [128]. While the mature PYY1-36 has affinity towards all four human Y receptors, the 

PYY3-36 only has high affinity towards the Y2 receptor [129]. This receptor is present on the NPY 

neurons in appetite-regulating areas of the hypothalamus, and it has been hypothesized that PYY 

inhibits food intake by activation of this auto-inhibitory presynaptic receptor [130]. The satiety 

inducing mechanisms of PYY is postulated to involve activation of the anorexigenic POMC neurons 

of the hypothalamic arcuate nucleus and inhibition of orexigenic NPY neurons [131]. Specific PYY 

receptors have also been found outside the brain. PYY receptors are found in the spleen and on 

vascular smooth muscles of the blood vessels where they enable PYY to act as a systemic 

vasoconstrictor [132, 133]. The receptor is also found in distinct gastrointestinal tissue such as in the 

mucosa and in chief cells, where binding of PYY is believed to be involved in some of the 

postprandial gastrointestinal functions of PYY [134, 135]. These include inhibition of intestinal 

motility and slowing of gastric emptying [136], and inhibition of gastric acid secretion and lowering 

of pancreatic exocrine secretion [137, 138], although these effects are also believed to be exhibited 

by modulating the vagal tone through binding of PYY to PYY receptors in the brain [139]. 

2.3.5 Cholecystokinin  

CCK is a peptide hormone involved in several physiological processes such as digestion of fat and 

protein, induction of anxiety, and mediation of satiety. The hormone was first discovered in 1928 by 

Ivy and Oldberg as an intestinal substance able to cause gallbladder contractions in response to fat 

ingestion [140].  CCK is secreted from enteroendocrine I-cells, which in humans are found in greatest 

abundancy in the proximal small intestine and is less abundance in the distal part [141]. CCK is also 

expressed in neurons throughout the brain, with highest concentrations found in the cerebral cortex, 

an area also involved in satiety [142].  
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Similar to GLP-1, CCK is released in response to luminal nutrients. Circulating CCK levels are 

changing in response to food intake. For most species, the CCK levels will increase over 10-30 min 

after eating, from fasting levels of approximately 1 pM to a maximum level of approximately 5-8 

pM, before the concentration falls again, until the fasting level is reach after 3-5 hours [143]. Greater 

CCK concentrations are seen when lipids or proteins stimulate the I-cells, compared to carbohydrates, 

although carbohydrates still stimulate the release [144, 145]. Fatty acids are also able to stimulate 

CCK secretion, with long-chain fatty acids resulting in higher plasma CCK concentrations than short-

chain fatty acids [146]. A chain length of eleven or more carbon atoms is required for fatty acid 

stimulation [147]. 

Two subtypes of the CCK receptor exist, CCK type A receptor (CCKAR) and CCKBR. They are 

48% homologous in sequence [148] but exhibit different affinity towards the different CCK isoforms 

and CCK related peptides [149]. The receptor involved in food intake and satiety is CCKAR [150]. 

Circulating CCK is found in several forms, all derived from the CCK gene before undergoing 

posttranslational or extracellular processing. The individual forms are identified by the number of 

amino acids they contain, with most active forms having a C-terminal octapeptide in common [151]. 

For humans, CCK-58 is the predominant form in the circulation and in the intestines [152], while the 

CCK-8 and the CCK-4 are the most abundant in the brain and responsible for the satiety mediating 

effects. CCK-8 has been shown to reduce meal size in both humans and animals [153-155], and 

animals administered a CCK receptor antagonist in conjunction with a meal have been reported to eat 

larger-than-normal meals [156], which underlies the physiological relevance of CCK in the appetite 

regulation. 

It is not completely clear how CCK reduces food intake. Part of the effect is thought to be mediated 

through reduced gastric emptying [157]. In the brain, activation of the CCKAR supresses the 

expression of the orexigenic melanin-concentrating hormone (MCH) and its receptor, increases the 

expression of the anoretic neurotransmitter CART, and increases Y2R, a receptor for the anoretic 

hormone PYY3-36 [158-160]. This neural activation of CCKAR has to be mediated by locally 

synthesized CCK as CCK-8 itself is not able to cross the blood-brain-barrier [161]. Intestinal secreted 

CCK is able to bind to CCKARs on the peripheral terminal ends of the vagal afferent neurons, which 

are found in the mucosal and muscle layers of the gastrointestinal wall, thus in close apposition to the 

basolateral membrane of the enteroendocrine cells secreting CCK [162]. CCK-8 has also been shown 

to mediate increased permeability of the blood-brain-barrier, thus modulates the accessibility of e.g. 
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insulin, GLP-1 and leptin, another satiety-inducing hormone, to the hypothalamus, thus contributing 

to the overall induction of satiety [163].  

2.3.6 Other hormones involved in appetite regulation 

Ghrelin is a 28-amino acid peptide hormone produced mainly in the ghrelinergic cells of the stomach, 

although studies on gastrectomized patients suggest that up to 35% of the circulating ghrelin in 

produced in the small and large intestines [164, 165]. Ghrelin is the only known circulating orexigen, 

and plasma levels of ghrelin correlates with food intake with the highest levels shortly before 

mealtime and lowest after a meal [166]. The orexigenic activity of ghrelin is through activation of the 

NPY/AgRP neurons in the hypothalamus and in areas of the brain stem centre by binding to specific 

ghrelin receptors [167, 168]. Ghrelin also inhibits the anorectic signals from POMC/CART neurons 

[169]. In addition to its orexigenic activity, ghrelin is also involved in maintaining glucose 

homeostasis during starvation [170], it has beneficial effect on inflammation and oxidative stress of 

the heart [171], it regulates bone formation and increase bone mass [172], and it is expected to be 

involved in the proliferative properties in cancerogenesis [173].  

Leptin is an anorectic hormone secreted from the adipocytes in the white adipose tissue. The plasma 

concentration of leptin correlates with the mass of adipose tissue, thus leptin levels increase in obesity 

and decrease after weight loss, although the regulatory effect on appetite not necessarily follows, as 

leptin resistance is often observed in obese individuals [174]. The secretion of leptin is regulated by 

other hormones like insulin, corticosteroids, and leptin itself [175]. After leptin enters the 

hypothalamus, an activation of POMC/CART neurons and inhibition of NPY/AgRP neuron activity 

occurs through binding to specific leptin receptors on the cell surface [176, 177].  

Pancreatic polypeptide (PP) is a 36-amino acid peptide hormone secreted from the PP cells of the 

islets of Langerhans in pancreas in response to food ingestion. The mechanism by which pancreatic 

polypeptide induces satiety has been suggested to involve the neuropeptide Y4 receptor, which has 

specificity for pancreatic polypeptide with high affinity  [178]. The Y4 receptor is expressed in brain 

areas involved in appetite regulation. Vagal signalling from the gut to the brain appears to be 

necessary for this appetite-regulating effect [179]. Upon binding of PP to the Y4 receptor on 

POMC/CART neurons in the hypothalamus, synthesis of the anorectic peptides will increase, while 

there seems to be no effect on NPY/AgRP levels [180]. Other effects of pancreatic polypeptide 

includes inhibition of gastrointestinal motility and delay in postprandial rise in insulin [181]. 
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Oxyntomodulin arise from posttranslational processing of proglucagon in the intestinal L-cells and 

secreted in response to ingested food [182]. Oxyntomodulin activates the GLP-1 receptors on 

POMC/CART and NPY/AgRP neurons but with a lower affinity than GLP-1, and the effect on 

lowering food intake can be eliminated when administration of GLP-1 receptor antagonists together 

with oxyntomodulin, indicating the physiological role of oxyntomodulin in appetite regulation to be 

minor [183].  

Insulin is secreted from the β-cells of the islet of Langerhans in pancreas, and it is the main regulatory 

hormone in glucose metabolism, although it also has many other functions. Insulin is able to cross 

the blood-brain barrier, and bind to insulin receptors expressed on both the POMC/CART neurons 

and the NPY/AgRP neurons in the arcuate nucleus, leading to an activation of anorectic and an 

inhibition of orexigenic signal pathways, respectively [184-186]. In the white adipose tissue, insulin 

also stimulate the synthesis and secretion of leptin, thus indirect regulate appetite through leptin [187]. 

Glucose-dependent insulinotropic polypeptide (GIP) is a peptide hormone secreted from intestinal K 

cells in response to luminal nutrients [188]. GIP exert many of the same functions as GLP-1, such as 

beneficial in memory function and insulinotropic activities on pancreas, but GIP also induce fat 

accumulation and bone formation [189]. GIP is also involved in regulation of appetite and satiety 

partly through its role as a negative regulator of NPY but also indirectly by increased levels of insulin 

[190]. 

 

2.4 Bioactive compounds 

A bioactive compound can be defined as any eatable compound with an effect on the organism eating 

it. The term polyphenols covers a large variety of specialized metabolites, all with the structural 

characteristics of multiple phenol groups. Many polyphenols are associated with beneficial bioactive 

effect. In general, they are water-soluble compounds with a molecular weight of 500-4000 Da, and 

with more than twelve phenolic hydroxyl groups. Polyphenols can be divided into four groups; 

flavonoids, stilbenes, lignans, and phenolic acids, which can be further subdivided [191]. 

Consumption of polyphenols has been shown effective on various medical conditions, including 

obesity, metabolic syndrome, and type 2 diabetes. 
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2.4.1 Rosemary extract 

Rosemary (Rosmarinus officinalis L.) is an evergreen plant, indigenous to South America and the 

Mediterranean region, and with a high content of polyphenols. Due to its aromatic leaves, it is widely 

used as food seasoning. Rosemary has traditionally been used in the treatment of several diseases 

including diabetes, and modern science has validated the positive effect of rosemary consumption in 

relation to e.g. obesity, metabolic syndrome, and type 2 diabetes [192, 193]. In traditional treatment 

with rosemary, it is often the raw leaves, fresh or dried, that has been used, while extracts of rosemary 

is often used today.  

Extracts from rosemary are known to inhibit DPP-IV activity, which may contribute to the satiety 

effects of rosemary [194]. As DPP-IV activity is inhibited, the active proportion of GLP-1 is 

enhanced, which may cause an increase in satiety. In contrast, as PYY is activated by DDP-IV, the 

satiety-inducing effects of PYY may be decreased by rosemary extracts. 

A study from 2010 [195] showed that mice fed a diet containing rosemary experienced a significant 

reduction in body weight, inhibition of fat mass gain, lower levels of triglyceride in the liver, and a 

higher faecal fat excretion. They suggested the effects on body weight could be explained, at least 

partially, by inhibition of pancreatic lipase activity. The lipase involvement was supported by a study 

from 2012 [196], where rosemary extract was shown to inhibit the gastric lipase activity in rats, and 

a study from 2010 [197], where in vitro assays showed an inhibition of hormone sensitive lipase and 

pancreatic lipase activities. 

Another study from 2015 [198] in leptin-deficient mice, showed that intake of carnosic acid, a 

phenolic diterpene found in abundancy in rosemary, resulted in reduced hepatic lipid accumulation 

and lower food intake. They suggested these results were related to a decrease in hepatic lipogenesis 

gene expression and to inhibition of the regulator of calcineurin 2-3 gene, a gene involved in food 

intake, respectively. 

2.4.2 Kale extract 

Curly kale (Brassica oleracea var. Acephala) is a dark green vegetable, characterized by curly leaves 

along the stem. It is a vegetable known for its high content of calcium, glucosinolates, polyphenols, 

and vitamins, especially vitamin A, C, K, and folate. Glucosinolate are sulfocontaining compounds, 

which are bioactive after enzymatically hydrolysis by an enzyme inside the plant. The polyphenols 

in kale are mainly kaempferol and quercetin from the flavonoid subclass [199]. Kaempferol has been 

demonstrated to inhibit adipogenesis and inhibit pancreatic lipase activity [200, 201]. A study from 
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2012 with 32 male subjects suffering from hypercholesterolemia, found that a daily supplement of 

167 g fresh kale in juice form for twelve weeks, significantly increased HDL-cholesterol, lowered 

LDL-cholesterol, and improved the overall serum lipid profile [202].  

2.4.3 Green tea extract and EGCG 

Green tea is produced by harvesting the fresh leaves of the camellia sinensis plant, followed by 

immediately steaming in order to prevent fermentation. During the processing, the natural occurring 

polyphenols in the green tea will be preserved. Approximately 30% of the dry weight green tea is 

constituted by phenolic compounds, which is about six times more than in black tea [203]. Extracts 

from green tea can vary in the proportion of polyphenols, but typically they contribute to minimum 

45% of the total weight. The main group of polyphenols in green tea is flavonols, in specific 

catechines, which are found in four different forms: epicatechin, epigallocatechin, epicatechin-3-

gallate, and epigallocatechin-3-gallate (EGCG) [204]. EGCG represents about 59% of the total 

catechins in green tea [205]. Beneficial effects of green tea extract and EGCG have been linked to 

various diseases and conditions, including obesity and type 2 diabetes. Data from a human study with 

overweight men indicated that EGCG alone has the potential to increase fat oxidation and thereby 

contribute to the anti-obesity effect [206]. From another double-blinded, randomized, placebo 

controlled human trial with type 2 diabetes patients, it was concluded that sixteen weeks of green tea 

extract consumption leads to a significant decrease in triglycerides and increase in HDL-cholesterol, 

an increase in fasting GLP-1 levels and improvement of insulin resistance [207]. An in vitro study 

has found EGCG able to stimulate GLP-1, CCK, and PYY secretion, suggesting a role for EGCG in 

appetite regulation and control of energy balance [208]. 

2.4.4 Hesperetin and hesperidin 

Hesperetin and hesperidin are flavonoids found in a number of citrus juices. Hesperetin is the 

aglycone form of hesperidin. In vitro studies have demonstrated that hesperetin but not hesperidin is 

able to stimulate CCK secretion [209]. A daily intake of a combination of hesperidin and caffeine for 

twelve weeks has shown to result in reduction in abdominal fat, body weight, and BMI in obese 

subjects [210]. In patients with hypertriglyceridemia, daily administration of hesperidin over 24 

weeks resulted in a markedly reduction in plasma LDL-cholesterol and VLDL-cholesterol and in 

certain apolipoprotein, resulting in lowering of serum triglyceride levels [211].   
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2.4.5 N-OEA 

N-OEA is an endogenously occurring monounsaturated fatty acid found in various tissues, including 

the intestinal tract, where it is synthesized from membrane phospholipids. In the intestines, N-OEA 

levels will increase during feeding. In rats, administration of N-OEA causes a decrease in feed intake, 

likely through activation of brain structures involved in satiety [212], and in vitro studies have 

demonstrated that N-OEA is able to stimulate GLP-1 secretion in numerous L-cell models [213]. 

Moreover, monounsaturated fatty acids have shown ability to stimulate CCK secretion in vitro [9].  

2.4.6 Acetylated monoglyceride 

Acetylated monoglyceride is a structure in which acetic acid is coupled to monoclycerides. It is 

produced by either interesterification of edible fats or by acetylation of edible monoglycerides. It has 

a stable crystalline structure, which help emulsifying foaming fats and oils, why it is used as 

emulsifiers in the food industry to prevent separation and extend shelf life. Monoglycerides have been 

found to activate the G protein-coupled receptor 119, which can subsequently induce GLP-1 secretion 

[214].  

2.4.7 Palmitic acid and stearic acid 

Palmitic and stearic acids are saturated fatty acids with a carbon chain of 16 and 18 carbon atoms, 

respectively. Palmitic acid is a major component of palm oil but is also found in meat and dairy 

products, and it is the most common saturated fatty acid found in the human body. Stearic acid is the 

second most common after palmitic acid, and fats as cocoa butter and shea butter are high in stearic 

acid, additionally are animal fats. Long-chain fatty acids, a group of fatty acids which also palmitic 

and stearic acid belongs to, have shown ability to stimulate the CCK secretion when perfused 

intraduodenal in healthy male subjects [146]. 

2.4.8 Whey protein 

The composition of bovine milk varies depending on breed, environmental conditions, lactation stage 

and nutrient status, but on average, consist of 87% water, 4-5% lactose, 3-4% fat, 3% protein, 0.8% 

minerals, and 0.1% vitamins [215]. The milk proteins can be divided into insoluble casein proteins 

and soluble whey proteins. Whey proteins are defined as a group of milk proteins that remains soluble 

in milk serum after precipitation of casein, with the major components in these fractions of bovine 

milk being β-lactoglobulin, α-lactalbumin, bovine serum albumin, and immunoglobulins [216, 217]. 

Whey proteins represent approximately 20% of the total protein content in bovine milk. Whey 

proteins are able to stimulate the secretion of GLP-1 and CCK in lean, healthy individuals [218]. 
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Whey has also been shown to increase the postprandial levels of insulin, GIP, and GLP-1 [219]. In 

diabetic patients, a significant reduction in postprandial blood glucose, as well as an increase in 

insulin and GIP levels, has been observed after whey consumption [220]. 

2.4.9 Soy protein 

The soybean is a cholesterol free legume low in saturated fat, which contains all the essential amino 

acids necessary for human nutrition [221]. Soy protein refers to the protein fraction of the soybean, 

which forms up to 50% of the total legume [222]. Storage proteins, which function as biological 

reserves of metal ions and amino acids, are the predominant protein type found in soybeans [223]. It 

is well established that soy proteins have beneficial effects on human health related to obesity. A 60 

day study with 24 obese subjects on a diet high in soy protein showed decrease in body weight, as 

well as reduction in total cholesterol, VLDL- and LDL-cholesterol and in triglycerides [224]. Another 

study, conducted over twelve weeks, with 100 obese subjects on a soy-based diet found similar results 

regarding weight loss, reduction in body fat mass, and total and LDL-cholesterol [225]. In contrast,  

a trial (16 weeks) with obese women on a low-energy diet with soybean as protein source found that 

soybean decreased body weight and reduced plasma lipids and leptin levels, although this did not 

differ significantly from a similar diet where soy was replaced by lean meat, suggesting that the result 

was not protein specific [226]. Despite that, the mechanisms of action that lead to these effects are 

not completely clear. It has been proposed that soy protein reduces intestinal cholesterol absorption 

and increase faecal bile acid excretion, thus reducing hepatic cholesterol content and increase the 

removal of LDL [227]. Dietary soy protein has also been suggested to alter the cholesterol metabolism 

and LDL receptor activity in the liver [228]. Others have suggested that soy protein intake alters 

insulin and glucagon secretion profile and thereby affects the serum cholesterol [229]. 

 

2.5 Encapsulation systems and oral drug delivery 

When it comes to delivery of pharmaceuticals, oral administration has the advantage of being non-

invasive, pain free, and very convenient to handle for the patients. However, the effectiveness is often 

significantly reduced compared to other administration routes, due to chemical or enzymatic 

degradation as well as poor bioavailability of the pharmaceuticals in the intestine. This particularly 

applies to protein- and peptide-based drugs that are subject to excessive enzymatic degradation in the 

gastrointestinal tract [230]. As a result, research in encapsulation methods and targeted drug delivery 

has intensified in recent decades.  
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The early encapsulation systems were rather simple systems. Encapsulation systems consisting of a 

polymeric layer stable at the acidic pH found in the stomach, have gained ground in the use for oral 

administration, in order to overcome the degradation problem. In other systems, pH-responsive 

polymers have been constructed to break down when reaching the alkaline milieu of the small 

intestine. As a result, the intact drugs are accessible for absorption by the enterocytes. However, if 

not taking other precautions, the bioavailability is still poor using these simple systems and a 

controlled release is hampered by a pH range in this environment of 1-8 [231].  

Nanoparticles, or nanomedicines, are objects in the nanometer size range, produced to mimic or alter 

specific biological processes within the organism. Typically, the term nanoparticle refers to particles 

smaller than 200 nm in size. These nanoparticles are often constructs of interchangeable DNA parts, 

self-assembling polymeric structures, membranes, carbon tubes, or silicon chips for delivery of 

medicine, peptides or proteins, or for tissue engineering [232]. The major factors of importance for 

efficient delivery of compounds are solubility, stability, and intestinal permeability. Polymeric 

nanoparticles have received a lot of attention due to high levels of stability and ease of modifying the 

surface, through which the constructor is able to achieve accurate targeted delivery and controlled 

drug release [232, 233]. The membrane of these particles is often coated with a stabilizing material, 

which also acts as a drug release barrier. In general, the rate of drug release from a nanoparticle 

depends of several factors, including solubility and diffusion of the drug, and biodegradation of the 

particle. By coating the nanoparticles with hydrophilic polymers, the otherwise rapid in vivo 

opsonisation and clearance can be avoided [234]. Compared to more traditional and larger particles, 

nanoparticles have the advantage of a high surface-to-volume ratio, high surface energy, and unique 

thermal, magnetic, mechanical, and electrical properties, which make nanoparticles suitable for a 

wide range of medical applications [235]. Moreover, the size of the particles eases the uptake in 

epithelial cells and reduces the risk of embolism in the small capillaries.  

Targeted drug delivery is based on principles that allow a high concentration of the drug of interest 

in a restricted area of the body, while the overall concentration in the body remains low. By targeting 

the drug delivery, the effect of the drug will be more uniform, loss of efficacy before reaching the site 

of action will be reduced, as will fluctuations in drug concentrations and many side effects due to low 

systemic drug concentrations.  
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2.5.1 Delivering to the gastrointestinal tract 

For targeted drug delivery in the gastrointestinal tract the delivery system has to overcome certain 

difficulties. First, the wide range in pH, from a highly acidic environment in the stomach to a neutral 

environment in distal ileum and colon, and the high number of enzymes present throughout the tract, 

require specialized particles. Second, for a drug to reach the epithelial wall, the particle must penetrate 

the dense mucus layer with its highly glycosylated, negatively charged segments and hydrophobic 

domains, which binds hydrophobic particles with high affinity [236]. A lot of attention has been given 

targeting delivering in the intestinal tract in regards to medical treatment of e.g. inflammatory bowel 

diseases and nanoparticle-based delivery systems seem promising. 

Not only the pharmaceutical sector, but also the food industry have an interest in technologies of 

packing and delivery of compounds. Microencapsulation enable the food industry to incorporate 

bioactive compounds of interest into food products, leading to the production of specialized 

functional foods. By using the technologies of encapsulation, the incorporated bioactive ingredients 

can be delivered without affecting colour, smell or taste of the food product, in addition to improve 

survival and facilitate controlled delivery of the bioactives [237].  

Particles with good mucoadhesion and poor mucopenetration properties will have poor distribution 

throughout the gastrointestinal tract and fast elimination due to rapid mucus turnover [238]. In 

contrast, particles with good mucopenetration and poor mucoadhesion properties might never adhere 

to the mucus layer. Alginate particles has very good mucoadhesive properties, due to its 

characteristics on biocompatibility, biodegradation, and chemical versatility [239, 240]. As such, 

alginate particles have been of great interest in delivering system in the intestine. For engineering of 

mucopenetrating particles, the use of polyethylene glycol (PEG), a hydrophilic, non-ionic polyether 

compound, is often used. By coating the particles with PEG, the adhesion to mucin fibres is reduced, 

which enables particles to quickly diffuse down through the mucus layer [241]. By making a double-

encapsulation system, with an inner mucopenetrating particle and an outer mucoadhesive particle, an 

optimized system for delivery in the intestinal tract can be produced. 

3 Aims and hypothesis 
This PhD project was part of the Delivery of Intestinal Satiety-inducing Ingredients (DISI) project. 

The overall goal of the DISI project was to investigate if a reduction in energy intake can be induced 

by using targeted delivery systems containing an encapsulated satiety-inducing ingredient. 

Subsequently, this was supposed to lead to a successful fabrication of satiety-enhancing encapsulated 
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food ingredients for use in the food industry. To succeed, novel satiety-stimulating compounds had 

to be identified, an encapsulation system with the right properties for delivery in the gastrointestinal 

tract needed to be designed, and biological evaluation in animal models should be performed. This 

PhD thesis aimed at the identification of satiety-enhancing food ingredients and the biological 

evaluation of one of these ingredients. 

The research hypotheses were: 

1. The enteroendocrine STC-1 and HuTu-80 cell lines can be used as a screening tool for GLP-

1 stimulating ingredients (Paper I) 

2. Ingredients able to stimulate the GLP-1 release in vitro will also stimulate the release in vivo 

(Paper II and III) 

3. Ingestion of an encapsulated GLP-1-stimulating ingredient will cause a quantifiable increase 

in postprandial plasma GLP-1 (Paper II) 

4. Encapsulation of a GLP-1-stimulating ingredient will cause a higher GLP-1 response than the 

response for the same ingredient but not encapsulated (paper II) 

5.  Long-term intake of a GLP-1-stimulating ingredient will result in health beneficial changes 

on body weight and metabolic markers, in plasma and in the liver tissue (Paper III) 

 

4 Methods overview 

4.1 In vitro test of food ingredients 

The purpose of this study was to identify ingredients able to stimulate the secretion of GLP-1 and/or 

CCK. STC-1 and HuTu-80 cells were cultured in suspension and kept at 37ᵒC in a 5 % CO2 humidified 

atmosphere.  Medium was renewed every 2-3 days, and cells were subcultured when a confluency of 

80-90% was reached, using trypsin. The passage number was between 42 and 47 for STC-1 cells and 

between 7 and 14 for Hutu-80 cells when the secretion experiments were performed. Prior to these, 

all ingredients were tested for their influence on cell viability, in order to find maximum concentration 

of the food ingredients, not affecting cell viability. For the secretion studies, STC-1 cells and HuTu 

cells were seeded in 12 well plates and 48 well plates, respectively, and when complete confluence 

were reached, supernatants were removed, wells were washed and treatments were added. After two 

hours of incubation at 37ᵒC in a 5% CO2 humidified atmosphere, the supernatants were collected. The 

quantification of GLP-1 was performed using a commercially available multi species sandwich-based 

enzyme-linked immunosorbent assay (ELISA) kit, detecting total GLP-1. The quantification of CCK 
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was performed using a commercially available human/mouse/rat enzyme immunoassay (EIA) kit 

based on the competitive enzyme immunoassay principle, detecting all CCK isoforms.  

A total of 13 food ingredients were tested: 

 Polyphenols: Kale extract; Rosemary extract; Green tea extract; Epigallocatechin-3-gallate; 

Hesperidin; Hesperetin 

 Lipids: Acetylated monoglyceride; Stearic acid; Palmitic acid; N-Oleoylethanolamine 

 Proteins: Hydrolysed soy protein; Fractionated soy protein hydrolysate; Hydrolysed whey 

protein 

 

4.2 In vivo stimulation of hormone secretion in pigs fed rosemary extract 

The purpose of this study was to investigate the acute changes in satiety hormone concentration in 

response to a meal mixed with either encapsulated or non-encapsulated rosemary extract. A total of 

21 female pigs (Duroc x Yorkshire x Landrace) with an initial body weight of 28.4 kg (±0.32 SEM) 

were surgically equipped with jugular catheters for repeated blood sampling. Prior to the experiments, 

the pigs were fasted overnight. On experimental days, fasting blood samples were collected before 

the pigs were fed a solid meal consisting of 250 g standard feed, supplemented with 350 g of water 

and one of the following: (A) no supplement; (B) 2.00 g of non-encapsulated rosemary extract (RE); 

(C) 1.25 g of encapsulated RE; or (D) 2.50 g of encapsulated RE. Empty particles were added to 

treatment A, B, and C in order to standardise for the level of alginate. Then, blood samples were 

collected at 10, 20, 30, 45, 60, 90, 120, 180, and 240 min after initiation of feeding. The study was 

carried out as a crossover trial, and each animal received between two and four treatments with a 

washout period of minimum 48 hour in between. Blood samples were analysed for total GLP-1, total 

PYY, total GIP, insulin, and glucose.  

 

4.3 Long-term effects of rosemary extract supplements in rats  

The purpose of the study was to investigate the long-term effects of RE in rats. A total of 64 male 

Sprague Dawley rats with an initial body weight of 71.34 g (±0.46 SEM) were housed in pairs with 

ad libitum access to water and chow. During the experimental period of 46 days, the rats received one 

of four diets: (A) standard rodent chow (11 % fat, 65 % carbohydrates, 24 % protein); (B) Western 

style diet (WD; 40 % fat, 43 % carbohydrates, 17 % protein); (C) WD supplemented with 1 g RE/kg 

feed; (D) WD supplemented with 4 g RE/kg feed. All rats were weighed and 24-hour feed intake 



36 

 

measured twice weekly. At the end of the experiment, rats were euthanized after six hours of food 

deprivation. One rat per cage was kept intact for whole body fat percentage analysis, and one was 

used for blood and tissue harvesting. Blood samples were collected for analyses of fasting GLP-1, 

plasma metabolic markers, and metabolomics. Liver tissues were collected for analysis of liver fat 

percentage, NMR-based metabolomics, and proteomics. Tissue samples from upper, mid, and lower 

parts of the small intestine were collected for gene expression analyses. Caecel digesta were collected 

for metabolomics and analyses of short-chain fatty acid concentration. 

 

5 Methodological considerations 

5.1 In vitro versus in vivo studies 

The terms in vitro and in vivo refers to studies conducted in either a controlled environment outside 

the living organism (in vitro) or in an entire living organism (in vivo). Both are presented with 

advantages and disadvantages. In vitro experiments are excellent for studying an isolated effect of a 

given stimulus but when interpreting the results, one has to keep in mind, that the cells are studied in 

absence of local environment and the interplay that occur within the organism as a whole. 

Nevertheless, cell assays are more than useful tools when the aim is, as it is for us (Paper I), to screen 

several potential ingredients for a specific effect on GLP-1 secretion. In vivo experiments have the 

advantage of studying the organism as a whole, which gives a more reliable image of a given effect 

in the living organism. The disadvantages of in vivo studies is that an isolated effect can be difficult 

to show due to the internal regulation. Moreover, the variation in an in vivo study might be 

considerable larger than in an in vitro study, due to a high number of internal and external factors, 

which it can be difficult to standardize for.   

 

5.2 Choice of cell lines 

To study the secretion of GLP-1 and CCK, a number of cell lines are available, including the human 

cancer cell line NCI-H716 and HuTu-80, the murine cancer cell lines GLUTag and STC-1, or the 

murine models FRIC and AMIC, which are primary cells derived from normal intestine with 

heterogeneous populations of intestinal cells. For our experiments, we used the STC-1 and HuTu-80 

cells. The STC-1 cell line is a cell line originated from tumours of the duodenum part of the intestines 

of a transfected mouse. This cell line has been shown to be heterogenous, with most subpopulations 

demonstrating immunoreactivity to CCK [242], why the cell line was first used as a model for 
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enteroendocrine I-cells. Later, this cell line has also been shown to secrete GLP-1 [243] after 

stimulation with dietary compounds, as well as several other gut hormones involved in metabolism, 

feeding and satiety, including glucose-dependent insulinotropic polypeptide, pancreatic polypeptide, 

neurotensin, glucagon-like peptide-2, glicentin, somatostatin, vasoactive intestinal polypeptide, 

oxyntomodulin, and peptide-YY (PYY) [244, 245]. The HuTu-80 cell line originates from a human 

duodenal adenocarcinoma of a 53-year-old Caucasian male. This cell line has been shown to secrete 

GLP-1, CCK, and PYY upon nutrient stimulation [246-248]. The STC-1 and HuTu-80 cell lines were 

chosen for our in vitro studies (Paper I), as they are able to secrete our two hormones of interest, 

GLP-1 and CCK. As the primary cells comprises heterogeneous populations of intestinal cells, they 

also ought to secrete both hormones but since the enteroendocrine cells are not isolated in these cells, 

it may result in very low, possibly undetectable, hormone concentrations. As cancerous cell lines, the 

STC-1 and HuTu-80 cell lines have the advantages of being easy to handle, cost effective, and 

providing an unlimited supply of material. However, cancerous cell lines may lose previous observed 

properties over time [249].  

 

5.3 Selection of test ingredients 

For the screening of ingredients able to stimulate the secretion of satiety-inducing hormones, thirteen 

potential active ingredients were selected and provided by DuPont Nutrition Biosciences ApS, the 

industry partner in the DISI project. The ingredients can be divided into three categories, polyphenols 

(Kale extract (KE), Rosemary extract (RE)*, Green tea extract (GTE)*, Epigallocatechin-3-gallate 

(EGCG); Hesperidin (HD); Hesperetin (HT)), lipids (Acetylated monoglyceride (AM)*; Stearic acid 

(SA); Palmitic acid (PA); N-Oleoylethanolamine (N-OEA)), and proteins (Functional soy protein 

(FSP)*; Fractionated functional soy protein (FFSP)*; Enzyme-treated whey protein (ETWP)). The 

selection of ingredients was inspired by recent research findings on activation of taste receptors in 

the gastrointestinal tract [250]. The ingredients marked with an asterisk (*) were selected from 

DuPont Nutrition Bioscience’s existing product portfolio. Kale Extract was kindly provided by Green 

Gourmet A/S. 
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5.4 Animal models of human hormone secretion and long-term effects of rosemary 

extract 

To investigate the effect of rosemary extract on hormone secretion in vivo, the pig was used as a 

model for humans (Paper II). The anatomical features of pigs and humans show a great level of 

similarities, why pigs are often used to study human nutrition [251]. Also when comes to the 

postprandial response profile of satiety-inducing hormones, is the pig a reasonable model for humans; 

for pigs and human, both the quantitative and the qualitative changes are similar when looking at the 

postprandial responses of GLP-1 and CCK, while for the PYY response both the actual 

concentrations, the fold changes after nutrient stimulation, and the secretion profile differs 

substantially between pigs and humans [251]. In comparison, the CCK and GLP-1 response to 

nutrient differs considerably between rats and humans [252]. Moreover, the kinetics of circulating 

GLP-1 is more similar in pigs and humans, than in rats and humans, due to a more rapid degradation 

of the hormone in rats [253]. Thus, the pig was chosen as model when studying the hormone secretion 

in this project. By insertion of a catheter into the jugular vein, we were allowed to collect multiple 

samples within a short period without stressing the animal, thus with minimal interference to the 

hormone profile.  

To study the long-term effect of daily consumption of rosemary extract, a rat model was used (Paper 

III). The rats were monitored over a period of six weeks, and by the end of the period, tissue, intestinal 

content and blood samples were collected for further analysis. By choosing the rat as a model, we 

were able to include a high number of animals over a longer experimental period at a relative low 

cost. Some of our main objects of this experiment were to evaluate the effect of RE on body weight, 

food intake, and total body fat content. It was presumed that such effects could be studied in a rat 

model. A diet high in fat was used as the base diet in order to mimic a Western diet and to induce 

body weight gain not only corresponding the normal growth curve. A standard diet was included as 

a control for normal growth. Pelleted feed were chosen over powdered feed in order to minimize the 

selection and deselection of certain feed elements and to reduce spillage when measuring 24-h food 

intake. The incorporated levels of rosemary extract were based on study by Darimont et el [195] 

where an effect on body weight was observed in mice at rosemary extract concentration equivalent 

to our highest concentration. For the experiment was used animals with a starting age of about four 

weeks. This was chosen under assumption that the animals would still obtain significant fat mass gain 

when on a high fat diet. 
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5.5 Hormone quantification 

Assessment of plasma GLP-1 concentrations is hampered by several factors. The plasma 

concentrations, for both fasting and post-stimulating concentrations, are in the low picomolar range 

due to low secretory rate. Rapid degradation of the hormone and existence of several isoforms also 

complicate the analysis. Only 10-15% of secreted GLP-1 reaches the circulation past the liver. The 

neural pathway, through interaction with parasympathetic nerves supplied to the gastrointestinal tract, 

rather than the endocrine route, may be the predominant [254]. By measuring total GLP-1 (intact 

GLP-1 as well as metabolites from degradation), and not only the small fraction that is still active in 

the circulation, we will be provided with information not only about the endocrine route but also 

about the neural route of action for GLP-1. Furthermore, if measuring only intact GLP-1 the 

concentration is often so low, that small effects may escape detection. Consequently, total GLP-1 

seems most relevant. The GLP-1 amino acid sequence is highly conserved, with no variation in 

mammals. However, great variations are seen in the distribution of GLP-1 secreting cell throughout 

the intestinal tract [93]. Pigs show comparable levels from ileum to distal colon but no GLP-1 

secreting cells proximal to ileum. In contrast, rats have the highest levels in ileum and proximal colon 

but also have GLP-1 secreting cells in all other segments of the small and large intestine. The 

Luminex© multiplex system allows simultaneous quantification of multiple analytes by using 

antibody-coated magnetic beads able to bind to several different hormones of choice. However, 

specificity and/or sensitivity to GLP-1 was not satisfying, why a validated sandwich ELISA kit was 

chosen for the GLP-1 quantification (Paper II). For quantification of insulin, PYY, and GIP, the 

Luminex© multiplex system was chosen as the hormone levels were within acceptance (Paper II).  

 

5.6 Omics as a tool in dietary intervention studies 

5.6.1 MS-based metabolomics 

Metabolomics is a technology that allows for a thorough analysis of small metabolites present in a 

biological sample. In dietary interventional animal studies, the use of the metabolomics technologies 

enables the exploration of interactions between the animal and the diet by looking at changes in the 

metabolism, thus discover the biological consequences of different diets. Different metabolomics 

technologies exist, each with its own advantages and disadvantages. For metabolomics analyses in 

this project, high-pressure liquid chromatography (HPLC) coupled to mass spectrometry (MS) was 
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used (Paper III). HPLC-MS has the advantages of being highly sensitive and able to detect most 

organic and some inorganic molecules, thus detecting the largest portion of the metabolome, while 

the disadvantages includes poorly quantitative results and difficulties in the identification of novel 

compounds [255]. For the metabolomics analyses, we used an untargeted approach in order to 

conduct an unbiased screening of all metabolites in the samples. The metabolomics analyses were 

conducted from caecum digesta and blood. Blood is in general a reliable indicator of physiological 

processes. By analysing blood samples, many nonpolar molecules, which includes the majority of 

physiological biomarkers, can be detected as these nonpolar metabolites are more frequently found 

in blood than in other sample types [255].  

5.6.2 1H NMR-based metabolomics 

To study metabolites in liver tissue, a proton nuclear magnetic resonance (1H NMR) spectroscopy 

approach was used (Paper III). For extraction of liver tissue, a triple-phase 

methanol/chloroform/water was applied. This has the advantage of liberating bound metabolites from 

denatured proteins [256]. As 1H is found in almost every known metabolite, a 1H NMR approach 

allows thorough identification. In addition, 1H atoms deliver NMR signals with high intensity and 

exhibit narrow line widths, which gives the spectra outstanding resolution and good identification. 

1H NMR allows exploration of great details of the chemistry behind the present compounds. It allows 

the user to look at intact molecules and biologically reactive groups at atomic level, and can be used 

to access classes of protein-bound metabolites, such as lipoprotein particles, which can be difficult to 

analyse [257]. The greatest disadvantage in NMR is the lack of sensitivity compared to LC-MS or 

GS-MS, resulting in lower number of analysed metabolites. In contrast, NMR-based metabolomics 

is non-destructive and have a high reproducibility compared to MS-based techniques.  

5.6.3 Proteomics 

To study potential treatment-induced changes of proteins in liver tissue, liquid chromatography (LC) 

coupled to tandem MS was used (Paper III). For analysis of the proteome, a discovery-based, 

untargeted identification approach was chosen. Alternatively, if we have had a hypothesis concerning 

specific proteins changed by treatment, we could have chosen a targeted approach, which has the 

advantages of higher sensitivity, reproducibility, and quantitative accuracy, but only deliver 

information of the chosen proteins of interest. The untargeted approach is less sensitive than the 

targeted analyses, but enable hypotheses generation from a very large quantity of proteins. The 

untargeted approach provides large-scale quantification combined with information of the expression 

level of a given protein. 
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5.7 Magnetic resonance imaging for determination of fat percentage 

Analyses of whole body fat content are essential tools for assessment of obesity. To examine the body 

composition of rats (Paper III), a preclinical magnetic resonance scanner with a proton volume coil 

was used. This method has the advantages of a being highly sensitive, and it is a very time-effective 

(approximately 5 min/animal) method for measuring fat and water, compared to more traditional fat 

content analyses of whole-animal homogenates. Moreover, as the method is noninvasive, another 

advantage is the possibility for repeated assessment of the same living animals over a longer 

experimental period. As used here, the method does not provide us with information regarding fat 

distribution. If such information was desired, the MR information could be coupled to an imaging 

system, though this would prolong the scanning time significantly.  
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6 Brief summary of main findings 

6.1 Paper I 

Effect of food ingredients on glucagon-like peptide-1 secretion in STC-1 and HuTu-80 cells. Yuan 

Yen, Sidsel Madsen, Mette Skou Hedemann, Knud Erik Knudsen, Flemming Vang Sparsø, Anne 

Laursen, Henrik Max Jensen, Tine Ahrendt Knudsen, Stig Purup. 

International Journal of Food Science and Technology, 2019, DOI: 10.1111/ijfs.14247. 

Accepted 15 May 2019. 

The objective of this study was to identify the ability of food ingredients to stimulate the secretion of 

the satiety-inducing hormone GLP-1. To investigate this, the enteroendocrine cell lines STC-1 and 

HuTu-80 were used. A total of thirteen food ingredients belonging to the groups; proteins, lipids, or 

polyphenols, were tested. Prior to evaluating the GLP-1 stimulating effects, all food ingredients were 

tested for their effect on cell viability to establish a range within cell viability was unaffected, for 

each individual ingredient. The GLP-1 secretion in response to the tested ingredients were quantified 

using a commercial total GLP-1 ELISA kit. 

Out of thirteen food ingredients, five did not affect the GLP-1 secretion. The remaining eight 

ingredients increased the GLP-1 secretion in either one or both cell lines. The eight ingredients were 

functional soy protein, fractionated functional soy protein, acetylated monoglyceride, N‐

oleoylethanolamine, epigallocatechin‐3‐gallate, hesperetin, kale extract and rosemary extract. The 

study provided the basis for selection of an ingredient for further experiments. 

 

6.2 Paper II 

Rosemary (Rosmarinus officinalis L.) Extract Stimulates the Secretion of Glucagon-Like Peptide-1 

in Pigs.  Sidsel Madsen, Tine Ahrendt Knudsen, Stig Purup, Knud Erik Bach Knudsen, Henrik Max 

Jensen, Mette Skou Hedemann. 

In preparation for submission. 

The objective of this study was to evaluate the biological effect of one of the identified GLP-1 

stimulating food ingredients in vivo, as well as evaluating an encapsulation system. Rosemary extract 

was chosen for the study, as it showed good stimulatory effect in vitro (Paper I). Twenty-one pigs 

equipped with permanent catheters in the jugular veins received between two and four treatments. A 

treatment consisted of 250 g of standard feed mixed with water and one of the following: (a) no 
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supplement, (b) 2.00 g of rosemary extract, (c) 1.25 g of encapsulated rosemary extract, (d) 2.50 g of 

encapsulated rosemary extract. A total of ten blood samples were collected over the time 0-240 min 

postprandially and analysed to quantify the GLP-1 concentration, in addition to plasma glucose, 

insulin, PYY, and GIP. 

The study showed that a supplement of rosemary extract to the diet enhanced plasma GLP-1 

concentration in pigs, and that our encapsulation system allowed for higher GLP-1 secretion than 

non-encapsulated RE. From this study is was concluded that the in vitro effect of rosemary extract is 

also a biological effect in the living pig, which open up for an opportunity for rosemary extract to be 

used as a functional ingredient in the management of obesity. Additionally, our encapsulation system 

was concluded to be working successfully.  

 

6.3 Paper III 

Rosemary (Rosmarinus officinalis L.) Extract Decreases Hepatic Fat Accumulation and Improve 

Overall Lipid Profile Through Increased Fatty Acid Oxidation by Increasing Fasting Glucagon-

Like Peptide-1 Levels in Rats. Sidsel Madsen, Tine Ahrendt Knudsen, Christian Clement Yde, 

Steffen Yde Bak, Henrik Max Jensen, Bolette Hartmann, Christian Østergaard Mariager, 

Christoffer Laustsen, Mette Skou Hedemann 

In preparation for submission. 

In this study, the overall objective was to evaluate the effect of a long-term intake of rosemary extract 

(RE) in young, healthy rats. The hypothesis was that long-term consumption of rosemary extract 

would result in reduced weight gain when on a high-fat diet and that the plasma and liver lipid profile 

would change towards that of a standard diet. Over six week, rats received one of four diets; (a) 

standard diet, (b) western diet with high fat content, (c) diet b supplemented with 1 g RE/kg feed, or 

(d) diet b supplemented with 4 g RE/kg feed. Body weight and 24-hour food intake were measured 

twice weekly. After six weeks, the rats were euthanized and blood, liver tissue, small intestinal tissue, 

and caecum digesta were collected and analysed.   

We did not observe differences between the treatments in the increase in body weight or total body 

fat percentage in young, healthy rats during the experimental period, when the animals were fed a 

high-fat diet. However, treatment with high-fat diet resulted in higher hepatic fat percentage, 

increased cholesterol and triglyceride concentrations in plasma and liver, and higher LDL in plasma. 
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By supplementing 4 g RE/kg feed to the diet, a reduction in triglycerides, hepatic cholesterol, and 

hepatic fat percentage, in addition to an increase in plasma HDL and fasting GLP-1 plasma 

concentrations, was achieved. Proteomics data suggested this was accomplished through GLP-1-

induced changes in the protein profile, with an upregulation of proteins involved in fatty acid 

metabolism. Altogether, our study strongly indicated that rosemary extract is able to improve the lipid 

profile in animals, prior to the onset of classical signs of obesity. 
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Abstract 1 

Previous studies have shown that rosemary (Rosmarinus officinalis L.) extract stimulates the 2 

secretion of the satiety-inducing intestinal hormone, glucagon-like peptide-1 (GLP-1), in vitro [1]. 3 

This study aimed to investigate if same effect could be observed in vivo. More specifically, the 4 

objective of this study was to examine the postprandial response of GLP-1, peptide YY (PYY), 5 

glucose-dependent insulinotropic polypeptide (GIP), insulin, and glucose in pigs fed a supplement of 6 

rosemary (Rosmarinus officinalis L.) extract. Moreover, the present study tested if encapsulation 7 

would result in higher hormone response. To do so, female pigs were fed a standard diet or a standard 8 

diet supplemented with either 2.00 g rosemary extract (RE), 1.25 g encapsulated RE, or 2.50 g 9 

encapsulated RE. The encapsulation system used in the study consisted of RE incorporated into 10 

lecithin liposomes, which were embedded into alginate particles. Empty particles were added to all 11 

treatment groups to equal that of the 2.50 g encapsulated RE treatment group. Blood was sampled 12 

prior to feeding and at nine time points within the following four hours. The results show that a 13 

supplement of RE enhanced plasma GLP-1 concentrations significantly. Moreover, encapsulated RE 14 

resulted in a higher secretion than non-encapsulated RE. Plasma PYY and GIP concentrations were 15 

significantly lower after RE supplementation, while insulin and blood glucose not was affected by 16 

treatment. 17 

 18 

Keywords: Rosmarinus officinalis, Polyphenol, Glucagon-like peptide-1, Peptide YY, Glucose-19 

dependent insulinotropic polypeptide, Satiety  20 
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Introduction 21 

Worldwide, overweight and obesity have been steadily increasing since the 1980s. With obesity 22 

comes an increase in the risk of numerous diseases such as type 2 diabetes, certain cancers, 23 

cardiovascular diseases, asthma, gallbladder disease, osteoarthritis and chronic back pain, resulting 24 

in a higher overall mortality [2]. Despite educational and intensive lifestyle interventions initiatives, 25 

the obesity pandemic is still spreading. The development of anti-obesity drugs with ability to enhance 26 

satiety or supress appetite has not been satisfying due to high cost and considerably side effects. As 27 

a result, the interest in natural bioactive compounds with anti-obesity properties has arisen.  28 

A group of compounds of special interest is the polyphenols, which are naturally occurring in several 29 

food categories such as cereals, fruits, and vegetables [3]. Studies have shown that consumption of a 30 

diet rich in polyphenols is associated with a lower risk of several chronic diseases in humans, and 31 

polyphenols in general are considered beneficial to human health [4, 5]. Most recently, polyphenols 32 

have attracted interest due to their potential beneficial role in alleviation of obesity. Multiple 33 

mechanisms of action have been proposed to be involved, such as a decreased fatty acid synthesis 34 

[6], increased fatty acid oxidation [7], inhibition of digestive enzymes [8], inhibition of adipocyte 35 

differentiation [9], and modulation of a variety of satiety-inducing hormones and neuropeptides [10]. 36 

Rosemary (Rosmarinus officinalis L.) is an aromatic, evergreen plant, indigenous to the 37 

Mediterranean region. Rosemary is widely used as food flavouring and contains high levels of 38 

polyphenols [11]. Traditionally, rosemary has been consumed for its health benefits, and modern 39 

science has validated medical uses of rosemary to be beneficial on a number of conditions, including 40 

obesity, metabolic syndrome, and type 2 diabetes [12, 13]. Previous studies have indicated that certain 41 

dietary polyphenols are able to stimulate the glucagon-like peptide-1 (GLP-1) secretion in vitro [14, 42 

15], and our previous studies have shown rosemary extract is able to enhance the level of secreted 43 

GLP-1 in vitro [1]. 44 

The gastrointestinal derived hormones, glucagon-like peptide-1 (GLP-1), glucose-dependent 45 

insulinotropic polypeptide (GIP), and peptide YY (PYY) are involved in satiety regulation. Common 46 

for their secretion is the contact between nutrients in the lumen and the specialized enteroendocrine 47 

cells that produce these hormones. In the intestinal tract, GLP-1 and PYY are produced in the 48 

enteroendocrine L-cells, whereas GIP is produced in K cells [16, 17]. GLP-1 is secreted in response 49 

to certain carbohydrates, lipids, fatty acids, proteins, dietary fibres, and polyphenols [14, 15, 18]. Fat 50 

and protein seems to be the more potent stimulators of PYY secretion [19]. Among several other 51 
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effects, GLP-1 and PYY are potent regulators of appetite, performing their function in appetite-52 

regulating areas of the brain [20]. Like GLP-1 and PYY, GIP is also involved in induction of satiety, 53 

although for GIP this involvement is indirect through its role as a negative regulator of the orexigenic 54 

neuropeptide Y, and as a stimulator of insulin, that has anorectic effect in the brain [21]. 55 

Following ingestion of nutrients, chemical and enzymatic breakdown is necessary for absorption but 56 

can be a limitation to ingredients that is aimed to reach target cells further down the intestinal tract. 57 

Consequently, the technology of encapsulation of bioactive compounds has gained great interest. 58 

Depending on the preparation methods, the encapsulation system can facilitate controlled delivery 59 

and improve the overall survival of the bioactive compound, while masking the taste and unpleasant 60 

flavor properties [22]. When delivering to the gastrointestinal tract, mucoadhesive and 61 

mucopenetrating properties of the particles are important for satisfying delivery. In general, alginate 62 

particles have good mucoadhesive properties and has therefore been of great interest for delivering 63 

in the gastrointestinal tract [23, 24]. 64 

In this study, we will investigate the effect of supplementing rosemary extract (RE) as a mean to 65 

stimulate the secretion of satiety-regulating hormones. The hypothesis is, that adding RE to the pigs’ 66 

diet will result in higher levels of satiety-inducing hormones, in particular GLP-1, as observed in vitro 67 

[1]. Moreover, we will investigate the effect of an encapsulation system, consisting of lecithin 68 

vesicles, incorporated into larger alginate beads.  69 

 70 

Materials and methods  71 

Animals 72 

The animal experiment was carried out in accordance with protocols approved by the Danish Animal 73 

Experiments Inspectorate in compliance with applicable guidelines. A total of 21 female Duroc x 74 

Yorkshire x Landrace pigs (28.4 kg ±0.32 SEM at the day of catheter insertion) were purchased from 75 

a local farmer. After three days of acclimation, catheters (ARROW Central Venous Catheterisation 76 

Set, Arrow International, Inc., PA, USA) were inserted into the jugular veins under general anesthesia 77 

(intramuscular injection of 1 mg/kg bodyweight of Zoletil/Ketamine/Butorphanol/Xylazine 78 

(50/50/10/20 mg/mL)). Pigs were housed individually in pens (2x3 m) with bedding (wood chips) 79 

and visual contact through Perspex windows. The animals had free access to water and were allowed 80 

two meals (Svin Plus Struktur Helse, DLG, Denmark) of 500 g pr. day.  81 



58 

 

Encapsulation of RE and bead formation 82 

To construct the lecithin vesicles containing rosemary extract, rosemary extract (2.7 g) is solubilized 83 

with ethanol (6.7 g) during stirring for two minutes, and left for ten minutes to fully solubilize. 84 

Lecithin (23.3 g) is subsequently added, and paste is created by stirring. The solution is left at room 85 

temperature for two hours, after which demineralized water 140.7 g) is added, and the solution is 86 

stirred for minimum one hour. The solution is further emulsified by a Branson digital Sonifier using 87 

settings of 40% amplitude, 2.1 sec on and 1.6 sec off for four minutes. To prepare enough material, 88 

several batches are prepared as just described. To make the alginate solution, dH2O (490 g) is added 89 

into a 2000 mL plastic beaker with a magnet Ø 10-60 mm placed on a magnetic stir and stirred at 700 90 

rpm during addition of the alginate powder (10.0 g). The solution is then stirred for minimum one 91 

hour at 600 rpm to ensure lump free alginate solution. To obtain the final solution bead formation, 92 

the alginate solution and rosemary solution are mixed in a 1:1 ratio and stirred until homogeneous. 93 

The solution is subsequently added to an in-house build pressured container equipped with two fluid 94 

nozzle from spray system co. (120-ss/35100). The solution is sprayed into a solution of either 50 mM 95 

or 75 mM calcium lactate, and stirred additional 30 minutes. The beads were then harvested by the 96 

use of sieve setup of 1400 µm, 710 µm and 36 µm sieves and washed with dH2O. Alginate beads 97 

containing empty lecithin vesicles were prepared as described above, however without addition of 98 

the rosemary extract.  99 

Experimental setup 100 

Prior to the intervention, pigs were fasted overnight. In the morning, on day of the experiment, a 101 

fasting blood sample was collected (time 0), and then the pigs were fed a solid meal of 250 g powdered 102 

standard feed mixed with 350 g water and supplemented as follow; (CD) control treatment consisting 103 

of 250 g alginate beads without rosemary extract; (non-ER)  2.00 g of non-encapsulated rosemary 104 

extract  (RE; DuPont Nutrient Bioscience ApS, Brabrand, Denmark) and 250 g alginate beads without 105 

rosemary extract; (low-ER) low-dose encapsulated RE (DuPont Nutrient Bioscience ApS, Brabrand, 106 

Denmark) with 125g of alginate beads containing rosemary extract and 125g of alginate beads 107 

without rosemary extract; or (high-ER) high-dose encapsulated RE with 250g of alginate beads 108 

containing rosemary extract. Blood samples were collected at 10, 20, 30, 45, 60, 90, 120, 180, and 109 

240 min after initiation of feeding. All blood samples were collected into EDTA-coated tubes 110 

(Greiner Bio-One GmbH, Kremsmünster, Austria) containing 1% (V/V) DPP-IV inhibitor (Merck 111 

KGaA, Darmstad, Germany). The tubes were centrifuged at 2000 x g at 4ᵒC for 12 min before plasma 112 
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were stored at -80ᵒC. Prior to centrifugation, blood glucose concentrations were measured from whole 113 

blood (Accu-Chek Aviva, Roche Diagnostics, Denmark). Over the experimental period, all pigs 114 

received two to four of the four treatments. A washout period of at least 48 hours was applied between 115 

treatments. 116 

Plasma analysis for satiety hormones 117 

Plasma concentrations of insulin, total GIP, and total PYY were quantified simultaneously using a 118 

commercial Human Metabolic Magnetic Bead Panel kit (Cat. No. HMHEMAG-34K, Merck KGaA, 119 

Darmstadt, Germany) based on mulitiplex technologies and measured on a Luminex MAGPIX 120 

system (Lumines Corporation, TX, USA). GLP-1 concentrations were quantified using a Multi 121 

Species GLP-1 Total ELISA assay (Merck KGaA, Darmstadt, Germany), measuring the sum of active 122 

and inactive forms of GLP-1. All measurements were performed according to the manufacturers’ 123 

recommendations.  124 

Analysis of mucus and intestinal content  125 

After completing the acute interventions, the animals were euthanized by in intravenous injection of 126 

pentobarbital (0.3 mL/kg body weight). After onset of death, the abdominal cavity was opened, and 127 

the entire gastrointestinal tract was removed. The stomach and small intestine were dissected free. 128 

The small intestine was divided into three segments of equal length. Content from each segment, and 129 

from stomach, are collected for analysis. Scrapes of mucus are collected from stomach, and from all 130 

three segments of the small intestine (20 cm distal to the pylorus sphincter, mid-section, and 20 cm 131 

proximal to the ileocaecal valve). For this analysis was included two CD treated pigs, six non-RE 132 

treated pigs, four low-RE treated pigs, and five high-RE treated pigs. Sieving of the intestinal content 133 

was conducted using a 1mm - 710μm sieve setup, and when beads were observed, they were collected. 134 

Statistical analysis 135 

The present experiment was carried out as a crossover trial, in which each animal received between 136 

two and four treatments. The effects of RE supplements were analysed using a normal mixed model 137 

for repeated measurements, under assumption of independent and normal distribution of data: 138 

𝑌𝑖𝑗𝑘𝑙 = 𝜇 + 𝛼𝑖 + 𝛽𝑗 + 𝛼𝛽𝑖𝑗 + 𝛾𝑘 + 𝜐𝑙 + 𝜏𝑖𝑘𝑙 + 𝜀𝑖𝑗𝑘𝑙, 139 

where 𝑌𝑖𝑗𝑘𝑙 is the dependant variable, 𝜇 is the overall mean, 𝛼𝑖 is the effect of the treatment (𝑖= CD, 140 

non-ER, low-ER, high-ER), 𝛽𝑗 is the time (𝑗=0, 10, 20, 30, 45, 60, 90, 120, 180, 240), 𝛾𝑘 is the effect 141 
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of day (𝑘= 1, 2, 3, 4), 𝜐𝑙 is the random component related to the pig (𝑙= 1, 2, …, 21), and 𝜏𝑖𝑘𝑙 is the 142 

random component related to the 𝑙th pig fed the 𝑖th treatment on the 𝑘th day, using a spatial power 143 

option. 𝜀𝑖𝑗𝑘𝑙 defines the residual error component. To obtain normality, insulin and GIP had to be 144 

analysed on a logarithmic scale. As confidence intervals on the original scale are not symmetric 145 

around the parameter estimates, the confidence limits rather than the standard errors are presented. 146 

Observations were considered significant when P≤0.05.  147 

 148 

Results 149 

All animals included in the study were in good health, and it was at no point indicated that treatment 150 

was affecting the overall health of the animals. The majority of pigs finished eating within five 151 

minutes. Analysis of the encapsulated rosemary extract determined the rosemary content of the beads 152 

to be 1.0 % (± 0.1), thus the RE content was 1.25 g for low-RE, and 2.50 g for high-RE. Similar 153 

analysis conducted after 3 months of cold storage determined a rosemary content of 0.74 % (± 0,04). 154 

Effects on GLP-1, PYY, and GIP 155 

Overall, a significant effect of time was observed for all analysed hormones (Table 1).  156 

The average GLP-1 concentration in plasma at fasting was 24.0 pM (Figure 1). A small decrease in 157 

concentration was observed at 10 min postprandially, before a steady rise from 10 min to 90 min, 158 

where the concentration remained constant until it decreased between 180 min and 240 min. When 159 

reaching the maximum concentration, the absolute levels were approximately two times the fasting 160 

levels. The estimated mean GLP-1 concentrations over time for CD, non-ER, low-ER, and high-ER 161 

were 30.3, 35.4, 36.1, and 38.5 pM, respectively (Table 1). When comparing to the CD, an effect of 162 

treatment on GLP-1 concentration was seen for high-ER (P=0.0053), while low-ER (P=0.051) and 163 

non-ER (P=0.085) only tended to increase the GLP-1 concentration.  164 

The average fasting plasma PYY concentration was 343 pg/mL. Postprandially, the plasma 165 

concentration increased slowly from 0 min to 90 min, followed by constant levels for the remaining 166 

observation time (Figure 2). At 90 min, the PYY concentrations were 454 (CD), 376 (non-ER), 395 167 

(low-ER), and 389 (high-ER) pg/mL; approximately 1.20 fold higher than the fasting levels. The 168 

mean PYY concentrations over time for CD, non-ER, low-ER, and high-ER were 410, 346, 370, and 169 

366 pg/mL, respectively (Table 1), thus all three test treatments resulted in significantly lower PYY 170 
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plasma concentrations than the CD (non-ER, P<0.0001; low-ER, P=0.0011; high-ER, P=0.0003). 171 

Furthermore, the data indicates that non-ER induced a lower PYY response than the two treatments 172 

with encapsulated RE (low-ER, P=0.0045; high-ER, P=0.092). 173 

For GIP, the average fasting plasma concentration was 72 pg/mL. Postprandially, the plasma 174 

concentration increased from 0 min to 90 min, followed by a decrease (Figure 3). At maximum, the 175 

GIP concentration was 5.5-5.8 fold higher than the fasting levels. The mean GIP concentrations over 176 

time for CD, non-ER, low-ER, and high-ER were 281, 221, 239, and 219 pg/mL, thus all three test 177 

treatments resulted in lower GIP plasma concentrations than the CD (non-ER, P<0.0001; low-ER, 178 

P=0.0019; high-ER, P<0.0001). Furthermore, the data indicates a tendency towards a lower GIP 179 

plasma concentration for high-ER compared to low-ER (P=0.05).  180 

Effect on plasma glucose and insulin 181 

A clear effect of time was observed for all treatments (P<0.0001) (Table 1). For glucose there was no 182 

overall effect of treatment (P=0.20). The average fasting blood glucose concentration was 4.2 mM 183 

(Figure 4) increasing to 5.1 mM after 30 minutes. A minor second peak was observed after 120 min 184 

with an average of 4.8 mM. The mean fasting concentration of insulin was 357 pg/mL. For all 185 

treatments, a rapid peak in insulin concentration was observed after 30 to 45 min with absolute values 186 

of 1509, 1219, 1349, and 1408 pg/mL for CD, non-ER, low-ER, and high-ER, respectively. For the 187 

entire four hours, non-ER causes a reduction in total insulin concentration (P=0.02) compared to CD. 188 

No significant effect was observed for low-ER or high-ER.  189 

Analysis of mucus and intestinal content  190 

Analysis of the intestinal content of a pig receiving high-RE treatment and another pig receiving 191 

NC treatment showed presence of alginate beads in the intestinal content from all three segments of 192 

the small intestine and from the stomach of both pigs.  193 

 194 

Discussion 195 

In the current study, pigs were used as experimental model  because of their gastrointestinal 196 

physiology, absorptive processes, and intestinal transit time, which resembles those of humans [25]. 197 

Pigs and humans show comparable postprandial responses of GLP-1, concerning secretion pattern as 198 

well as quantitative concentrations, while noticeably differences are seen in the PYY response [26]. 199 
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For GIP, the human fasting concentration is approximately 25-100 pg/mL, and in response to a mixed 200 

meal, peaks after 60 min to 500-750 pg/mL, thus a 5-30-fold change in concentration [27, 28]. In 201 

pigs, these levels are considerably higher, with reported fasting concentrations at 300-350 pg/mL and 202 

with peak concentrations up to 25-fold higher than the fasting level one hour post feeding [29]. Others 203 

have reported the postprandial fold-change to be 4-10 fold the fasting level with fasting 204 

concentrations of about 300-500 pg/mL [30]. Therefore, pigs represent a good model for studying 205 

GLP-1, and a fair model for GIP studies, when not focusing on exact concentrations. For PYY studies, 206 

the results are less likely to be comparable to human studies. 207 

The present study indicates an increased GLP-1 secretion after consumption of RE. This effect was 208 

significant after consumption of high-ER, with the average plasma concentration of GLP-1 being 209 

approximately 8 pM (equivalent to approximately 33% of the fasting level) higher than the control 210 

treatment. A human study showed the peak in total GLP-1 concentration to be 150-200% of the 211 

fasting level, following a mixed meal [31]. The nutrient-stimulated increase in GLP-1 is in general 212 

lower in pigs than in humans [32]. Accordingly, the observed differences in mean GLP-1 213 

concentrations obtained from the RE containing treatments are likely to be of biologically relevance 214 

and indicates that RE is able to stimulate the GLP-1 secretion in pigs. Additionally, RE has been 215 

shown to be a potent inhibitor of the enzyme dipeptidyl peptidase-IV (DPP-IV) [33], which 216 

inactivates GLP-1. This means that the active percentage of GLP-1 may be higher after intake of RE, 217 

making the biological relevance even more prominent.  218 

By encapsulation it is possible to protect against the harsh gastrointestinal conditions and deliver their 219 

carrier substance at the right site [34]. In the present study, a similar GLP-1 secretion was obtained 220 

from the encapsulated low dose RE (1.25 g) and from the non-encapsulated RE (2.00 g), indicating 221 

that there may be an effect of the encapsulation system. Intact alginate beads were found throughout 222 

the intestinal tract by visual inspection, indicating that the beads did not disintegrate i.e. there may 223 

not have been a full release of the rosemary extract.  224 

The function of GLP-1 as an incretin hormone is to stimulate insulin secretion, thus allowing more 225 

glucose to enter the cells. The result is a reduction of blood glucose levels, when concentrations are 226 

above fasting levels [35]. Consequently, enhanced plasma levels of GLP-1, would lead to an 227 

expectation of similarly enhanced levels of insulin and lower levels of blood glucose. However, in 228 

the present study, none of the RE containing treatments that stimulated GLP-1 secretion had an effect 229 

on blood glucose. A significant increase in GLP-1 plasma concentration was observed for the high-230 
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ER treatment. Regarding the plasma insulin concentrations, no effect was observed for low-ER and 231 

high-ER and when the pigs received non-ER, the insulin levels were significantly lower. The lack of 232 

response on insulin concentrations and blood glucose may be a consequence of the relatively minor 233 

changes in GLP-1 concentrations. Additionally, the mean plasma concentration of GIP, the other 234 

incretin, was reduced for all RE containing treatments, thus not being able to contribute to higher 235 

insulin concentrations. Despite the lack of acute postprandial effects on insulin and blood glucose, 236 

RE might still have favorable health effects on blood glucose and insulin levels if consumed regularly 237 

as others have shown that three months of daily administration of RE can lead to a decrease in fasting 238 

plasma glucose in healthy rats [36]. 239 

Plasma GIP concentrations were significantly lower in pigs fed either of the RE containing treatments 240 

compared to pigs fed the control treatment. The average changes in concentration over time for the 241 

test treatments were 42-62 pg/mL, compared to CD. Studies in rats and humans fed a diet or a pre-242 

meal drink containing polyphenols from apples and blackcurrant, found a similar decrease in GIP 243 

concentration, suggesting that certain polyphenols are able to decrease nutrient-stimulated GIP 244 

secretion, possible by reducing glucose and fatty acid transport [37, 38]. As the presence of RE is the 245 

only difference between CD and our test treatments, this could be a potential explanation of the lower 246 

levels of GIP. However, this would need further examination. 247 

Previous studies have divergent conclusion regarding the existence of a response to a mixed-nutrient 248 

meal on plasma PYY concentrations in pigs [39, 40]. In these studies the reported fasting PYY 249 

concentrations were in the range 800-3200 pg/mL, which is considerable higher than the 343 pg/mL 250 

we have observed. Others have reported fasting levels of 420-580 pg/mL, reaching 900-1100 pg/mL 251 

at peak, one hour after pigs are fed a high-fat diet [41]. These fasting levels are closer to our 252 

observations. However, the response is still considerably higher than what we found. We observed 253 

significantly lower levels of PYY in response to all our test treatments compared to our control 254 

treatment. When looking at the secretion profile and the peak values for PYY, it can be questioned if 255 

our observations are a nutrient-stimulated response. The peak values are 381-454 pg/mL, and 256 

although the mean concentrations for the test treatments are significantly lower than for the CD, they 257 

are only slightly above the fasting levels. To measure PYY, a human multiplex assay with a sensitivity 258 

of 146 pg/mL was used. Our fasting levels are well above this limit (average fasting levels were 343 259 

pg/mL), but since the amino acid sequence for human and porcine PYY differs at three positions [42], 260 

this may have influenced the analysis.  261 
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 262 

Conclusion 263 

In conclusion, supplementing a diet with RE enhances the plasma concentration of the satiety-264 

inducing hormone GLP-1 in a pig model, suggesting that RE could be a functional ingredient in the 265 

future management of obesity. Encapsulating RE into lecithin vesicles and packing this into alginate 266 

beads resulted in a similar postprandial GLP-1 response, when compared to non-encapsulated RE at 267 

higher dose, which indicates an effect of the encapsulation system. No increase in the satiety-inducing 268 

hormones PYY and GIP was observed in response to RE, therefore, more in vivo studies are necessary 269 

in the evaluation of the biological role of RE as a satiety inducing ingredient.  270 
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Table 1: Average glucose and hormone concentration during the four hours of sampling in pigs. Values are Least-square (LS) means 

with 95 % confident intervals (CI). 

 CD Non-ER Low-ER High-ER P-values 

 LS 

means 

95 % CI LS 

means 

95 % CI LS 

means 

95 % CI LS 

means 

95 % CI Treatment Time 

GLP-1 

(pM) 

30.3 [24.1;36.4] 35.4 [30.3;40.5] 36.1 [30.4;41.7] 38.5 [32.7;44.2] 0.0454 <0.0001 

PYY 

(pg/mL) 

410 [376;444] 346 [316;377] 370 [337;402] 366 [333;399] <0.0001 <0.0001 

GIP 

(pg/mL) 

281 [244;323] 221 [195;251] 239 [209;273] 219 [195;251] <0.0001 <0.0001 

Glucose 

(mM) 

4.6 [4.4;4.8] 4.6 [4.5;4.8] 4.6 [4.5;4.8] 4.8 [4.6;4.9] 0.1974 <0.0001 

Insulin 

(pg/mL) 

898 [738;1093] 742 [625;881] 843 [701;1014] 792 [657;955] 0.0767 <0.0001 

CD, Control treatment, n=12; non-ER, nonencapsulated rosemary extract treatment, n=15; low-ER, low dose encapsulated rosemary 

extract treatment, n=15; high-ER, high dose encapsulated rosemary extract treatment, n=14; GLP-1, glucagon-like peptide-1; PYY, 

peptide YY; GIP, glucose-dependant insulinotropic peptide. 
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Figure 4: Plasma GLP-1 concentration (pM) 0 to 4 hours after feeding. All values represent means with SEM. CD, Control treatment, 

n=12; non-ER, nonencapsulated rosemary extract treatment, n=15; low-ER, low dose encapsulated rosemary extract treatment, n=15; 

high-ER, high dose encapsulated rosemary extract treatment, n=14; GLP-1, glucagon-like peptide-1. 
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Figure 5: Plasma PYY concentration (pg/mL) 0 to 4 hours after feeding. All values represent means with SEM. CD, Control treatment, 

n=12; non-ER, nonencapsulated rosemary extract treatment, n=15; low-ER, low dose encapsulated rosemary extract treatment, n=15; 

high-ER, high dose encapsulated rosemary extract treatment, n=14; PYY, peptide YY. 
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Figure 6: Plasma GIP concentration (pg/mL) 0 to 4 hours after feeding. All values represent means. CD, Control treatment, n=12; non-

ER, nonencapsulated rosemary extract treatment, n=15; low-ER, low dose encapsulated rosemary extract treatment, n=15; high-ER, 

high dose encapsulated rosemary extract treatment, n=14; GIP, glucose-dependant insulinotropic peptide. 
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Figure 7: Plasma glucose concentrations (mM) 0 to 4 hours after feeding. All values represent means with SEM. CD, Control treatment, 

n=12; non-ER, nonencapsulated rosemary extract treatment, n=15; low-ER, low dose encapsulated rosemary extract treatment, n=15; 

high-ER, high dose encapsulated rosemary extract treatment, n=14. 
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Abstract 1 

The objective of this study was to investigate the effects of rosemary (Rosmarinus officinalis L.) 2 

extract (RE) on obesity-related conditions in young, healthy rats fed a high-fat Western style diet. To 3 

do so, rats were fed a high-fat diet containing either 1 g/kg feed (low) or 4 g/kg feed (high) RE six 4 

weeks. Body weight and 24-hours feed intake were measured twice weekly. At the end of the 5 

intervention, plasma concentrations of fasting glucagon-like peptide-1 (GLP-1) and metabolic 6 

markers were quantified and hepatic and total body fat percentage, NMR-based metabolomics and 7 

proteomics of liver tissue, metabolomics of caecum digesta and plasma, and caecal short-chain fatty 8 

acids, were performed and used for evaluation of whole body effects of RE. Results show that 9 

treatment with high RE induced a significant increase in fasting plasma concentrations of GLP-1 and 10 

high-density lipoproteins in plasma, while triglycerides in plasma and liver content of cholesterol and 11 

fat were reduced. The proteomics data shows that RE increases fatty acid oxidation, possibly through 12 

the increased fating GLP-1 levels, which may explain the improvement of the overall lipid profile 13 

and of hepatic fat accumulation. 14 

 15 

Keywords: Rosmarinus officinalis, Polyphenol, Glucagon-like peptide-1, Obesity, Fatty acid 16 

oxidation   17 
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Introduction 18 

Worldwide, the prevalence of obesity has increased markedly over the last decades, and obesity is 19 

now defined as a pandemic. Obesity is linked to a sedentary lifestyle combined with a high intake of 20 

energy-dense food products, and is associated with increased risk of numerous diseases such as type 21 

2 diabetes, certain cancers, cardiovascular diseases, asthma, gallbladder disease, osteoarthritis and 22 

chronic back pain, resulting in a higher overall mortality [1]. 23 

Dyslipidemia is often seen in obese patients, and includes reduced levels of circulating high-density 24 

lipoproteins (HDL), and enhanced levels of low-density lipoproteins (LDL) and triglycerides [2-4]. 25 

Dietary fats are absorbed by the enterocytes after emulsification by bile acid and hydrolysis by lipases 26 

into free fatty acids, monoglycerides and cholesterol. Following, free fatty acids and monoglycerides 27 

are formed into triglycerides, and packed together with phospholipids and cholesterol into 28 

chylomicrons, which are transported to the liver, before entering the circulation in the form of very 29 

low-density lipoproteins (VLDL) or low-density lipoproteins (LDL). LDL is accountable for 30 

cholesterol transport from the liver to the periphery. Conversely, HDL transport cholesterol from the 31 

periphery back to the liver, in addition to donating apolipoproteins necessary for correctly processing 32 

of lipids and cholesterol. Obesity is associated with liver diseases, such as nonalcoholic fatty liver 33 

disease (NAFLD) and the more severe progressing states, nonalcoholic steatohepatitis (NASH) and 34 

NASH-related cirrhosis [5]. NAFLD is characterized by excessive intrahepatic triglyceride levels, 35 

free fatty acids, and free cholesterol, and is associated with alterations in whole-body metabolic 36 

homeostasis [6]. Moreover, in the progressing state of NAFLD, plasma aspartate aminotransferase 37 

(AST) and alanine aminotransferases (ALT) can be elevated as a sign of hepatic injury [7]. 38 

During the recent years, the interest in natural bioactive compounds with anti-obesity effect has 39 

increased. Polyphenols are a group of compounds found in many fruits, vegetables, and cereals [8]. 40 

Polyphenols have been studied in relation to human health, and regular consumption is associated 41 

with a decreased risk of several chronic diseases [9, 10]. Obesity is one of the conditions, where 42 

polyphenols appear to have a preventive effect. Different polyphenols have shown ability to modulate 43 

the hormonal appetite-regulation [11], inhibit the activity of digestive enzymes [12], inhibit fatty acid 44 

synthesis [13], or increased fatty acid oxidation [14], all of which is beneficial in attenuating the 45 

development of obesity. 46 

Rosemary (Rosmarinus officinalis L.) is an aromatic, evergreen plant containing high concentrations 47 

of polyphenols with carnosic acid and rosmarinic acid being the most abundant bioactive compounds 48 
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[15]. The medical uses of rosemary has been shown to be beneficial on a number of conditions, 49 

including obesity, metabolic syndrome, and type 2 diabetes, and potential mechanisms of action 50 

includes an ability to limit absorption of lipids [16], and inhibit hepatic fat accumulation and 51 

adipocyte hypertrophy [17].  52 

The aim of the present study was to investigate if daily RE consumption over a period of six weeks 53 

improved metabolic parameters related to obesity. The study was carried out in young rats without 54 

any sign of obesity. We hypothesized that RE can reduce food intake and inhibit diet-induced weight 55 

gain through increased fasting glucagon-like peptide-1 (GLP-1) levels. Furthermore, we hypothesized 56 

that RE consumption would lead to an improvement of overall health in the animals and studied 57 

metabolic markers in plasma, digesta, and liver tissue. 58 

 59 

Materials and methods 60 

Animals 61 

The experiment was carried out in accordance with protocols approved by the Danish Animal 62 

Experiments Inspectorate in compliance with applicable guidelines. The study comprised 64 male 63 

Sprague Dawley rats obtained from Taconic Biosciences (Ejby, Denmark) with a starting weight of 64 

71.34 g (±0.46 SEM). Animals were housed in pairs and followed a 12:12 h light-dark cycle, at 25°C 65 

and 60 % humidity, with ad libitum access to water and chow. The experiment was conducted over 66 

46 days. During the experimental period, each cage was randomly assigned to one of four pelleted 67 

diets; standard rodent chow (Altromin 1324, Altromin GmbH, Lage, Germany) (ST), Western style 68 

diet (D12079B; 40 % fat, 43 % carbohydrates, 17 % protein; Research Diets, New Brunswick, NJ) 69 

(WD), WD supplemented with 100 mg rosemary extract (RE; DuPont Nutrient Bioscience ApS, 70 

Brabrand, Denmark) pr. 100 g feed (WD+low-RE), or WD supplemented with 400 mg RE pr. 100 g 71 

feed (WD+high-RE). 72 

At the end of the experiment, rats were euthanized by an intraperitoneal injection of 0.5 mL 73 

pentobarbital with lidocaine, after six hours of food deprivation to allow for normalization of 74 

metabolic markers. One rat pr. cage was euthanized and kept intact at -20°C for whole body 75 

composition analysis, while the second rat in the cage was used for tissue and blood collection. When 76 

death was ensured, blood was collected from the heart into EDTA-coated tubes containing 1 % (V/V) 77 

DPP-IV inhibitor (Merck KGaA, Darmstad, Germany). Blood samples were immediately centrifuged 78 
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at 2000 x g for 12 min at 4°C, before plasma was stored at -80°C until further analysis. The abdominal 79 

cavity was opened and the liver was dissected out, weighted, and snap-frozen in liquid nitrogen. 80 

Samples were collected from three segments of the small intestine (5 cm distal to the pylorus 81 

sphincter, mid-section, and 5cm proximal to the ileocaecal valve). The samples were washed 82 

thoroughly in saline before placed in RNAlater (ThermoFisher Scientific, Waltham, MA, USA), 83 

and further treated according to the manufacturer’s protocol. All tissue samples were stored at -80°C 84 

until further analysis. The caecum was dissected free and caecal tissue and content were weighed and 85 

content was collected and stored at -80°C until further analysis.  86 

 87 

Total body fat content 88 

Body composition data were acquired using a 9.4T pre-clinical MR scanner (Agilent, UK) equipped 89 

with a 72 mm proton volume coil (RAPID Biomedical GmbH, Rimpar, GE). Full body proton NMR 90 

spectra from each animal were Fourier Transformed (FT) and spectrally analysed by fitting the water 91 

and the fat peaks using an in house developed general linear model (GLM) approach (MATLAB, The 92 

MathWorks, Inc., Natick, Massachusetts, United States). Subsequently, the fitted peak areas were 93 

used to calculate the fat percantage by dividing the water component and fat component signal areas 94 

 95 

Fasting GLP-1 plasma concentrations 96 

Fasting GLP-1 concentrations were measured using an in house radioimmunoassay, as previous 97 

described [18]. In brief, an antiserum directed against the amidated C-terminus of GLP-1 were 98 

employed. The antibody reacts equally with intact amidated GLP-1 (7-36 amide), the primary 99 

metabolite (9-36 amide) and potential truncated sequences produced by mid-site cleavage (e.g. by 100 

NEP 24.11). Concentrations therefore represent total GLP-1 concentration. An I125-labeled GLP-1 7-101 

36NH2 (a kind gift from Novo Nordisk A/S) was included as tracer. The experimental detection limit 102 

was 1 pmol/L and the coefficient of variation was < 20% at 20 pM. 103 

 104 

RNA extraction and gene expression 105 

Total RNA was extracted from whole wall of the small intestine using a NucleoSpin RNA kit 106 

(Macherey-Nagel GmbH & co., KG, Duren, Germany), in accordance with the manufacturer’s 107 
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protocol. RNA concentration and purity were evaluated using NanoDrop spectrophometer (ND-1000, 108 

NanoDrop Technologies, Wilmington, DE, USA). A High Capacity cDNA Reverse Transcriptase Kit 109 

(Life Technologies, Taastrup, Denmark) was used for cDNA synthesis. The qPCR of glyceraldehyde-110 

3-phosphate dehydrogenase (GAPDH), β-actin, and proglucagon (GCG) genes were run in 384-well 111 

plates in a 1:4 ratio of cDNA and TaqMan Master Mix (Applied Biosystems, CA, USA), according 112 

to the manufacturer’s protocol. The analyses were performed in triplicates for the housekeeping genes 113 

and duplicates for the target genes, under standard amplification conditions determined for the 114 

Applied Biosystem ViiA 7 Real-Time PCR system (Life Technologies, Taastrup, Denmark). 115 

Expression levels were first normalized to the expression level in the most proximal sample in the 116 

respective rats and values were then normalized to the control group fed the standard diet. For 117 

interaction between treatment and tissue, normalization to the most proximal segment for standard 118 

diet treatment is used. 119 

 120 

Plasma metabolic markers 121 

Plasma cholesterol, HDL, LDL, triglyceride, alanine amionotransferase activity (ALT), and aspartate 122 

amino transferase activity (AST) were quantified by standard procedures (Siemens Diagnostics® 123 

Clinical Methods for ADVIA 1800). Free fatty acids (FFA) were determined using the Wako, NEFA 124 

C ACS-ACOD assay method. All analyses were performed using an autoanalyzer, ADVIA 1800  125 

Chemistry System (Siemens Medical Solutions, Tarrytown, NY 10591, USA).  126 

 127 

Analysis of hepatic fat percentage  128 

Liver samples were homogenized in twice the amount of methanol (w/v) using an Ultra-Turrax 129 

homogenizer (IKA Labortechnik) while placed in an ice bath. Of this homogenate, 600 mg was mixed 130 

with 1.0 mL water, 1.5 mL methanol and 1.0 mL chloroform, before shaken for one minute. Water 131 

(1.0 mL) and chloroform (2.0 mL) is added to the mixture, following shaking for one minute. Phase 132 

separation was ensured by centrifugation at 3000 rpm for five minutes. The lower chloroform phase 133 

(2 mL) was collected and dried, and the residue was weighed for determination of fat content. 134 

 135 

 136 
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Tissue handling for proteomics and NMR analysis  137 

Frozen liver samples were handled in a -20°C box during dissection. For proteomics, approximately 138 

100-200 mg tissue was cut out from the left lateral lobe. Frozen tissue was covered with 1 mL lysis 139 

buffer (5 % SDS in 100 mM triethylammonium bicarbonate, TEAB, pH 7.5) and a volume equal to 140 

tissue of 0.5 mm zirconium beads (Carl Roth GmbH, Germany). Tissue homogenization was done 141 

using a ball mill at 25 Hz for 10 min (Retsch GmbH, Germany). Homogenates were centrifuged for 142 

10 min at 14.000 x g to remove air bobbles and particular remains. Clear supernatants were transferred 143 

to new tubes and heated to 95°C in 10 minutes to fully denature proteins. DNA was sheered using a 144 

Bioruptor Pico (Diagenode Diagnostics, Belgium) high energy water bath sonicator system using 10 145 

cycles of 30 seconds sonication followed by 30 seconds break. Temperature was set to 5°C through 146 

the entire process. Protein concentrations were estimated in triplicates using a BCA micro assay kit 147 

(Thermo Scientific Pierce, Rockford, IL).    148 

 149 

Proteomics analysis of liver tissue 150 

Protein digestion 151 

Liver lysates were digested into peptides using the S-trap™ micro digestion protocol [19]. Based on 152 

protein concentrations an amount equal to 50 µg protein was used from each sample. Protein was 153 

reduced in 20 mM dithiothreitol (DTT) for 10 min at 95°C, cooled to room temperature, and alkylated 154 

with 40 mM iodoacetamide for 30 min in the dark. Next, 12 % phosphoric acid was added in the 155 

volume ratio 1:10 to acidify samples. To each sample 350 µL S-trap binding buffer (90 % aqueous 156 

methanol containing a final concentration of 100 mM triethylammonium bicarbonate (TEAB), pH 157 

7.1) was added and samples was carefully mixed. Each sample was then loaded onto an S-trap micro 158 

digestion reactor (Protifi, NY, USA) and centrifuged at 4,000 × g for 2 min. Each reactor was washed 159 

three times with 150 µL S-trap binding buffer followed by centrifugation at 4,000 × g for 2 min. 20 160 

µL digestion buffer (50 mM TEAB with 1.66 µg trypsin / 20 µL buffer) was added to each reactor 161 

and incubated over night at 37°C. Peptides were eluted from the S-trap reactors using first 40 µL 162 

50mM TEAB and then centrifugation at 4,000 × g for 2 min, second 40 µL of 0.2 % aqueous formic 163 

acid with centrifugation at 4,000 × g for 2 min, and finally 35 µL of 50 % aqueous ACN containing 164 

0.2 % formic acid with a centrifugation at 4,000 × g for 2 min. Peptides elutes were dried down and 165 

resuspended in 50 µL 0.1 % TFA.  Concentrations of the peptides was estimated using a BCA micro 166 
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assay kit (Thermo Scientific Pierce, Rockford, IL) and samples was adjusted to equal concentrations. 167 

A QC sample (mixture of all samples) was prepared by taking 10 µL from all samples and mixing it 168 

well.    169 

Data Acquisition 170 

Nano LC−MS/MS analyses were performed using an UltiMate™ 3000 RSLCnano System (Thermo 171 

Fisher Scientific, MA, USA) interfaced to a Q Exactive™ HF Hybrid Quadrupole-Orbitrap™ Mass 172 

Spectrometer (Thermo Fisher Scientific, MA, USA). Samples were dissolved in 0.1 % TFA and 173 

loaded onto a 20 mm nanoViper Trap Column (Acclaim™ PepMap™ 100 C18, 3µm particle size 174 

and an i.d. 0.075mm) connected to a 400 mm analytical column (PepSep, ReproSil 3 µm C18 beads, 175 

pore diameter 120Å and an i.d. 0.075mm). Separation was performed at a flow rate of 300 nL/min 176 

using a 40 min gradient of 0−41 % Solvent B (100 % ACN, 0.1 % FA) into the Nanospray Flex Ion 177 

Source (Thermo Scientific). The Q Exactive HF instrument was operated in a data-dependent MS/MS 178 

using HCD fragmentation. The peptide masses were measured by the Orbitrap (MS scans were 179 

obtained with a resolution of 60,000 at m/z 200). The top 12 most intense ions were selected and 180 

subjected to fragmentation. Ions were isolated by the quadrupole using a 1.2 Da with isolation 181 

window. Fragment spectra were recorded in the Orbitrap with a resolution 30,000. Dynamic exclusion 182 

was enabled with an exclusion duration of 30 s, and an exclusion mass tolerance width of ±10 ppm 183 

relative to masses on the list. Samples were analysed in a randomized order with a QC sample after 184 

every fifth sample and five QC in the beginning of the sample sequence. 185 

Data analysis 186 

The LC−MS/MS data was processed (smoothing, background subtraction, and centroiding) using 187 

Proteome Discoverer (Version 2.2, Thermo Scientific). The processed LC−MS/MS data was 188 

submitted to database searching against a UniProt Rattus norvegicus database containing 29,944 189 

sequences using an in-house Mascot server. Trypsin was chosen as enzyme with a maximum of two 190 

missed cleavages allowed. S-Carbamidomethyl cysteine was defined as a fixed modification and 191 

oxidation of methionine as variable modifications. The MS/MS results were searched with a peptide 192 

ion mass tolerance of ±10 ppm and a fragment ion mass tolerance of ±0.8 Da. Percolator [20] was 193 

used for calculating false discovery rate. Only peptides that were identified as rank 1 peptides and 194 

with a confidence value of 1 % (q < 0.01) were considered for further analysis.  195 
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All raw files were imported into Expressionist v.12.0.9 (Genedata) for data analysis. Imported files 196 

were noise filtered using a chemical noise subtraction. Data were RT aligned using a pairwise 197 

alignment, filtered and smoothed before peak detection, based on volumes. Detected peaks were 198 

isotopic clustered and singletons were filtered out. Peak clusters were matched with Proteome 199 

Discoverer identifications and peptides were grouped based on protein identifications. Proteins were 200 

quantified based on the three most intense peptides Hi-3 [21]. Quantitative results were exported into 201 

Analyst v.12.0.9 (Genedata) for normalization, statistical filtering and testing. Principle Component 202 

Analysis was performed using GeneData Analyst module. 203 

Pathway analysis 204 

Using an ANOVA, we found a list including 247 proteins significantly different between one of the 205 

four treatment groups using Storey-Tibshriani corrected q < 0.05.  The protein list was uploaded to 206 

the bioinformatics tool Ingenuity Pathway Analysis (IPA; Qiagen, Redwood City, CA) for protein 207 

annotation and pathway annotations.  208 

 209 

NMR spectroscopy 210 

A triple-phase methanol/chloroform/water (1:1:1) extraction with 500 µL of each solvent was 211 

performed on the left lateral lobe liver samples (weight 259±94 mg), and the liver extracts were placed 212 

at 4ºC overnight for separation. The tissue extracts were centrifuged (1400 x g, 30 min, 4°C), and the 213 

methanol-water and chloroform phases were separated for and desiccated in a vacuum centrifuge and 214 

stored at -80°C. Prior to NMR analysis, the methanol–water fractions (Polar extracts) were prepared 215 

by dissolving the pellet with 550 µL D2O, 25 µL H2O and 25 µL D2O containing 0.05 % 216 

Trimethylsilylpropanoic acid (TSP), and the chloroform fractions (Non-polar extracts) were 217 

dissolved in 575 µL CHCl3-d and 25 µL CHCl3-d containing 0.05 % Tetramethylsilane (TMS).  218 

The NMR measurements were performed on a 600 MHz Bruker Avance III spectrometer operating 219 

at a frequency of 600.13 MHz for 1H nucleus (Bruker Biospins, Rheinstetten, Germany) and equipped 220 

with a 5mm TCI CryoProbe. Polar extracts: 1H NMR spectra were recorded at 298K using a 1D 221 

Noesy pulse sequence with pre-saturation (Bruker “noesypr1d” pulse sequence). A total of 256 scans 222 

collected into 64K data points were acquired with a spectral width of 20.02 ppm, a recycle delay of 223 

5 s and an acquisition time of 2.73 s. Non-polar extracts: 1H NMR spectra were obtained at 298 K 224 

using a single pulse sequence with a 30° flip angle (Bruker “zg30” pulse sequence). A total of 128 225 
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scans collected into 64K data points were acquired with a spectral width of 20.02 ppm, a recycle 226 

delay of 3 s and an acquisition time of 2.73 s. An exponential line broadening function of 0.8 Hz for 227 

“Polar” spectra and 0.3 Hz for “Non-polar” spectra was applied to the free induction decay prior to 228 

the Fourier transformation of the Polar and Non-polar spectra. Each spectrum was automatically 229 

phased and referenced to TMS/TSP at 0.0 ppm using TopSpin 3.6 (Bruker BioSpin, Rheinstetten, 230 

Germany). Hepatic lipid signals in the Non-polar phase were mainly tentative assigned according to 231 

Fathi et al. [22]. 232 

Data analysis 233 

Prior to data analysis, the residual water signal was excluded from the “Polar” spectra and all 1H 234 

NMR spectra were normalized to the weight of each sample. Baseline-correction by distribution-235 

based classification [23], alignment using icoshift version 1.3.1 [24] and binning according to an 236 

optimized bucketing algorithm [25] were performed for both data sets. Multivariate data analysis was 237 

applied by Principal Component Analysis (PCA) analysis on Pareto scaled data using PLS Toolbox 238 

8.7 (eigenvector Research, U.S.A.) in Matlab R2018b (The MathWorks, Inc., Natick, MA, USA) to 239 

detect clustering behavior. 240 

 241 

Metabolomics analysis of plasma and caecal contents 242 

Plasma samples (150 µl) were placed in the wells of a 96-well plate and deproteinized with 450 µl 243 

acetonitrile containing internal standards (p-chlorophenylalanine and Glycocholic acid (Glycine-1 244 

13C), final concentration 0.01 mg/ml). The plate was mixed and incubated 10 min at 4°C followed by 245 

centrifugation (25 min at 2250 × g and 4°C). The supernatant was filtered through a 96-Square well,  246 

0.45 µM polypropylene filter plate (Phenomenex, Torrance, CA, USA) and the filtrate was divided 247 

into two 200 µL 96-well plates. The plates are placed in a vacuum centrifuge and the samples are 248 

evaporated to dryness (ca. 2.5 h, 805 × g and 30°C). Resuspension of the samples was done in 249 

H2O:ACN:FA (95:5:0.1) using the same volume as before evaporation. The plates were covered with 250 

a sealing foil and centrifuged (25 min at 2250 × g and 4°C) prior to LC-MS analysis.  251 

Prior to analysis, caecal contents were freeze dried and milled. Caecal content (50 mg) was mixed 252 

with 500 µl 80 % ACN with added internal standards as described above. The samples were vortexed 253 

for 20 min at room temperature and centrifuged for 10 min at 10.000 x g and 4°C. The supernatant 254 

was transferred to a 96-Square well, 0.45 µM polypropylene filter plate and aspirated into a new plate. 255 
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The filtered supertatant was divided into two 200 µl 96-well plates that were treated as described 256 

above. 257 

UPLC-MS analysis was performed using a Dionex UltiMate 3000 (Dionex, Sunnyvale, CA, USA) 258 

ultra-high pressure liquid chromatography system (UHPLC) coupled with an Impact HD Quadrupole 259 

Time-of-Flight (QTOF) mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) operating 260 

in positive electrospray ionization mode (ESI+) and negative electrospray ionization mode (ESI-) 261 

using the instrumental parameters previously described [26]. 262 

Chromatographic separation of the samples was performed on an HSS T3 C18 UHPLC column, 1.8 263 

µm, 100 x 2.1 mm (Waters Corporation, Milford, MA) equipped with a VanGuard Pre-column, 100Å, 264 

1.8 µm, 2.1 mm × 5 mm (Waters Corporation, Milford, MA). The column was maintained at 30°C 265 

and the samples were kept in the autosampler, set to 10°C, for the whole duration of the analysis. The 266 

injection volume was set to 3 µl for both plasma and caecal content. The mobile phases were 0.1 % 267 

formic acid in Milli-Q water (A) and 0.1 % formic acid in acetonitrile (ACN) (B). The flow rate was 268 

0.4 ml/min. The gradient program was as follows: 0-12 min, linear gradient from 5 to 100 % B; 12-269 

13 min, 100 % B and return to initial conditions in 0.2 min. Corresponding changes in A were made. 270 

The column was re-equilibrated at 5 % B for 2 min in the beginning of each run. 271 

Data processing and metabolite identification 272 

Quality control (QC) samples, which were pooled aliquot of each sample, were injected repeatedly 273 

during the run to monitor the quality of the chromatographic runs, the UPLC system stability and the 274 

accuracy of sample preparation. The plasma QC samples were prepared by pooling aliquot amount 275 

of samples whereas the caecal QC sample was made by pooling aliquots of each sample after 276 

dissolution in 80 % CAN. The QC samples were subjected to the same samples preparation protocol 277 

as the samples. Blanks were injected during the chromatographic analysis to monitor any external 278 

contaminants from solvents, eluents and carry-over effects. 279 

Mass spectra were calibrated and converted to mzXML-format and preprocessed using an R-based 280 

XCMS package [27]. The exported data tables were filtered to eliminate features present in blanks, 281 

retention times were truncated to contain only portions with chromatographic peaks, and masses 282 

higher than 700 m/z were discarded. Initial Principal Components Analysis (PCA) was performed 283 

using LatentiX 2.10 (Latent5 Aps.). Prior to performing the PCA data were Pareto-scaled, this reduces 284 

the importance of high intensity peaks but retains the variability in the data structure partially intact 285 
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[28]. Partial least squares discriminant analysis (PLS-DA) models were built in order to describe the 286 

variation between the groups in the plasma samples in positive mode. In order to detect metabolite 287 

ions with greatest on clustering loadings plots corresponding to either PCA or PLS-DA plots were 288 

examined and the 30 metabolites most important for discrimination between treatment groups were 289 

identified. Using accurate masses and fragmentation patterns, compounds were identified based on 290 

searches in online databases: the METLIN (http://metlin.scripps.edu/), Human Metabolome Database 291 

(http://www.hmdb.ca/), LIPID MAPS (http://www.lipidmaps.org/), and MetFrag database 292 

(https://msbi.ipb-halle.de/MetFragBeta/). The identification of the annotated compounds was 293 

confirmed with standards, when available, on the same analytical system under the same conditions 294 

(validation based on retention time and mass spectra). The level of metabolite identification [29] is 295 

indicated in Table S1 and S2 (supplementary material). 296 

 297 

SCFA analysis 298 

Short-chain fatty acid (SCFA) concentrations were measured as previously described [30] with some 299 

modifications regarding chromatographic equipment. In brief, 100 μg of intestinal (full wall) sample 300 

was diluted 10-fold with a 0.028 M NaOH solution containing internal standard (2-ethylbutyric acid, 301 

Aldrich, Brøndby, Denmark) and homogenised for two minutes. 125 μL 37 % HCl and 500 μL diethyl 302 

ether were added, and the sample was vortex for 30 s, before centrifuged (5000 x g, 5°C for 5 min).  303 

Next, 50 μL of the ether layer was transferred to a vial and 10 μL of derivatisation reagent N-methyl 304 

–N-t-butyldimethylsilyltrifluoroacetamide (Honeywell Fluka, NJ, USA) was added. The reaction 305 

mixture was briefly vortex and incubated at 80C for 20 min, followed by a further incubation at 306 

room temperature for 48 hours. Quantification of SCFA, was conducted on a Thermo Scientific™ 307 

TRACE™ 1310 Gas Chromatograph equipped with a flame ionisation detector and a 30 m 308 

Phenomenex Zebron ZB-1 column with an internal diameter of 0.25 mm coated with 100 %-309 

dimethylpolysiloxane with a film thickness of 0.25 μm. The samples were injected with a Thermo 310 

Scientific™ autoinjector (Model AI 1310) and the chromatograms were integrated using Thermo 311 

Scientific™ Dionex ™ Chromeleon ™ 7 chromatography software. Injector temperatures were set to 312 

250C and detector temperatures were set to 300C. The carrier gas was helium with a constant 313 

pressure of 17.00 psi and makeup gas flow was 40 mL/min of helium. A sample volume of 2 μL was 314 

injected with a split flow of 30 mL/min and 3.5 mL/min of purge flow. The compounds were eluted 315 

with a temperature gradient of the following shape: held at 70C for 1 min then increased to 110C 316 

http://www.lipidmaps.org/
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(4C per min), then increased to 180C (15C per min), further increased to 310C (25C per min) 317 

and held for 3.13 min. 318 

 319 

Statistical analysis 320 

Differences in GLP-1 concentrations, metabolic markers in plasma, total and hepatic fat 321 

accumulation, weight, and SCFA were assessed by One-way ANOVA with Bonferroni multiple-322 

comparison correction. P<0.05 was considered significant whereas a P-value between 0.05 and 0.10 323 

was considered as an indication of atrend towards significance. 324 

Gene expression data were analysed using a normal mixed model: 325 

Yij=μ+αi+υj+εij, 326 

Where Yij is the gene expression; μ is the overall mean; αi is the effect of treatment (i= ST, WD, 327 

WD+low-RE, WD+high-RE); υj is the random effect of block (j=1, 2); and εij is the residual error 328 

component. The data was presented at least square means with 95 % confidence interval. Effects were 329 

considered significant when P < 0.05, whereas 0.05 ≤ P ≤ 0.10 represented a tendency. 330 

 331 

Results 332 

Body weight and feed intake 333 

As presented in Figure 1A, during the six-week experimental period, a clear effect of time (P<0.0001) 334 

was observed for body weight, while no overall effect of treatments were observed (P=0.1034). The 335 

treatments influenced the 24-hour feed intake significant (P=0.0055; Figure 1B). For specific 336 

treatments, rats fed WD+low-RE had significantly higher energy intake than ST-fed rats, at day 35 337 

(P<0.01), 38 (P<0.001), and 42 (P<0.001), while the WD+high-RE-fed rats only had a higher energy 338 

intake than ST fed rats at day 38 (P<0.001).  339 

When determining the daily weight gain (g) pr. energy intake (kcal) an overall effect of treatment 340 

was observed (P<0.0001; Figure 1C). When comparing this for the different treatments, a significant 341 

difference was seen for WD+low-RE vs. WD+high-RE at day 3, for WD vs WD+low-RE at day 3 342 

and 10, for WD vs WD+high-RE at day 3-10, for WD vs. ST at day 3-17, for WD+low-RE or 343 

WD+high-RE vs. ST at day 3-24 and again 35-42. 344 
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 345 

Liver weight and fat accumulation in whole body and liver 346 

Mean total body fat percentage (Figure 2A) following six weeks of treatment were 14.1 % (ST), 17.4 347 

% (WD), 20.3 % (WD+low-RE), and 15.2 % (WD+high-RE). Overall, an effect of treatment was 348 

observed (P=0.0438). However, comparison of individual treatments showed no significant 349 

differences in total body fat percentage. 350 

Rats treated with WD had significantly higher liver fat percentages compared to ST treatment 351 

(P<0.0001). Treatment with WD+high-RE strongly decreased the fat mass in the liver (Figure 2B), 352 

with an average reduction of 46 % compared to the WD. This decrease in fat content is significant 353 

when comparing to the WD (P<0.001) or WD+low-RE (P=0.017). No significant difference was 354 

observed between WD and WD+low-RE (P=0.624) or between WD+high-RE and ST (P=1.00).  355 

The mean weight of wet liver tissue (Figure 2C) as percentage of total body weight were 3.99 % (ST), 356 

4.50 % (WD), 5.26 % (WD+low-RE), and 5.02 % (WD+high-RE). ST treatment resulted in 357 

significantly lower liver weight than WD treatment (P=0.0006), and WD treatment in lower liver 358 

mass than WD+low-RE (P=0.0001) and WD+high-RE (0.0198). No significant difference in liver 359 

weight was observed between WD+low-RE and WD+high-RE. 360 

 361 

Plasma metabolic markers 362 

The AST, ALT, (Figure 2D and 2E) or AST/ALT ratio showed no significant differences between 363 

the four treatments. Neither ALT (P=0.64) nor AST (P=0.44) was changed due to treatment. The 364 

mean ALT plasma levels following six weeks of dietary intervention did not differ significantly 365 

(P=1.00). Neither did the mean AST plasma values, although a tendency towards higher levels was 366 

observed for WD, WD+low-RE, and WD+high-RE. The average AST/ALT ratio were 2.8 (ST), 3.8 367 

(WD), 4.2 (WD+low-RE), and 5.1 (WD+high-RE) but with large variations within groups. When 368 

comparing WD+high-RE to ST, P=0.179, while P=1.00 for all other comparisons.  369 

An overall effect of treatment was observed for total cholesterol (P=0.0013; Figure 3A) and HDL-370 

cholesterol (P=0.0017; Figure 3C) but not for LDL-cholesterol (Figure 3B). For the mean cholesterol 371 

levels in plasma, WD (P=0.006), WD+low-RE (P=0.002), and WD+high-RE (P=0.047) caused a 372 

significantly higher level of total plasma cholesterol, compared to ST, but no significant differences 373 
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were observed between the three. For mean plasma levels of LDL-cholesterol (Table 1), only 374 

WD+low-RE treatment resulted in a significantly higher levels than ST (P=0.006) but it did not differ 375 

from WD and WD+high-RE. Mean plasma levels of HDL-cholesterol (Table 1), showed that 376 

WD+low-RE (P=0.047) and WD+high-RE (P=0.001) treatment caused significant higher plasma 377 

HDL levels than ST treatment. When looking at the HDL to total cholesterol ratio, HDL contributed 378 

to a significant larger fraction of the total cholesterol in the WD+high-RE treatment group compared 379 

to the other groups (P=0.0007), which did not differ from each other. 380 

An effect of treatment on the plasma level of triglycerides was observed (P=0.0003; Figure 3D). The 381 

mean plasma levels showed that treatment with WD (P=0.001) and WD+low-RE (P=0.001) but not 382 

WD+high-RE (P=0.372) caused significantly higher plasma triglyceride levels compared to the ST. 383 

WD+high-RE treatment did not differ from either WD (P=0.182) or WD+low-RE (0.096). 384 

No overall effect of treatment was seen for FFA levels (P=0.0739, Figure 3E). The mean plasma 385 

levels of FFA showed no significant differences between the WD (P=0.062), WD+low-RE (P=0.651), 386 

or WD+high-RE (P=0.610) and ST, neither was differences between WD, WD+low-RE, and 387 

WD+high-RE (P=1.00) observed.  388 

 389 

Fasting GLP-1 plasma concentrations 390 

An effect of treatment was observed for the fasting plasma GLP-1 concentration (P=0.0085, Figure 391 

4A). Thus fasting GLP-1 plasma concentrations were increased by WD+high-RE treatment compared 392 

to ST and WD treatment (P=0.015 and P=0.026, respectively) but concentrations were not different 393 

from the WD+low-RE group (0.083). ST, WD, and WD+low-RE did not differ significantly.  394 

 395 

Proglucagon expression 396 

An effect of proglucagon was observed for treatment (P=0.0332), intestinal segment (P<0.0001), and 397 

the interaction treatment*segment (P=0.0284; Figure 4B). For segment specific changes in the 398 

proglucagon gene expression, the mid-part and the distal part of the small intestine were 21.64 fold 399 

and 47.46 fold higher than the proximal part. For changes in the expression caused by treatment, the 400 

gene expression relative to ST were 1.15 (WD), 1.65 (WD+low-RE), and 1.11 (WD+high-RE) fold 401 

higher. 402 
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 403 

Proteomics analysis of liver tissue 404 

In this study, we used label-free LC-MS/MS based proteomics. To monitor the systemic variation of 405 

the LC-MS system, we analysed a pool mix sample of all analysed samples. By analyzing this sample 406 

continuously for every five samples, we had good control of time variations like dirt on interface or 407 

column performance issues. In total, we analysed 44 samples including 12 MIX samples. A total of 408 

1,570 proteins were identified and quantified and within these 999 proteins were quantified with 409 

minimum two peptides per protein. The average finding percentage of the 999 proteins throughout 410 

all 44 runs was 99.3 %, giving an almost complete data matrix. Data was normalized using an intensity 411 

drift normalization, where intensities from MIX samples are used to correct for drifting in the LC-412 

MS/MS performance. Principal component (PC) 2 shows the second largest variation (10.2 %; Figure 413 

5) in the dataset and in this case, separates the different diets. Positive PC2 scores are correlated to 414 

the ST diet and negative PC2 scores to the RE concentration in the diet.           415 

Using an ANOVA, we found 247 proteins significantly changing between one of the four diets with 416 

an overall FDR 5 %. Regulated proteins were imported into IPA for annotation and 219 out of the 417 

247 submitted proteins were mapped. A core analysis of mapped proteins showed that lipid 418 

metabolism and oxidation of lipids was predicted to be increased in WD-fed animals compared to 419 

ST-fed animals. The proteins found related to fatty acid metabolism and oxidation and regulated in 420 

comparison to ST diet are shown in Table 2. Interestingly a number of these proteins are regulated 421 

differentially in response to the RE supplement.  Hydroxyacyl-coenzyme A dehydrogenase (HADH), 422 

a central enzyme in β-oxidation pathway, was upregulated in in WD compared to ST but when WD 423 

was supplemented with RE, both high and low dose, the protein was unregulated. 424 

Another member of the β-oxidation pathway is the mitochondrial protein Enoyl-[acyl-carrier-protein] 425 

reductase (MECR). This protein is increasing 4.1 fold in the WD+high-RE diet compared to ST. 426 

Western style diet alone also enhances the abundance but only by 1.6 fold. In response to increasing 427 

amount of RE in the diet, we also detected the protein macrophage migration inhibitory factor (MIF) 428 

to increase in abundance. MIF is a pro-inflammatory cytokine but may also be involved in metabolic 429 

programming. Stearoyl-CoA desaturase 1 (SDC1) was found to be the most regulated proteins in 430 

response to WD as the protein was found to be upregulated with 9.8 fold, in the WD samples 431 

compared to ST samples. In WD+high-RE treatment this increase was slightly be lower and was 7.6 432 
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fold. We found, All-trans-retinol 13,14-reductase (RETSAT) to be upregulated by WD with 2.5 fold 433 

whereas in rats supplemented with RE this protein was not significantly altered. 434 

 435 

NMR analysis of liver tissue 436 

A PCA model on the polar liver extracts did not show a clear separation between the treatments except 437 

for a tendency for clustering of the ST samples in PC2 (Figure 6). Thus, no treatment effect was found 438 

for the polar metabolites as sugars and amino acids in the liver. In contrary, a PCA model on the Non-439 

polar liver extracts resulted in a clear separation of the treatment along PC1 with ST samples on the 440 

left side, the WD+high-RE samples in the center and WD and WD+low-RE samples on the right side 441 

of the PCA score plot (Figure 7). The WD+low-RE treatment could not be separated from WD in 442 

PC1, whereas WD+high-RE shows a shift towards a lipid profile of the ST-fed rats. The PC1 loadings 443 

for the hepatic free and total cholesterol could be ranked according to treatments: WD and WD+low-444 

RE > WD+high-RE > ST (Figure 8). The same pattern was also shown for glycerol backbone signals, 445 

which could indicate less hepatic triglyceride of WD+high-RE rats compared to WD rats. The PC1 446 

loadings in Figure 8 of the fatty acyl chain signals have in general both positive and negative loadings 447 

for the same functional group (e.g. (CH2)2 at 1.24-1.37 ppm). This could be seen as minor differences 448 

in the lipid signals when comparing different treatments. Moreover, the unsaturated fatty acid broad 449 

peak at 5.38 ppm shows almost entirely negatively valued loadings, which means that livers from 450 

WD+high-RE rats have a higher prevalence of unsaturated fatty acids than livers from WD and 451 

WD+low-RE rats.  452 

 453 

Metabolomics on plasma and caecum content 454 

PCA plots 455 

The PCA (Figure 9) of caecum digesta samples revealed four separated clusters based on treatment. 456 

Principal component (PC) 1 accounted for 50.8 % (negative mode) or 45.3 % (positive mode) of the 457 

variation, respectively. PC2 accounted for 14.4 % (negative mode) or 17.1 % (positive mode) of the 458 

variation, respectively. A PCA scores plot of plasma (Figure 10) in negative mode showed a clear 459 

separation between rats fed ST and WD. The separation between WD and WD with added RE was 460 

less clear, however, a ranking of the samples was evident. For plasma samples in positive mode, a 461 

supervised multivariate analysis, PLS-DA, was needed to obtain separation between dietary treatment 462 
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groups. This resulted in a clear separation between ST and WD-groups, and a clear ranking of the 463 

WD groups. 464 

Caecum content 465 

The ST-treated rats differed from WD-, WD+low-RE-, and WD+high-RE-treated rats by having high 466 

levels of metabolites derived from plant lignans, including enterolactone, and dihydroferulic acid, 467 

which are linked to whole grain intake (Figure 11). The ST-treated rats also shows higher levels of 468 

4-(2-Aminophenyl)-2,4-dioxobutanoic acid and kynurenic acid, which are metabolites from 469 

tryptophan metabolism, and 3-phenyllactic acid, which is a metabolite of phenylalanine. Moreover, 470 

ST-treated rats have higher levels of certain lipid metabolites, indicating different lipid sources in ST 471 

and WD. In general, the treatment with WD, WD+low-RE, and WD+high-RE caused high levels of 472 

bile acid metabolites (Figure 12). However, for many of these bile acid metabolites, the concentration 473 

was decreasing with the increase in RE concentration. Bile acid metabolites present in high 474 

concentration in all three high-fat treatments includes numerous unidentified bile acid products. 475 

Cholic acid, a primary bile acid, appears to be the only identified bile acid metabolite increasing with 476 

RE concentration. Many metabolites were seen increasing with RE concentration, most of which were 477 

connected to rosemary. These include carnosol, carnosic acid, and glucuronides of these. 478 

Plasma 479 

In plasma, many RE derived metabolites, including carnosol, carnosic acid and rosmadial, were found 480 

in WD+low-RE- and WD+high-RE-treated rats, with a clear positive correlation to concentration in 481 

the diets (Figure 13). WD+low-RE- and WD+high-RE-treated rats also had higher levels of phenyl 482 

sulfate and phenol sulfate. Phosphatidylcholine and lysophosphatidylcholine metabolites were 483 

present in all treatment groups but not all subclasses were found in the ST. In general, the ST treated 484 

rats showed higher levels of valine, the lysine-derived carnitines, proline betaine, and the tryptophan 485 

derived 3-indolepropionic acid and indoxyl sulfate. Contrary, WD-, WD+low-RE- and WD+high-486 

RE-treated rats had higher levels of tryptophan and proline (Figure 14). 487 

 488 

SCFA analysis 489 

Table 4 shows the pool size of total and individual SCFAs in ceacum. The total amount of SCFAs in 490 

ceacum was significantly higher (P<0.0001) in ST-treated rats (810.4 μg) compared to treatment with 491 

WD (121.4 μg), WD+low-RE (135.1 μg) and WD+high-RE (110.0 μg). The 492 
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acetate:propionic:butyrate acid ratio, in percentage of total SCFA, was 56:11:31 following ST 493 

treatment, 67:17:9 following WD treatment, 76:17:4 for WD+low-RE treatment, and 76:14:3 for 494 

WD+high-RE treatment. For acetic acid these differences were a significant effect of treatment 495 

(P<0.0001) with no difference between treatments with WD+low-RE and WD+high-RE. An effect 496 

of treatment was also observed for propionic acid (P=0.0002), with significantly higher propionic 497 

acid for WD and WD+low-RE compared to ST, but not for WD+high-RE. Also for butyric acid, an 498 

effect of treatment was observed (P<0.0001), but with no difference between WD+low-RE and 499 

WD+high-RE. 500 

 501 

Discussion 502 

Over the six-week intervention, we did not observed an effect on body weight after supplementing 503 

RE to a Western style diet high in fat. We have previously shown that RE stimulated the secretion of 504 

the satiety-inducing hormone GLP-1 [31]. Based on this we hypothesized that continuous intake of 505 

RE would cause a higher level of satiation, thus a lower energy intake and less prominent weight 506 

gain. We observed an effect of treatment on 24-hour energy intake, but only as a lower energy intake 507 

from the standard diet. Moreover, this was only observed at the end of the experimental period. In a 508 

study by Ninomiya et al. [32], six weeks old mice were ad libitum fed with a high-fat diet in addition 509 

to a daily oral administration of carnosic acid, a polyphenol found in high concentrations in rosemary. 510 

They discovered that administration of carnosic acid (20 mg/kg body weight/day) for 14 days was 511 

sufficient to reduce weight gain significantly. For comparison, the WD+high-RE rats consumed 512 

approximately 400 mg RE per kg body weight per day. Carnosic acid has been reported to represent 513 

up to 10 % of leaf dry weight [33]. In that aspect, the lack of effect of the treatment on body weight 514 

in the present experiment, is not likely to be due to insufficient concentrations. Furthermore, Harach 515 

et al. [34] demonstrated that adult, obese mice on a high-fat diet supplemented with 200 mg/kg body 516 

weight of RE had a significantly lower weight gain after 35 days of treatment compared to those who 517 

did not receive RE. In contrast to the present study, Harach et al. used full-grown mice. During the 518 

experimental period, we did not see any differences in body weight between the high-fat diets and 519 

the standard diet. This may be explained by the choice of animal and strain. In a study with rats with 520 

a start weight of approximately 100 g, feeding the rats either a standard chow or a high-fat diet, did 521 

not induce any diet-related differences in body weight over a period of six week in Sprague Dawley 522 

rats, while in Long-Evans rats the animals exposed to high-fat diet gained significantly more weight 523 
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[35]. In addition, it has been reported that for outbred Sprague Dawley rats fed a diet high in fat and 524 

energy, only about half will develop obesity, while the other half is resistance to diet-induced obesity 525 

and will gain weight at the same pace as standard chow-fed controls [36].  526 

We found significant differences in daily weight gain per energy intake (g/kcal). This can be seen as 527 

a measurement for how sufficient the energy is absorbed from the intestine. Both groups of rats treated 528 

with RE showed significant lower weight gain related to consumed energy compare to the rats fed 529 

ST for most of the experimental period, while it was only the first 17 days for the rats fed WD. It has 530 

been shown that RE-treated mice had higher faecal fat excretion and that RE is able to inhibit 531 

pancreatic lipase in vitro, and it was suggested that the effect of RE on body weight is, at least partly, 532 

due to inhibition of lipid absorption [34]. If so, this could explain our less sufficient uptake of energy 533 

from the WD+high-RE treatment. Moreover, our metabolomics data on caecal content showed lower 534 

levels of many bile acid metabolites in the WD+high-RE group. As bile acids are critical for lipid 535 

digestion by the lipases, this could further support the hypothesis that RE inhibits the absorption of 536 

dietary fats.  537 

We showed that six weeks of WD+high-RE significantly increased fasting GLP-1 plasma 538 

concentrations. In general, plasma GLP-1 concentrations may increase in response to either increased 539 

GLP-1 secretion, decreased renal clearance or because of a combination of both. In these studies, we 540 

did not assess potential changes in renal clearence, but GLP-1 secretion from isolated perfused rat 541 

small intestine was acutely increased in response to RE administration, suggesting that the increased 542 

fasting plasma concentration results from stimulatory effects of RE on GLP-1 secretion. Higher 543 

fasting GLP-1 concentrations have been associated with higher rates of resting energy expenditure 544 

and higher fat oxidation in humans, independent of body composition [37]. Moreover, in vitro and in 545 

vivo studies have concluded that GLP-1 suppresses hepatic lipogenesis via activation of the cAMP-546 

activated protein kinase pathway [38]. Increased GLP-1 expression in hepatic progenitor cells, which 547 

have increased activity when hepatocytes are damaged, have been reported in NAFLD patients, 548 

suggesting this could also contribute to a higher circulating GLP-1 levels [39]. However, we did not 549 

see an increase in AST or ALT and we found a decrease in hepatic fat accumulation, indicating that 550 

the observed increase in fasting GLP-1 is not caused by increased hepatic progenitor cell activity. 551 

Fecal bile acids may stimulate the secretion of GLP-1 from the colon through activation of the bile-552 

acid sensitive receptor TGR5, and bile acids in fact appear to be one of the most potent stimulus for 553 

colon GLP-1 secretion [40]. Alterations in the fecal bile acid excretion could therefore have affect 554 

plasma GLP-1 secretion in our study, as suggested by other studies [41, 42]. However, our 555 
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metabolomics data showed that the concentration of numerous bile acids was inversely proportional 556 

to the RE concentration. Consequently, the observed increase in fasting GLP-1 concentrations are not 557 

likely to be caused by a bile-induced stimulation. 558 

Animal studies have reported a decrease in hepatic fat accumulation upon treatment with the GLP-1 559 

receptor agonist exenatide [43, 44]. It has also been concluded that rats on a high-fat diet treated with 560 

exenatide, have increased levels of transcript factors involved in fatty acid β-oxidation, resulting in a 561 

reduction in total hepatic lipid accumulation [45]. Others have found an increased plasma GLP-1 562 

concentration to be associated with a reduction of mRNA and protein expression of transcription 563 

factors required for cholesterol biosynthesis and enzymes that catalyses fatty acid synthesis, 564 

concluding that GLP-1 prevents overproduction of VLDL [46]. Consequently, the increase in fasting 565 

GLP-1 concentrations we observed might cause an increase in fatty acid β-oxidation and a decrease 566 

in fatty acid synthesis, resulting in the reduction in relative fat mass in the liver. Repeating our study 567 

protocol in animals deficient in GLP-1 signalling will be required to ultimately test this hypothesis. 568 

RE is a potent inhibitor of the primary enzyme catalysing GLP-1 degradation, dipeptidylpeptidase-569 

IV, which is ubiquitously expressed and present in both a soluble form in plasma and in a membrane 570 

bound from in the  throughout  vascular bed in the draining capillaries and veins of the gut. Of interest, 571 

computational modeling have shown that carnosol, which is found in high concentrations in RE, had 572 

strong binding affinity to DPP-IV [47]. Our metabolomics data demonstrated that several RE derived 573 

metabolites, including carnosol, carnosic acid and rosmadial were present in plasma. Consequently, 574 

a possible explanation for the increase in fasting GLP-1 concentrations could reduced DPP-IV 575 

activity, leading to a higher concentration of active GLP-1 and subsequently a lowering of renal 576 

clearance of the peptide hormone. However, type 2 diabetic patients treated with a DPP-IV inhibitor, 577 

showed no changes in total GLP-1 levels at fasting [48]. 578 

Our gene expression data showed that the expression of proglucagon progressively increased from 579 

proximal duodenum to distal ilium, indicating that more GLP-1 may be secreted from the distal part 580 

of the small intestine.  Similar findings have been reported for the actual tissue concentrations of 581 

GLP-1 in rats [49], thus confirming the distribution of GLP-1 secreting cells. The extent to which 582 

tissue concentrations of GLP-1 parallel actual secretion is, however, not known but our general 583 

experience from isolated perfused rodent small intestine studies is that the amount of GLP-1 that is 584 

secreted – event to very potent stimuli – only make up a minor fraction of the stored concentration. 585 

Furthermore, secretion to a given stimuli also depends on expression of molecular sensors that is 586 



92 

 

responsible for the secretion, which may differ between L-cells down the length of the intestine. For 587 

instance, luminal glucose is a potent stimulator of GLP-1 secretion from the small intestine, but not 588 

from the colon, whereas bile acids robustly increase secretion of GLP-1 from both the small intestine 589 

and from the colon [40, 50]. Moreover, we observed a higher proglucagon gene expression but only 590 

after treatment with WD+low-RE, not after WD+high-RE, and only 1.65-fold higher. If the observed 591 

increase in fasting GLP-1 is caused by a higher secretion from the intestinal tract that is not something 592 

we can associate with higher gene expression in the present study. 593 

AST and ALT levels were measured as a biomarker for hepatocellular damage. When hepatocytes 594 

are injured, AST and ALT will leak into the circulation, resulting in enhanced plasma levels [51]. We 595 

had very large variations within groups and did not observe an effect of treatment on AST or ALT, 596 

although the mean values for AST/ALT ratio differed considerably. It has previously been shown that 597 

supplements of RE did not change the AST and ALT levels in healthy rats but when liver cirrhosis is 598 

induced, RE is able to reduce the AST and ALT levels significantly and improve the physiological 599 

and histopathological alterations seen in the cirrhosis model in twelve weeks [52].  600 

Obese individuals commonly show dyslipidemia, with greater abnormalities seen with increased 601 

BMI, including elevated levels of triglycerides and total cholesterol, and decreased levels of HDL 602 

[53]. FFAs are stored and released from the adipose tissue, why most obese individuals show elevated 603 

FFA levels [54]. In our study, we did not observe a significant increase in plasma FFA in rats 604 

receiving a WD high in fat and carbohydrates, although rats on WD tended to have higher FFA in 605 

plasma. In addition, we did not see any differences in total body fat mass between ST and the other 606 

treatments, even though they were based on a high-fat diet. However, the dyslipidemia in obese 607 

subjects is consistent with our results for total cholesterol and triglycerides, although no significant 608 

differences in LDL was observed. Interestingly, our WD+high-RE treated rats showed decreased 609 

levels of plasma triglycerides and increased levels of HDL, demonstrating a positive effect of 610 

continuous consumption of rosemary extract. This contradicts the study by Harach et el. [34], where 611 

a RE concentration corresponding to half of concentration in our WD+high-RE did not lower the 612 

plasma triglyceride concentration, although hepatic triglyceride concentration was reduced. We 613 

observed higher total cholesterol in plasma in rats fed a diet based on high fat but did not see an effect 614 

of RE. A meta-analysis study that included 750 participants evaluated the effect of the polyphenol-615 

rich cinnamon on blood lipid concentrations, and concluded that supplementation with this 616 

polyphenol source reduced plasma triglycerides and total cholesterol but did not have any effect on 617 

LDL and HDL [55]. In another study, 25 healthy participants received a polyphenol-rich pine bark 618 
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extract for six weeks, resulting in decreased LDL and increased HDL [56]. Moreover, they showed 619 

that while the LDL changes reversed following a four-week washout, the HDL did not. This suggests 620 

a long-lasting beneficial effects of RE on HDL concentration.  621 

Our data showed that rats consuming a high-fat diet for six weeks has increased hepatic fat percentage 622 

by 2.4-fold, but RE inhibited the accumulation of fat in the liver, resulting in a fat percentage only 623 

1.29-fold higher than ST for WD+high-RE. This finding is supported by others who have found 624 

polyphenol-rich extracts able to attenuate steatosis in humans and animal models [57-60]. The 625 

observations on fat in liver tissue is consistent with our NMR data, where the lipid profile of the liver 626 

showed that consumption of a Western style diet for six weeks resulted in higher levels of cholesterol 627 

and triglycerides, and that the present fatty acids were more often saturated fatty acids, than in a 628 

standard diet. Interestingly, by supplementing the diet with high-RE, the overall lipid profile in the 629 

liver shifted to resemble a mix of standard and Western style diet, with less free and total cholesterol, 630 

less triglycerides and more unsaturated fatty acids than the Western style diet. It is consistent with 631 

previously studies in mice showing that RE is able to reduce triglyceride levels in the liver by 39 % 632 

[34]. FFA, oxidative stress, and inflammation play key roles in hepatic fat accumulation, cellular 633 

injury, insulin resistance, and the progression of NAFLD [61]. PPARα regulates FFA transport and 634 

stimulates enzymes of β-oxidation in the liver, and has been proposed to be involved in the 635 

pathogenesis of NAFLD, and several polyphenols have been reported to stimulate PPARα, either as 636 

agonists of PPARα or by upregulating PPARα gene and protein expression [62-65].  In the liver, 637 

certain polyunsaturated fatty acids are known to activate the PPARα, the transcriptional regulator of 638 

genes responsible for fatty acid oxidation, and downregulate SREBP-1c, responsible for gene 639 

transcription in the synthesis of fatty acids [66, 67]. Stearoyl-CoA desaturase-1 (SCD1) is a key 640 

enzyme in fatty acid metabolism that catalyses the rate-limiting step in the formation of 641 

monounsaturated fatty acids (MUFAs), specifically oleate and palmitoleate, from stearoyl-CoA and 642 

palmitoyl-CoA [68]. Our data shows an upregulation of SCD1 in the WD compared to ST, which is 643 

in accordance with previous studies, showing that SCD1 activity is upregulated in diets high in 644 

saturated fatty acids [69]. Interestingly, this upregulation was significantly lower in WD+high-RE 645 

compared to WD. High SCD1 activity is associated with hypertriglyceridemia and reduced levels of 646 

HDL-cholesterol [70]. Consequently, a reduction in the upregulation of the high-fat diet-induced 647 

SCD1 expression by RE may contribute to lower concentrations of TG through SCD1. We found all-648 

trans-retinol 13,14-reductase (RetSat), an enzyme that catalyses the saturation of retinol and has a 649 

critical role in the plasticity of adipose tissue [71], to be upregulated by WD, but this protein was no 650 
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longer significantly upregulated when the rats received RE supplements. In humans, hepatic RetSat 651 

expression correlates with serum TGs and steatosis, and depletion of RetSat in obese mice lowers 652 

hepatic and circulating TGs [72], consequently the effect of RE on RetSat may contribute to the 653 

reduction in TG. The macrophage migration inhibitory factor (MIF) is a pro-inflammatory cytokine 654 

with metabolic functions, which stimulates lipid oxidation in the liver, possibly through a pathway 655 

involving AMP-activated protein kinase and cluster of differentiation 74, and inhibits the 656 

accumulation of lipids in the liver [73, 74]. Moreover, MIF has a hepatoprotective role in in vivo 657 

models of NAFLD [75]. In the present study, we showed that RE is able to increase the levels of MIF 658 

in the liver. It is possible that RE contributed to lower hepatic fat accumulation by its upregulation of 659 

MIF. 660 

SCFAs, mainly acetate, propionate and butyrate, are produced by colonic fermentation of indigestible 661 

foods. SCFAs are able to increase GLP-1 synthesis by upregulating the expression of proglucagon 662 

[76, 77]. However, in our study the highest concentration of fasting GLP-1 in plasma was found in 663 

rats on the WD+high-RE diet, which had the lowest levels of total SCFAs. Propionate 664 

supplementation have resulted in reduced weight gain and hepatic fat accumulation in humans, and 665 

oral supplements of butyrate has been shown to improve the lipid profile and reduce feed intake in 666 

animals [78, 79]. Moreover, in a study of oral administration of acetate, propionate, and butyrate in 667 

obese men, SCFAs appears to increase fat oxidation and energy expenditure, while decreasing 668 

lipolysis [80]. We observed a large decrease in total SCFAs for the high-fat based diets compared to 669 

ST, with no improvement related to RE content. This suggest that RE is not able to compensate for 670 

the lower fiber content in the diet.  671 

In conclusion, we did not observe an increase in body weight or total body fat percentage in young, 672 

healthy rats during the experimental period, when the animals were fed a high-fat diet. However, the 673 

treatment with the high-fat diet resulted in higher hepatic fat percentage, higher cholesterol and 674 

triglyceride concentrations in plasma and liver, and higher LDL in plasma. Supplementing 4 g RE 675 

per kg feed to the diet reduced plasma triglycerides and cholesterol, and hepatic fat percentage, in did 676 

in addition increase plasma HDL and fasting plasma GLP-1 concentrations. Our proteomics data 677 

suggest this is accomplished through GLP-1-induced changes in the protein profile, with an up 678 

regulation of proteins involved in fatty acid metabolism. Altogether, our study strongly indicates that 679 

RE improves the lipid profile in animals, before the onset of classical signs of obesity. 680 



95 

 

 

0 5 10 15 20 25 30 35 40 45 50
0

50

100

150

200

250

300

350

400

450

Day

B
o

d
y 

w
e

ig
h

t 
(g

)

0 5 10 15 20 25 30 35 40 45 50
0.00

0.05

0.10

0.15

0.20

Day

W
e

ig
h

t 
g

ai
n

 p
e

r 
fe

e
d

 i
n

ta
k

e
(g

/k
ca

l)

0 5 10 15 20 25 30 35 40 45 50
0

25

50

75

100

125

Day

2
4

-h
 f

o
o

d
 i

n
ta

k
e

 (
k

c
a
l)

A B

C

*
* *

* *
*

* *

 

Figure 8: Effects of rosemary extract on body weight (A), 24-hour feed intake (B), and weight gain per energy intake in rats fed a ST 

(♦), WD (●), WD+low-RE (□), or WD+high-RE (∆), over 46 days. n=16. Results are presented as mean ± SEM. * indicates significant 

difference (P<0.05) between two or more treatments: (B) ST and WD+low-RE differ significantly at day 35, 38, and 42, and  ST and 

WD+high-RE differ significantly at day 38. (C) All four treatments differ at day 3. In addition, WD and WD+high-RE differ at day 7, 

and ST and WD+high-RE differ at day 7, 10, 14, and 17. ST, standard diet; WD, Western style diet; WD+low-RE, WD supplemented 

with low concentration of rosemary extract; WD+high-RE, WD supplemented with high concentration of rosemary extract. 
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Figure 9: Effects of rosemary extract on (A) total body fat percentage, (B) liver fat percentage, (C) liver weight as percentage of total 

body weight, (D) plasma aspartate aminotransferase (U/L), and (E) plasma alanine aminotransferase (U/L) in rats fed standard diet 

(ST), Western style diet (WD), or a WD supplemented with either low (low-RE) or high (high-RE) concentrations of rosemary extract, 

measured at day 46. n=8. Results are presented as mean ± SEM. Means without common letters differ significantly (P<0.05). 
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Figure 10: Effects of rosemary extract on plasma levels of (A) total cholesterol (mM), (B) low-density lipoprotein (LDL) levels relative 

to the total cholesterol, (C) high-density lipoprotein (HDL) levels relative to the total cholesterol, (D) triglycerides (mM), and (E) free 

fatty acids (μeq/L) in rats fed standard diet (ST), Western style diet (WD), or a WD supplemented with either low (WD+low-RE) or 

high (WD+high-RE) concentrations of rosemary extract. Measured at day 46. n=8. Results are presented as mean ± SEM. Means 

without common letters differ significantly (P<0.05). 
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Figure 11: Effects of rosemary extract on (A) fasting levels of glucagon-like peptide-1 (pM), and (B) relative proglucagon expression 

for the interaction between segment and treatment, normalized to ST treatment in upper small intestine (SI) in rats fed standard diet 

(ST), Western style diet (WD), or a WD supplemented with either low (WD+low-RE) or high (WD+high-RE) concentrations of 

rosemary extract. Measured at day 46. n=8. Results are presented as (A) mean ± SEM or (B) mean with 95 % confident intervals. 

Means without common letters differ significantly (P<0.05). 

 

 

Figure 12: Principal components analysis score plot of liver proteins. ST, standard diet; WD, Western style diet; WD+low-RE, WD 

supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented with high concentration of rosemary 

extract. 
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Figure 13: Principal components analysis score plot of the polar extracts from liver. ST, standard diet; WD, Western style diet; 

WD+low-RE, WD supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented with high concentration 

of rosemary extract. 

 

 

 

Figure 14: Principal components analysis score plot of the non-polar extracts from liver. ST, standard diet; WD, Western style diet; 

WD+low-RE, WD supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented with high concentration 

of rosemary extract. 
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Figure 15: Loadings plot of Non-polar extracts. Assignments: 1, glycerol backbone; 2, fatty acyl chain; 3, free cholesterol; 4, total 

cholesterol; 5, residual methanol.  

 

 

Figure 16: Principal components analysis score plot of caecum content in (A) negative mode, and (B) positive mode. ST, standard diet; 

WD, Western style diet; WD+low-RE, WD supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented 

with high concentration of rosemary extract. 
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Figure 17: Principal components analysis score plot of plasma in negative mode (A), and partial least squares discriminant analysis 

of plasma in positive mode (B). ST, standard diet; WD, Western style diet; WD+low-RE, WD supplemented with low concentration of 

rosemary extract; WD+high-RE, WD supplemented with high concentration of rosemary extract. 

 

 

 

Figure 18: Heat maps of metabolites discriminating between the ST and the WD diet identified and annotated in caecal content of rats 

and being dominant in the (A) ST diet or (B) WD diet, respectively. Abbreviations: UI, Unidentified; DHFA, Dihydroferulic acid; 4-

(2-AP)-2,4-DBA, 4-(2-Aminophenyl)-2,4-dioxobutanoic acid, 3-PLA, 3-Phenyllactic acid; Frag., Fragment; ST, standard diet; WD, 

Western style diet; WD+low-RE, WD supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented with 

high concentration of rosemary extract. 
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Figure 19: Heat maps of metabolites discriminating between the WD and the WD+high-RE diet identified and annotated in caecal 

content of rats and being dominant in the (A) WD diet or (B) WD+high-RE diet, respectively. Abbreviations: UI, Unidentified; frag., 

fragment; RE, Metabolite derived from rosemary extract; gluc, glucuronide; ST, standard diet; WD, Western style diet; WD+low-RE, 

WD supplemented with low concentration of rosemary extract; WD+high-RE, WD supplemented with high concentration of rosemary 

extract. 

 

Figure 20: Heat maps of metabolites discriminating between the ST and the WD diet identified and annotated in plasma of rats and 

being dominant in the a) ST diet or b) WD diet, respectively. Abbreviations: BA, Bile acid; UI, Unidentified; Equol 7-O-gluc, Equol 7-

O-glucuronide; 3-indoleprop. acid, 3-Indolepropionic acid; Pyrocatechol sul., Pyrocatechol sulfate; Deoxy-fructosylleu, N-(1-Deoxy-

1-fructosyl)leucine; 3-Methyl-2-oxoval., 3-Methyl-2-oxovaleric acid; 4-Methyl-2-oxoval., 4-Methyl-2-oxovaleric acid; ST, standard 

diet; WD, Western style diet; WD+low-RE, WD supplemented with low concentration of rosemary extract; WD+high-RE, WD 

supplemented with high concentration of rosemary extract. 
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Figure 21: Heat maps of metabolites discriminating between the WD and the WD+high-RE diet identified and annotated in plasma of 

rats and being dominant in the a) WD diet or b) WD+high-RE diet, respectively. Abbreviations: UI, Unidentified; 3-Methyl-2-oxoval., 

3-Methyl-2-oxovaleric acid; 4-Methyl-2-oxoval., 4-Methyl-2-oxovaleric acid; RE, Metabolite derived from rosemary extract; 

Rosmanol/Epiisoros, Rosmanol/Epiisorosmanol. Class: 1, standard diet (ST); 2, Western style diet (WD), or WD supplemented with 

either 3, low (low-RE) or 4, high (high-RE) concentrations of rosemary extract. 

 

 

Table 2: Final body weight, aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio, low-density lipoprotein (LDL), 

and high-density lipoprotein (HDL) in rats fed standard diet (ST), Western style diet (WD), or a WD supplemented with either low 

(low-RE) or high (high-RE) concentrations of rosemary extract, measured at day 46. n=8. Mean values with 95 % confident intervals. 
a,b,cMean values within a row with unlike superscript letter were significant different (P<0.05) 

 ST WD WD+low-RE WD+high-RE P 

Final body weight (g) 371.0a 

[351.6;390.3] 

377.8a 

[346.1;391.4] 

383.0a 

[363.1;402.9] 

362.1a 

[346.3;377.9] 

0.3080 

AST/ALT 2.8a 

[1.9;3.8] 

3.8a 

[2.0;5.6] 

4.2a 

[2.8;5.6] 

5.1a 

[2.9;7.2] 

0.1694 

LDL (mM) 0.30a 

[0.26;0.33] 

0.35ab 

[0.30;0.40] 

0.41b 

[0.34;0.48] 

0.33ab 

[0.29;0.36] 

0.0076 

HDL (mM) 0.63a 

[0.54;0.72] 

0.81ab 

[0.68;0.93] 

0.85b 

[0.71;0.99] 

0.96b 

[0.82;1.10] 

0.0017 
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Table 3: Gene and protein name of quantified proteins involved in fatty acid metabolism. Fold changes between the different diets in 

relation to standard diet in rats fed standard diet (ST), Western style diet (WD), or a WD supplemented with either low (low-RE) or 

high (high-RE) concentrations of rosemary extract, measured at day 46. n=8 

Gene Protein Fold change 

(WD/ST) 

Fold change 

(WD+low-

RE/ST) 

Fold change 

(WD+high-

RE/ST) 

AADAC Arylacetamide deacetylase 1.7 1.6 1.7 

ABCD3 ATP-binding cassette sub-family D member 3  1.2 1.3 1.5 

ACADS Short/branched chain specific acyl-CoA 

dehydrogenase, mitochondrial 

0.5 0.6 0.5 

AOX1 Aldehyde oxidase 1 1.2 1.2 1.3 

CISD1 CDGSH iron-sulfur domain-containing protein 1 0.9 0.8 0.8 

CYP1A2 Cytochrome P450 1A2 0.5 0.4 0.3 

CYP3A2 Cytochrome P450 3A2 1.1 0.8 0.9 

Cyp4a2 Cytochrome P450 4A2 1.5 1.1 1.5 

DECR1 2,4-dienoyl-CoA reductase, mitochondrial 2.0 1.6 1.8 

ECI1 Enoyl-CoA delta isomerase 1, mitochondrial 2.1 1.8 2.2 

HADH Hydroxyacyl-coenzyme A dehydrogenase, 

mitochondrial 

1.3 1.0 1.0 

HADHA Trifunctional enzyme subunit alpha, mitochondrial 1.4 1.3 1.5 

HADHB Trifunctional enzyme subunit beta, mitochondrial 1.3 1.0 1.3 

HMGCS2 Hydroxymethylglutaryl-CoA synthase, mitochondrial 1.4 1.2 1.2 

HSD11B1 Corticosteroid 11-beta-dehydrogenase isozyme 1 0.5 0.3 0.5 

HSD17B2 Estradiol 17-beta-dehydrogenase 2 1.2 1.4 1.6 

IMMT MICOS complex subunit Mic60 (Fragment) 0.8 1.2 1.7 

MECR Enoyl-[acyl-carrier-protein] reductase, mitochondrial 1.6 2.2 4.1 

MIF Macrophage migration inhibitory factor 1.1 1.3 1.6 

PRKAA2 5'-AMP-activated protein kinase catalytic subunit 

alpha-2 

1.4 1.2 1.5 

RETSAT All-trans-retinol 13,14-reductase 2.4 1.4 1.2 

SCD1 Stearoyl-coenzyme A desaturase 1 9.8 10.1 7.6 
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Table 4: Pool size of total and individual short-chained fatty acids (SCFAs) in caecum in rats fed standard diet (ST), Western style 

diet (WD), or a WD supplemented with either low (low-RE) or high (high-RE) concentrations of rosemary extract, measured at day 

46. n=8. Mean values with 95 % confident intervals. 
a,b,cMean values within a row with unlike superscript letter were significant different (P<0.05) 

  

ST 

 

WD 

 

WD+low-RE 

 

WD+high-RE 

 

P 
Total SCFA (μg) 810.4a  

[655.9;964.8] 

121.4b  

[91;150.9] 

135.1b  

[114.4;155.8] 

110.0b 

[59.1;160.9] 

<0.0001 

Acetic acid (μg) 

 

% of total SCFA 

458.8  

[355.2;562.3] 

56 %a 

81.8  

[61.5;102.0] 

67 %b 

103.1  

[86.0;120.2] 

76 %c 

84.17  

[86.0;120.2] 

76 %c 

<0.0001 

Propionic acid (μg) 

 

% of total SCFA 

92.0  

[61.0;123.0] 

11 %a 

20.8  

[14.8;26.7] 

17 %b 

23.5  

[18.8;28.2] 

17 %b 

16.0  

[5.8;26.2] 

14 %ab 

<0.0001 

Butyric acid (μg) 

 

% of total SCFA 

248.6  

[198.2;299.0] 

31 %a 

10.9  

[6.8;15.0] 

9 %b 

4.5  

[3.9;5.1] 

4 %c 

2.3  

[1.5;3.2] 

3 %c 

<0.0001 
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Supplementary data 

Supplementary Table S1: List of metabolic features discriminating between rats fed ST and WD in caecal content 

Diet Ionization 

mode 

m/z1 RT2 Ion Metabolite KEGG/HMDB3 Pathway ID 

Level 

ST NEG 135.0313 1.01 [M-H]- Hypoxanthine C00262 Purine metabolism 1 

ST NEG 188.0354 3.13 [M-H]- Kynurenic acid C01717 Tryptophan metabolism 1 

ST NEG 206.0459 3.42 [M-H]- 4-(2-Aminophenyl)-2,4-

dioxobutanoic acid 

C01252 Tryptophan metabolism 2 

ST NEG 285.1707 3.63 Unknown UI_14 
  

4 

ST NEG 227.1291 3.68 [M-H]- Lipid_1 (C12H20O4)5 
 

Fatty acids and conjugates metabolism 3 

ST NEG 195.0664 3.78 [M-H]- Dihydroferulic acid HMDB0062121 Potential serum biomarker of whole 

grain intake 

2 

ST NEG 229.1446 3.99 [M-H]- Lipid_2 (C12H22O4) 
 

Fatty acids and conjugates metabolism 2 

ST NEG 190.0510 4.03 [M-H]- UI_2 
  

4 

ST NEG 227.1290 4.16 [M-H]- Lipid_3 (C12H20O4) 
 

Fatty acids and conjugates metabolism 3 

ST NEG 361.2232 4.34 [M-H]- UI_3 
  

4 

ST NEG 165.0559 4.47 [M-H]- 3-Phenyllactic acid C05607 Phenylalanine metabolism 1 

ST NEG 337.0387 4.56 Unknown UI_4 
  

4 

ST NEG 315.1239 4.85 Unknown UI_5 
  

2 

ST NEG 329.1032 5.09 [M-H]- Lipid_4 (C18H18O6) 
 

Fatty acids and conjugates metabolism 3 

ST NEG 273.0768 6.07 Unknown UI_6 
  

4 

ST NEG 345.2282 6.33 [M-H]- Lipid_5 (C18H34O6) 
 

Fatty acids and conjugates metabolism 3 

ST NEG 331.2489 6.42 [M-H]- Lipid_6 (C18H36O5) 
 

Fatty acids and conjugates metabolism 3 

ST NEG 329.2333 6.54 [M-H]- Lipid_7 (C18H34O5) 
 

Fatty acids and conjugates metabolism 3 

ST NEG 297.1132 6.62 [M-H]- Enterolactone C18165 
 

1 

ST NEG 229.1445 6.81 [M-H]- Dodecanedioic acid C02678 Fatty acids and conjugates metabolism 2 

ST NEG 331.2489 6.89 [M-H]- Lipid_8 (C18H36O5) 
 

Fatty acids and conjugates metabolism 3 
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ST NEG 359.1899 7.38 Unknown UI_7 
  

4 

ST POS 71.0293 0.57 Unknown UI_8     4 

ST POS 82.5373 0.57 Unknown UI_9 
  

4 

ST POS 128.0195 0.57 Unknown UI_10 
  

4 

ST POS 136.0621 0.81 [M+H]+ Adenine C00147 Purine metabolism 1 

ST POS 160.1336 0.83 Unknown UI_11 
  

4 

ST POS 130.0867 0.84 [M+H]+ Pipecolic acid C00408 Lysine degradation 1 

ST POS 124.0395 0.93 [M+H]+ Nicotinic acid C00253 Nicotinate and nicotinamide metabolism 1 

ST POS 137.0460 1.00 [M+H]+ Hypoxanthine C00262 Purine metabolism 1 

ST POS 268.1046 1.16 [M+H]+ Adenosine C00212 Purine metabolism 1 

ST POS 434.1899 1.52 Unknown UI_12 
  

3 

ST POS 190.0503 3.11 [M+H]+ Kynurenic acid C01717 Tryptophan metabolism 1 

ST POS 208.0609 3.40 [M+H]+ 4-(2-Aminophenyl)-2,4-

dioxobutanoic acid 

C01252  Tryptophan metabolism 2 

ST POS 269.1755 3.62 Unknown UI_13 
  

4 

ST POS 192.0660 4.00 Unknown UI_14 
  

4 

ST POS 174.0553 4.03 Unknown UI_15 
  

4 

ST POS 197.1177 4.85 Unknown UI_16 
  

4 

ST POS 105.0702 6.05 Unknown UI_17 
  

4 

ST POS 379.2963 6.56 Unknown UI_18 
  

4 

ST POS 299.1286 6.61 [M+H]+ Enterolactone C18165 
 

1 

ST POS 191.0854 6.69 Unknown UI_19 
  

4 

ST POS 297.2433 6.89 [M+H]+ Oxylipin (9-HODE)   PUFA derived oxylipins 2 

WD NEG 530.2793 4.79 Unknown UI_20 
  

4 

WD NEG 385.1439 4.79 Unknown UI_21 
  

4 

WD NEG 304.6152 5.01 Unknown UI_22 
  

4 
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WD NEG 431.2108 5.14 Unknown UI_23 
  

4 

WD NEG 512.2682 5.45 [M-H]- Bile acid_16 
 

Bile acid metabolism  3 

WD NEG 357.1009 5.50 Unknown UI_24 
  

4 

WD NEG 423.2750 5.71 [M-H]- Bile acid_2 
 

Bile acid metabolism  4 

WD NEG 469.2806 5.72 [M-H]- Bile acid_3 
 

Bile acid metabolism  3 

WD NEG 510.2528 5.74 [M-H2O-H]- Bile acid_4 
 

Bile acid metabolism  3 

WD NEG 379.2490 5.93 [M-H]- Bile acid_5 
 

Bile acid metabolism  3 

WD NEG 514.2841 6.09 [M-H]- Taurocholic acid C05122  Bile acid metabolism  1 

WD NEG 496.2737 6.10 Unknown UI_25 
  

4 

WD NEG 487.2367 6.20 [M-H]- Bile acid_6 
 

Bile acid metabolism  3 

WD NEG 453.2856 6.73 [M-H]- Bile acid_7 
 

Bile acid metabolism  3 

WD NEG 407.2803 6.74 [M-H]- Bile acid_8 
 

Bile acid metabolism  3 

WD NEG 405.2645 7.05 [M-H]- Bile acid_9 
 

Bile acid metabolism  3 

WD NEG 453.2855 7.09 [M-H]- Bile acid_10 
 

Bile acid metabolism  3 

WD NEG 405.2646 7.58 [M-H]- Bile acid_11 
 

Bile acid metabolism  3 

WD NEG 451.2701 7.60 [M-H]- Bile acid_12 
 

Bile acid metabolism  3 

WD NEG 407.2802 7.69 [M-H]- Cholic acid C00695 Bile acid metabolism  1 

WD NEG 391.2855 9.31 [M-H]- Deoxycholic acid C04483    Bile acid metabolism  1 

WD POS 72.0809 0.85 [M+H]+ Fragment of valine C00183 Valine, leucine and isoleucine 

metabolism 

1 

WD POS 150.0586 0.98 [M+H]+ Methionine C00073  Cysteine and methionine metabolism 1 

WD POS 182.0815 1.19 [M+H]+ Tyrosine C00082 Tyrosine metabolism 1 

WD POS 132.1022 1.31 [M+H]+ Leucine/isoleucine C00123/C00407  Valine, leucine and isoleucine 

metabolism 

1 

WD POS 137.046 1.35 [M+H]+ Fragment of inosine C00294 Purine metabolism 1 

WD POS 100.0759 2.11 [M+H]+ 2-Piperidone HMDB0011749 
 

1 

WD POS 166.0865 2.18 [M+H]+ Phenylalanine C00079 Phenylalanine metabolism 1 
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WD POS 188.0710 2.93 [M+H]+ Fragment of tryptophan C00078  Tryptophan metabolism 1 

WD POS 532.2951 4.78 Unknown UI_20 
  

4 

WD POS 516.2995 5.38 [M+H]+ Bile acid_13 
 

Bile acid metabolism  3 

WD POS 514.2841 5.45 [M+H]+ Bile acid_14 
 

Bile acid metabolism  3 

WD POS 389.2695 5.71 [M+H]+ Bile acid_15 
 

Bile acid metabolism  3 

WD POS 373.2743 6.37 [M+H]+ Bile acid_16 
 

Bile acid metabolism  3 

WD POS 373.2743 6.73 [M+H]+ Bile acid_17 
 

Bile acid metabolism  3 

WD POS 389.2694 7.06 Unknown UI_26 
  

4 

WD POS 373.2744 7.11 [M+H]+ Bile acid_18 
 

Bile acid metabolism  3 

WD POS 373.2743 7.69 [M+H]+ Bile acid_19 
 

Bile acid metabolism  3 

WD POS 357.2797 9.30 [M+H-H2O]+ Bile acid_20 
 

Bile acid metabolism  3 

WD POS 522.3568 10.06 [M+H]+ LysoPC (C26H52NO7P) 
 

Fatty acids and conjugates metabolism 3 

1Mass spectrometry mass-to-charge ratio; 2Retention time; 3 KEGG (Kyoto Encyclopedia of Genes and Genomes) compound entry/HMDB (Human Metabolome Data Base) ID; 
4Unidentified; 5Tentatively identified as a lipid; 6Tentatively identified as a bile acid 

 

 

Supplementary Table S2: List of metabolic features discriminating between rats fed WD and WD+high-RE in caecal content 

Diet Ionization 

mode 

m/z1 RT2 Ion Metabolite KEGG/HMDB3 Pathway ID 

Level 

WD NEG 243.0623 1.09 [M-H]- Uridine C00299 Pyrimidine metabolism 2 

WD NEG 385.1439 4.79 Unknown UI_214 
  

4 

WD NEG 530.2793 4.79 Unknown UI_20 
  

4 

WD NEG 423.2750 5.71 [M-H]- Bile acid_25 
 

Bile acid metabolism  3 

WD NEG 469.2806 5.72 [M-H]- Bile acid_3 
 

Bile acid metabolism  3 

WD NEG 365.2332 5.83 Unknown UI_27 
  

4 



114 

 

WD NEG 379.2490 5.93 [M-H]- Bile acid_5 
 

Bile acid metabolism  3 

WD NEG 421.2595 5.93 [M-H]- Bile acid_21 
 

Bile acid metabolism  3 

WD NEG 425.2549 5.93 Unknown UI_28 
  

4 

WD NEG 514.2841 6.09 [M-H]- Taurocholic acid C05122  Bile acid metabolism  3 

WD NEG 487.2367 6.20 [M-H]- Bile acid_6 
 

Bile acid metabolism  3 

WD NEG 423.2750 6.31 [M-H]- Bile acid_22 
 

Bile acid metabolism  3 

WD NEG 469.2804 6.31 [M-H]- Bile acid_23 
 

Bile acid metabolism  3 

WD NEG 453.2856 6.73 [M-H]- Bile acid_24 
 

Bile acid metabolism  3 

WD NEG 407.2803 6.74 [M-H]- Bile acid_25 
 

Bile acid metabolism  3 

WD NEG 453.2855 7.09 [M-H]- Bile acid_26 
 

Bile acid metabolism  3 

WD NEG 498.2894 7.12 [M-H]- Bile acid_27 
 

Bile acid metabolism  3 

WD NEG 405.2646 7.58 [M-H]- Bile acid_11 
 

Bile acid metabolism  3 

WD NEG 451.2701 7.60 [M-H]- Bile acid_12 
 

Bile acid metabolism  3 

WD NEG 437.2909 7.88 Unknown UI_29 
  

4 

WD NEG 391.2854 7.88 [M-H]- Bile acid_28 
 

Bile acid metabolism  3 

WD NEG 391.2854 8.40 [M-H]- Bile acid_29 
 

Bile acid metabolism  3 

WD NEG 391.2855 9.31 [M-H]- Deoxycholic acid C04483    Bile acid metabolism  1 

WD NEG 437.2910 9.31 [M-H]- Bile acid_30   Bile acid metabolism  3 

WD POS 286.1046 1.16 [M+H]+ Adenosine C00212 Purine metabolism 1 

WD POS 188.071 2.93 [M+H]+ Fragment of tryptophan C00078  Tryptophan metabolism 1 

WD POS 611.345 5.08 Unknown UI_30 
  

4 

WD POS 516.2995 5.38 [M+H]+ Bile acid_13 
 

Bile acid metabolism  3 

WD POS 407.2801 5.65 [M+H]+ Bile acid_31 
 

Bile acid metabolism  3 

WD POS 389.2695 5.71 [M+H]+ Bile acid_15 
 

Bile acid metabolism  3 

WD POS 405.2643 5.91 [M+H]+ Bile acid_32 
 

Bile acid metabolism  3 
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WD POS 345.2431 5.93 [M+H]+ Oxylipin 
 

PUFA derived oxylipins 3 

WD POS 166.0866 6.01 Unknown UI_31 
  

4 

WD POS 307.2022 6.17 Unknown UI_32 
  

4 

WD POS 363.2538 6.20 Unknown UI_33 
  

4 

WD POS 407.28 6.31 [M+H]+ Bile acid_33 
 

Bile acid metabolism  3 

WD POS 373.2743 6.73 [M+H]+ Bile acid_17 
 

Bile acid metabolism  3 

WD POS 373.2744 7.11 [M+H]+ Bile acid_18 
 

Bile acid metabolism  3 

WD POS 389.2695 7.60 [M+H]+ Bile acid_34 
 

Bile acid metabolism  3 

WD POS 407.2802 7.61 [M+H]+ Bile acid_35 
 

Bile acid metabolism  3 

WD POS 357.2796 7.88 Unknown UI_34 
  

4 

WD POS 357.2797 8.37 Unknown UI_35 
  

4 

WD POS 391.2853 8.57 [M+H]+ Bile acid_36 
 

Bile acid metabolism  3 

WD POS 375.2903 9.30 [M+H]+ Bile acid_20 
 

Bile acid metabolism  3 

WD POS 785.5949 9.30 [2M+H]+ Bile acid_37   Bile acid metabolism  3 

WD+high-RE NEG 128.0354 1.07 [M-H]- Pyroglutamic acid C01879 Glutathione metabolism 1 

WD+high-RE NEG 427.1433 2.94 Unknown RE_16 
  

4 

WD+high-RE NEG 411.1482 4.12 Unknown RE_2 
  

4 

WD+high-RE NEG 425.1275 4.16 Unknown RE_3 
  

4 

WD+high-RE NEG 585.1646 4.63 Unknown RE_4 
  

4 

WD+high-RE NEG 373.0727 5.13 Unknown UI_36 
  

4 

WD+high-RE NEG 409.1321 5.30 Unknown RE_5 
  

4 

WD+high-RE NEG 407.1166 5.31 Unknown RE_6 
  

4 

WD+high-RE NEG 521.2026 5.60 Unknown RE_7 
  

4 

WD+high-RE NEG 409.1322 5.95 Unknown RE_8 
  

4 

WD+high-RE NEG 521.2025 6.16 Unknown RE_9 
  

4 
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WD+high-RE NEG 345.1705 6.92 Unknown RE_10 
  

4 

WD+high-RE NEG 451.2700 7.06  [M+FA-H]- Bile acid_38 
  

3 

WD+high-RE NEG 379.1219 7.34 Unknown RE_11 
  

4 

WD+high-RE NEG 505.2077 7.40 [M-H]- Carnosol glucoronide 
  

2 

WD+high-RE NEG 345.1705 7.60 Unknown RE_12 
  

4 

WD+high-RE NEG 507.2235 7.97 [M-H]- Carnosic acid glucoronide 
  

2 

WD+high-RE NEG 345.1706 8.28 Unknown RE_13 
  

4 

WD+high-RE NEG 343.1550 9.08 Unknown RE_14 
  

4 

WD+high-RE NEG 329.1757 9.46 [M-H]- Carnosol C09069 
 

1 

WD+high-RE NEG 285.1861 9.46 Unknown RE_15 
  

4 

WD+high-RE NEG 331.1911 10.50 [M-H]- Carnosic acid C21818   
 

1 

WD+high-RE NEG 329.1758 10.50 Unknown RE_16 
  

4 

WD+high-RE NEG 317.2123 11.54 Unknown RE_17     4 

WD+high-RE POS 101.0599 0.77 Unknown UI_37 
  

4 

WD+high-RE POS 118.0865 0.78 [M+H]+ Betaine C00719 Glycine, serine and threonine 

metabolism 

1 

WD+high-RE POS 254.1617 1.61 Unknown UI_38 
  

4 

WD+high-RE POS 450.1953 4.63 Unknown RE_18 
  

4 

WD+high-RE POS 411.1480 5.28 Unknown RE_19 
  

4 

WD+high-RE POS 450.1953 5.39 Unknown RE_20 
  

4 

WD+high-RE POS 329.1754 5.40 Unknown RE_21 
  

4 

WD+high-RE POS 636.2597 5.52 Unknown RE_22 
  

4 

WD+high-RE POS 432.2754 5.60 Unknown RE_23 
  

4 

WD+high-RE POS 450.1952 5.65 Unknown RE_24 
  

4 

WD+high-RE POS 452.2109 5.84 Unknown RE_25 
  

4 

WD+high-RE POS 329.1755 5.93 Unknown RE_26 
  

4 
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WD+high-RE POS 638.1750 6.01 Unknown RE_27 
  

4 

WD+high-RE POS 432.2752 6.03 Unknown RE_28 
  

4 

WD+high-RE POS 448.1797 6.10 Unknown RE_29 
  

4 

WD+high-RE POS 347.1860 6.18 Unknown RE_30 
  

4 

WD+high-RE POS 329.1754 6.93 Unknown RE_31 
  

4 

WD+high-RE POS 461.2180 7.40 Unknown RE_32 
  

4 

WD+high-RE POS 331.1911 7.41 Unknown RE_33 
  

4 

WD+high-RE POS 301.1805 7.59 Unknown RE_34 
  

4 

WD+high-RE POS 329.1755 7.59 Unknown RE_35 
  

4 

WD+high-RE POS 373.2743 7.69 Unknown RE_36 
  

4 

WD+high-RE POS 463.2335 7.96 Unknown RE_37 
  

4 

WD+high-RE POS 329.1754 8.24 Unknown RE_38 
  

4 

WD+high-RE POS 331.1912 9.45 [M+H]+ Carnosol C09069 
 

1 

WD+high-RE POS 299.0922 9.68 Unknown RE_39 
  

4 

WD+high-RE POS 287.2013 10.49 [M+H]+ Fragment of Carnosic acid C21818   
 

1 

1Mass spectrometry mass-to-charge ratio; 2Retention time; 3 KEGG (Kyoto Encyclopedia of Genes and Genomes) compound entry/HMDB (Human Metabolome Data Base) ID; 
4Unidentified; 5Tentatively identified as a bile acid; 6Tentatively identified as a metabolite of rosemary extract. 
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Supplementary Table S3: List of metabolic features discriminating between rats fed ST and WD in plasma  

Diet Ionization 

mode 

m/z1 RT2 Ion Metabolite KEGG/HMDB3 Pathway ID 

Level 

ST NEG 103.0401 1.31 Unknown UI_14 
  

4 

ST NEG 188.9864 3.02 [M-H]- Pyrocatechol sulfate HMDB0059724 Potential urinary biomarker of whole grain 

intake 

2 

ST NEG 172.9915 3.27 [M-H]- Phenol sulfate C02180 
 

2 

ST NEG 178.0512 3.62 [M-H]- Hippuric acid C01586   Phenylalanine metabolism 1 

ST NEG 212.0024 3.66 [M-H]- Indoxyl sulfate HMDB0000682 Tryptophan metabolism 1 

ST NEG 165.0559 4.44 [M-H]- D-Phenyllactic acid C05607   Phenylalanine metabolism 1 

ST NEG 417.1192 4.80 [M-H]- Equol 7-O-glucuronide HMDB0041732 Polyphenol metabolite 2 

ST NEG 201.0229 5.13 Unknown UI_2 
  

4 

ST NEG 202.0260 5.13 Unknown UI_3 
  

4 

ST NEG 343.0859 5.28 Unknown UI_4 
  

4 

ST NEG 514.2845 5.38 [M-H]- BA_15 
 

Bile acid metabolism  3 

ST NEG 514.2848 6.09 [M-H]- BA_2 
 

Bile acid metabolism  3 

ST NEG 498.2896 6.88 [M-H]- BA_3 
 

Bile acid metabolism  3 

ST NEG 453.2860 7.07 [M-H]- BA_4 
 

Bile acid metabolism  3 

ST NEG 407.2805 7.07 [M-H]- BA_5 
 

Bile acid metabolism  3 

ST NEG 407.2806 7.67 [M-H]- Cholic acid C00695 Bile acid metabolism  1 

ST NEG 437.2912 7.86 Unknown UI_5 
  

4 

ST NEG 437.2914 9.09 [M+FA-H]- BA_6 
 

Bile acid metabolism  
 

ST NEG 554.3470 10.36 [M+FA-H]- PC(17:0/0:0)6 
  

3 

ST POS 118.0866 0.72 [M+H]+ Betaine C00719 Glycine, serine and threonine metabolism 1 

ST POS 162.1129 0.73 [M+H]+ Carnitine C00487 Lysine degradation 1 

ST POS 90.0552 0.74 [M+H]+ Alanine/Sarcosine C00041/C00213 Amino acid metabolism 1 
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ST POS 132.077 0.75 [M+H]+ Creatine C00300 Glycine, serine and threonine metabolism 1 

ST POS 138.0544 0.75 [M+H]+ N-Methylnicotinate C01004 Nicotinate and nicotinamide metabolism 2 

ST POS 144.1022 0.77 [M+H]+ Proline betaine C10172 
 

2 

ST POS 158.1179 0.87 [M+H]+ Pipecolic acid betaine C08283 
 

2 

ST POS 204.1235 0.94 [M+H]+ Acetylcarnitine C02571 
 

1 

ST POS 276.1448 1.25 [M+H]+ Glutarylcarnitine HMDB0013130 
 

2 

ST POS 294.1554 1.25 [M+H]+ N-(1-Deoxy-1-

fructosyl)leucine 

HMDB0037840 
 

2 

ST POS 218.1392 1.52 [M+H]+ Propionylcarnitine C03017 
 

1 

ST POS 331.1329 2.59 Unknown UI_6 
  

4 

ST POS 232.1549 2.60 [M+H]+ Butyrylcarnitine C02862 
 

1 

ST POS 105.0338 3.62 Unknown UI_7 
  

4 

ST POS 180.0660 3.62 [M+H]+ Hippuric acid C01586 Phenylalanine metabolism 1 

ST POS 190.0867 5.99 [M+H]+ 3-Indolepropionic acid C11284 Tryptophan metabolism 1 

ST POS 373.2746 7.67 [M+H]+ Cholic acid C00695 Bile acid metabolism  1 

ST POS 357.2797 7.86 Unknown UI_8 
  

3 

ST POS 299.2014 8.24 Unknown UI_9 
  

4 

ST POS 357.2796 9.10 Unknown UI_10 
  

3 

ST POS 570.3565 9.60 [M+H]+ PC(22:5/0:0) 
 

Fatty acids and conjugates metabolism 3 

ST POS 496.3407 9.74 [M+H]+ PC(0:0/16:0) 
 

Fatty acids and conjugates metabolism 3 

ST POS 510.3567 10.35 [M+H]+ PC(17:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 133.0143 0.89 [M-H]- Malic acid C00149 Citrate cycle (TCA cycle) 1 

WD NEG 291.0833 0.92 Unknown UI_11 
  

4 

WD NEG 129.0559 3.31 [M-H]- 3-Methyl-2-oxovaleric acid HMDB0000491 Valine, leucine and isoleucine degradation 1 

WD NEG 129.0559 3.64 [M-H]- 4-Methyl-2-oxovaleric acid C00233 Valine, leucine and isoleucine degradation 1 
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WD NEG 187.0072 4.23 [M-H]- p-cresol sulfate HMDB0011635 Amino acid metabolism 1 

WD NEG 512.2999 8.55 [M+FA-H]- PC(14:0/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 586.3155 8.78 [M+FA-H]- PC(20:5/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 538.3156 8.92 [M+FA-H]- PC(16:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 526.3156 9.12 [M+FA-H]- PC(15:0/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 500.2789 9.29 [M-H]- PE(20:4/0:0)7 
 

Fatty acids and conjugates metabolism 2 

WD NEG 564.3313 9.31 [M+FA-H]- PC(18:2/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 612.3311 9.31 [M+FA-H]- PC(22:6/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 588.3312 9.35 [M+FA-H]- PC(20:4/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 552.3311 9.47 [M+FA-H]- PC(17:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 590.3470 9.76 [M+FA-H]- PC(20:3/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 478.2944 9.98 [M-H]- PE(18:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 566.3469 10.05 [M+FA-H]- PC(18:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD NEG 638.2770 10.05 Unknown UI_12 
  

4 

WD NEG 634.3342 10.05 Unknown UI_13 
  

4 

WD NEG 568.3624 11.02 [M+FA-H]- PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 145.0499 0.72 Unknown UI_14 
  

4 

WD POS 116.0709 0.76 [M+H]+ Proline C00148 Arginine and proline metabolism 1 

WD POS 455.1893 0.84 Unknown UI_15 
  

4 

WD POS 123.0556 0.94 [M+H]+ Niacinamide C00153  Nicotinate and nicotinamide metabolism 1 

WD POS 100.0760 2.12 [M+H]+ δ-Valerolactam C02240 
 

1 

WD POS 188.0710 2.93 [M+H]+ Tryptophan C00078 Tryptophan metabolism 1 

WD POS 468.3097 8.55 [M+H]+ PC(14:0/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 542.3254 8.77 [M+H]+ PC(20:5/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 518.3252 8.82 [M+H]+ PC(18:3) 
 

Fatty acids and conjugates metabolism 2 
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WD POS 494.3253 8.91 [M+H]+ PC(16:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 516.3070 8.91 Unknown UI_16 
  

4 

WD POS 482.3253 9.12 [M+H]+ PC(15:0/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 502.3929 9.29 [M+H-H2O]+ PC(18:2/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 568.3407 9.31 [M+H]+ PC(22:6/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 544.3408 9.34 [M+H]+ PC(20:4/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 508.3408 9.48 [M+H]+ PC(17:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 546.3565 9.77 [M+H]+ PC(20:3/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 426.3588 9.87 Unknown UI_17 
  

4 

WD POS 570.3566 9.92 [M+H]+ PC(22:5/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 480.3095 9.99 [M+H]+ PE(18:1/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 522.3567 10.06 [M+H]+ PC(18:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 289.6428 10.06 Unknown UI_18 
  

4 

WD POS 550.3165 10.06 [M+H]+ PS(20:2/0:0)8 
 

Fatty acids and conjugates metabolism 3 

WD POS 510.3567 10.15 [M+H]+ PC/PE (C25H52NO7P) 
 

Fatty acids and conjugates metabolism 3 

WD POS 536.3721 10.65 [M+H]+ PC/PE (C27H54NO7P) 
 

Fatty acids and conjugates metabolism 3 

WD POS 524.3725 11.02 [M+H]+ PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

1Mass spectrometry mass-to-charge ratio; 2Retention time; 3 KEGG (Kyoto Encyclopedia of Genes and Genomes) compound entry/HMDB (Human Metabolome Data Base) ID; 
4Unidentified; 5Tentatively identified as a bile acid; 6Tentatively identified as a phosphatidylcholine; 7Tentatively identified as a phosphatidylethanolamine; 8Tentatively identified as a 

phosphatidylserine. 
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Supplementary Table S4: List of metabolic features discriminating between rats fed WD and WD+high-RE in plasma 

Diet Ionization 

mode 

m/z1 RT2 Ion Metabolite KEGG/HMDB3 Pathway ID 

Level 

WD NEG 215.0328 0.72 [M+Cl]- C6H12O6, Cl-adduct 
  

3 

WD NEG 167.0211 1.00 [M-H]- Uric acid C00366 Purine metabolism 1 

WD NEG 103.0401 1.62 Unknown UI_194 
  

4 

WD NEG 129.0559 3.31 [M-H]- 3-Methyl-2-oxovaleric acid HMDB0000491 Valine, leucine and isoleucine 

degradation 

1 

WD NEG 129.0559 3.64 [M-H]- 4-Methyl-2-oxovaleric acid C00233 Valine, leucine and isoleucine 

degradation 

1 

WD NEG 187.0072 4.23 [M-H]- p-cresol sulfate HMDB0011635 Amino acid metabolism 1 

WD NEG 357.1014 5.52 Unknown UI_20 
  

4 

WD NEG 538.3156 8.92 [M+FA-H]- PC(16:1/0:0)5 
 

Fatty acids and conjugates metabolism 3 

WD NEG 564.3313 9.31 [M+FA-H]- PC(18:2/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 612.3311 9.31 [M+FA-H]- PC(22:6/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 588.3312 9.35 [M+FA-H]- PC(20:4/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 540.3313 9.45 [M+FA-H]- PC(16:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 540.3313 9.72 [M+FA-H]- PC(16:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 590.3470 9.76 [M+FA-H]- PC(20:3/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 566.3469 10.05 [M+FA-H]- PC(18:1/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 554.3470 10.36 [M+FA-H]- PC(17:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 568.3625 10.74 [M+FA-H]- PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD NEG 480.3100 10.96 [M-H]- PE(18:0/0:0)6 
 

Fatty acids and conjugates metabolism 3 

WD NEG 568.3624 11.02 [M+FA-H]- PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 203.0530 0.73 [M+Na]+ C6H12O6, Na-adduct 
  

3 

WD POS 169.0360 0.94 [M+H]+ Uric acid C00366 Purine metabolism 1 

WD POS 153.0662 1.39 Unknown UI_21 
  

4 
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WD POS 100.0760 2.12 [M+H]+ δ-Valerolactam C02240 
 

1 

WD POS 166.0867 2.18 [M+H]+ Phenylalanine C00079 Phenylalanine metabolism 1 

WD POS 373.2752 6.73 [M+H]+ BA_77 
 

Bile acid metabolism  3 

WD POS 494.3253 8.91 [M+H]+ PC(16:1/0:0) 
 

Fatty acids and conjugates metabolism 2 

WD POS 357.2796 9.10 Unknown Lipid or bile acid 
  

3 

WD POS 520.3408 9.31 [M+H]+ PC(18:2/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 544.3408 9.34 [M+H]+ PC(20:4/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 570.3565 9.60 [M+H]+ PC(22:5/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 496.3407 9.74 [M+H]+ PC(0:0/16:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 546.3565 9.77 [M+H]+ PC(20:3/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 570.3566 9.92 [M+H]+ PC(22:5/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 522.3567 10.06 [M+H]+ PC(18:1/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 510.3567 10.15 [M+H]+ PC/PE (C25H52NO7P) 
 

Fatty acids and conjugates metabolism 3 

WD POS 524.3724 10.73 [M+H]+ PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD POS 524.3725 11.02 [M+H]+ PC(18:0/0:0) 
 

Fatty acids and conjugates metabolism 3 

WD+high-RE NEG 313.0652 0.82 Unknown RE_18 
  

4 

WD+high-RE NEG 329.0391 0.82 Unknown RE_2 
  

4 

WD+high-RE NEG 191.0197 1.08 [M-H]- Citric acid C00158 Citrate cycle (TCA cycle) 1 

WD+high-RE NEG 172.9915 3.27 [M-H]- Phenyl sulfate HMDB0060015 
 

2 

WD+high-RE NEG 505.2084 7.31 Unknown RE_3 
  

4 

WD+high-RE NEG 507.2240 7.95 Unknown RE_4 
  

4 

WD+high-RE NEG 317.1761 8.00 Unknown RE_5 
  

4 

WD+high-RE NEG 361.1659 8.00 Unknown RE_6 
  

4 

WD+high-RE NEG 301.1810 8.21 Unknown RE_7 
  

4 

WD+high-RE NEG 346.1743 8.22 Unknown RE_8 
  

4 
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WD+high-RE NEG 345.1710 8.23 [M-H]- Rosmanol/Epiisorosmanol 
  

3 

WD+high-RE NEG 359.1504 8.62 Unknown RE_9 
  

4 

WD+high-RE NEG 329.1760 9.45 [M-H]- Carnosol C09069 
 

1 

WD+high-RE NEG 359.1504 9.98 Unknown RE_10 
  

4 

WD+high-RE NEG 343.1554 10.02 [M-H]- Rosmadial HMDB0038219 
 

2 

WD+high-RE NEG 299.1653 10.23 Unknown RE_11 
  

4 

WD+high-RE NEG 345.1710 10.24 [M-H]- Rosmanol/Epiisorosmanol 
  

3 

WD+high-RE NEG 331.1917 10.48 [M-H]- Carnosic acid C21818   
 

1 

WD+high-RE NEG 332.1952 10.48 Unknown RE_12 
  

4 

WD+high-RE NEG 345.2073 11.05 [M-H]- Methyl carnosate 
  

2 

WD+high-RE POS 118.0866 0.73 [M+H]+ Betaine C00719 Glycine, serine and threonine 

metabolism 

1 

WD+high-RE POS 132.0770 0.75 [M+H]+ Creatine C00300 Amino acid metabolism 1 

WD+high-RE POS 130.0502 1.06 [M+H]+ Pyroglutamic acid C01879 Glutathione metabolism 1 

WD+high-RE POS 160.0760 1.91 Unknown UI_22 
  

4 

WD+high-RE POS 188.0710 2.93 [M+H]+ Tryptophan C00078 Tryptophan metabolism 1 

WD+high-RE POS 318.2073 5.78 Unknown RE_13 
  

4 

WD+high-RE POS 277.1396 6.37 Unknown UI_23 
  

4 

WD+high-RE POS 318.2073 6.38 Unknown RE_14 
  

4 

WD+high-RE POS 463.2337 7.95 Unknown RE_15 
  

4 

WD+high-RE POS 302.2124 7.98 Unknown RE_16 
  

4 

WD+high-RE POS 363.1811 8.02 Unknown RE_6 
  

4 

WD+high-RE POS 369.1683 8.21 Unknown RE_17 
  

4 

WD+high-RE POS 347.1862 8.22 Unknown RE_18 
  

4 

WD+high-RE POS 316.1918 8.53 Unknown RE_19 
  

4 

WD+high-RE POS 331.1913 9.44 [M+H]+ Carnosol C09069 
 

1 
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WD+high-RE POS 302.2123 10.22 Unknown RE_20 
  

4 

WD+high-RE POS 347.1860 10.23 Unknown RE_21 
  

4 

WD+high-RE POS 301.1804 10.23 Unknown RE_12 
  

4 

WD+high-RE POS 287.2013 10.47 [M+H]+ Carnosic acid frag C21818   
 

1 

WD+high-RE POS 301.2170 11.06 Unknown RE_22 
  

4 

1Mass spectrometry mass-to-charge ratio; 2Retention time; 3 KEGG (Kyoto Encyclopedia of Genes and Genomes) compound entry/HMDB (Human Metabolome Data Base) ID; 
4Unidentified; 5Tentatively identified as a phosphatidylcholine; 6Tentatively identified as a phosphatidylethanolamine; 7Tentatively identified as a bile acid;  8Tentatively identified as a 

metabolite of rosemary extract. 
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10 General discussion 
Obesity has become an increasing problem worldwide, with excessive economic consequences for 

the societies. This has resulted in great interest in halting the rise in the obesity epidemic and its 

accompanying disorders. Patient education and intensive lifestyle intervention are only efficient to 

some extent. Consequently, an interest in alternative approaches to halt the epidemic has arisen. One 

approach to manage weight is through modification of the appetite regulation. This PhD thesis 

identified a food ingredient, a rosemary extract, that was able to stimulate the secretion of the satiety-

inducing intestinal hormone, GLP-1, in cell-based models, and examined the acute and long-term 

effects of supplementing this ingredients to a diet, using pigs and rats as animal models. In the 

following, the major findings presented in paper I, II, and III are discussed in relation to current 

knowledge. 

10.1 Identification of satiety-inducing food ingredients 

Natural products, including proteins, lipids, and polyphenols, are known to stimulate the secretion of 

satiety-inducing hormones, such as GLP-1, PYY and CCK. Proteins, as a group, have been reported 

to be the most satiating of all macronutrients. Our results (Paper I) showed that functional soy protein 

and fractionated functional soy protein but not enzyme-treated whey protein were able to stimulate 

the secretion of GLP-1 and CCK. In contrast, others  have reported that hydrolysates of whey, in 

addition to hydrolysed soy protein and other protein hydrolysates, are able to stimulate CCK in STC-

1 cells, thus suggesting a non-specific peptide-sensing mechanisms behind the secretion [8]. Another 

study showed that intact whey could stimulate both the secretion of CCK and GLP-1 in STC-1 cells, 

thus was not supportive of this peptide-sensing theory [258]. Furthermore, we found that the lipids, 

acetylated monoglyceride and N-OEA, but not palmitic acid and stearic acid, could stimulate GLP-1 

secretion. Common for palmitic and stearic acid is that they are saturated fatty acids. N-OEA is 

monounsaturated, while acetylated monoglyceride can be either saturated or unsaturated, depending 

on the fatty acid used to construct it. Our results are similar to another study on CCK release, showing 

that saturated fatty acids have negligible effect on CCK secretion, whereas monounsaturated fatty 

acids stimulate the release of CCK [9]. Regarding the ingredients containing polyphenols, kale 

extract, EGCG, hesperetin, and rosemary extract showed ability to stimulate GLP-1 secretion. Similar 

results were found in a study from 2013 where hesperetin but not hesperidin was able stimulate the 

secretion of CCK in STC-1 cells [259]. Another study showed that EGCG, the proposed active 

ingredient of green tea, was able to stimulate GLP-1 and CCK in human intestinal Caco-2 cells to 
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about 2-fold the negative control, results we were able to reproduce, although our fold-change 

stimulation was lower [10].  

In general, the observed GLP-1 secretion was much higher in STC-1 cells, with actual concentrations 

reaching as much as 1800 µg/mL, compared to HuTu-80 cells, where the maximum concentration 

was approximately 325 µg/mL. HuTu-80 cells have been used in few secretion studies but one study 

showed stimulation of the cells to secrete three times more GLP-1 than the control [260], changes 

much greater than seen in our study. Both cell lines originate from a duodenal tumour, but whereas 

STC-1 is an enterendocrine murine cell line, HuTu-80 is a human cell line. This might be of 

importance for the secretion levels. In humans, the highest density of GLP-1 secreting L-cells is found 

in distal ileum and colon [67], whereas jejunum and ileum present the highest density of L-cells in 

rats [261]. This could explain the lower GLP-1 levels in HuTu-80 cells, if the percentage of L-cells 

originally isolated from the carcinoma where lower in HuTu-80 cells than in STC-1 cells. Moreover, 

the choice of incubation buffer affects the concentration of GLP-1 upon nutrient stimulation [262], 

which could partly explain the large differences between studies. 

Several nutrients have been shown to stimulate CCK release. When we measured CCK response, 

only functional soy protein and fractionated functional soy protein were able to stimulate the secretion 

to a level where quantification was possible, and only in STC-1 cells. Other studies [8, 263] in STC-

1 cells have reported similar results regarding soy protein. General, our CCK release is very low. Not 

many studies on STC-1 or HuTu-80 cells shows the exact CCK concentrations, but shows fold-change 

to control. The study with the highest CCK response [258], reached a concentration of 50 pmol/mL, 

about twice as much as we detected. To optimize the secretion, changes in incubation buffer might 

have an effect. As mentioned earlier, there are great differences in GLP-1 secretion depending on 

incubation buffer, and it might be the same for CCK. The passage number of the cells might also 

influence the capability to secrete CCK. 

In conclusion, the use of the STC-1 and HuTu-80 cell lines was successful regarding the study of 

GLP-1 stimulating food ingredients, whereas we had limited success using these cell lines for 

studying CCK secretion. Since our primary hormone of interest is GLP-1, we decided to focus on 

food ingredients with significant stimulatory effect on GLP-1 secretion. Rosemary extract at low 

concentrations was a great stimulant of GLP-1 secretion, thus rosemary extract was chosen for in vivo 

studies. 
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10.2 The GLP-1 response to rosemary extract  

The acute effects of RE supplements was studied in a pig model (Paper II). Humans and pigs show 

similarities with respect to physiology, absorptive processes, and intestinal transit time [264]. In 

addition, the postprandial GLP-1 secretion pattern and quantitative concentrations in humans and pigs 

are comparable [251], making the pig a suitable model for studying postprandial GLP-1 responses.  

The pigs were fed a standard diet supplemented with either 2.0 g non-encapsulated RE, 1.25 g or 2.50 

g encapsulated RE, or without RE-supplementation. The encapsulation system was based on alginate, 

and all treatments were added empty alginate particles to reach the same amount as for the 2.50 g 

encapsulated RE. An increase in GLP-1 secretion was observed after treatment with RE. Treatment 

with 2.0 g non-encapsulated RE and 1.25 g encapsulated RE resulted in similar GLP-1 responses, 

while the secretion was significantly higher for the 2.50 g encapsulated RE, indicating that 

encapsulation allows for more RE to be in contact to the GLP-1 producing L-cells. The highly acidic 

environment in the stomach and the abundancy of digestive enzymes in the small intestine, 

complicates the use of bioactive compounds. The use of encapsulation systems provide protection 

against degradation, in addition to guided delivery [265]. Our encapsulation system consisted of RE-

integrated lecithin vesicles embedded into larger alginate particles. Alginate-based particles were 

chosen as carriers as this system is often used in oral drug delivery, because of good mucoadhesive 

properties [240].  

By supplementing the diet with 2.50 g encapsulated RE, the average plasma concentration of GLP-1 

was increased with approximately 8 pM. This is equivalent to 33% of the fasting levels. In general, 

the nutrient-stimulated GLP-1 secretion is higher in humans than pigs [266]. Consequently, it is 

possible that the stimulation will be more prone in human studies. Moreover, RE is a potent inhibitor 

of the GLP-1 degrading enzyme, dipeptidylpeptidase-IV, which is present throughout the vascular 

bed, in pigs as well as in humans [194]. Accordingly, it is likely that a RE supplement will increase 

the active percentage of RE in addition to an increase in the concentration of total RE, making the 

findings even more biologically relevant. 

To study the long-term effects of RE (paper III), rats were fed a Western diet (WD) supplemented 

with RE over a period of six weeks. At the end of the experimental period, fasting plasma samples 

were collected. Analysis showed that fasting GLP-1 concentrations were significantly higher when 

the rats were fed WD supplemented with RE in a concentration of 4 g RE/kg feed. Increased fasting 

GLP-1 concentrations are associated with an increase in resting energy expenditure and fat oxidation 
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in humans [267]. For rats, the concentration of GLP-1 containing cells increase from proximal 

duodenum to the distal ileum [93]. This is in accordance with our data on gene expression, which 

showed higher expression in the distal part of the small intestine. The glucagon expression was 

slightly higher in rat fed RE, but only after treatment with 1 g RE/kg feed, but not after treatment with 

4 g RE/kg feed. For 1 g RE/kg feed, the increase was 1.65-fold compared with rat fed the standard 

feed. Thus, it is unlikely that the increase in fasting GLP-1 is caused by an increased gene expression 

in the small intestine. 

In the acute response study (Paper II) we also examined the effect of RE on the satiety-inducing gut 

hormone PYY, insulin, plasma glucose, and the incretin hormone, GIP. The conclusions regarding 

an existence of PYY response to a mixed-nutrient meal in pigs are divergent, and in addition, the 

fasting concentrations differ significantly between studies [268-270]. In our experiment, the most 

prominent was peak was 1.3-fold higher than the fasting concentration. Others, with fasting levels 

comparable to ours, show a 2-fold increase in the concentration one hour after feeding [270]. 

Moreover, RE reduced the PYY concentrations, compared with the control treatment. When looking 

at the secretion profile and the peak values for PYY, it can be questioned if our observations are true 

nutrient-stimulated responses.  

GIP and GLP-1 are both incretin hormones, stimulating insulin secretion in order to allow glucose to 

enter the cells. As a result of increased plasma GLP-1 and GIP, an increase in plasma insulin and a 

decrease in plasma glucose is expected, when glucose concentrations are above fasting levels [271]. 

However, in this study RE lowered neither blood glucose, nor insulin levels. RE treatments resulted 

in a lower GIP secretion than the control diet, thus this would not contribute to increasing insulin and 

lowering of blood glucose. In vivo studies in rats and humans have found similar decrease in GIP 

concentration following consumption of apple- and blackcurrant derived polyphenols, suggesting that 

certain polyphenols decrease GIP secretion through a reduction of glucose and fatty acid transport 

[272, 273]. Moreover, it is possible that the relatively minor increase in GLP-1 was insufficient to 

influence the total insulin concentration. This does not mean that an effect of GLP-1 on satiety is 

excluded. Studies in healthy rats indicates that three months of RE consumption results in lower 

fasting plasma glucose concentrations [274]. In accordance with this, we found (Paper III) higher 

fasting GLP-1 concentrations in rats after six weeks of RE consumption.  
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10.3 Effects of long-term intake of rosemary extract  

As described earlier, the long-term effects of daily RE consumption was examined in rats after six 

weeks (Paper III). The rats were fed either a standard diet, a Western style diet high in fat, or the 

Western style diet supplemented with either 1 g or 4 g of RE/ kg feed. All groups had free access to 

feed. In addition to fasting GLP-1 concentrations, body weight and feed intake, body fat percentage, 

liver fat percentage, plasma concentrations of liver aminotransferases, cholesterol, LDL, HDL, 

triglycerides, free fatty acids, short-chain fatty acid (SCFA) content in caecal digesta, intestinal 

glucagon expression was measured, and LC-MS metabolomics of plasma and caecal digesta, NMR 

metabolomics of liver tissue, and proteomics on liver tissue was performed. 

Our in vitro studies (Paper I) showed that RE stimulated the secretion of GLP-1, and the study 

concerning the acute effects of RE (Paper II) confirmed this in a pig model. Based on that, it was 

hypothesized that long-term intake of RE would result in a reduction of weight gain induced from a 

high-fat diet, due to increased satiation and lower energy intake caused by GLP-1. However, our 

results indicated only lowering of 24-hour feed intake of the standard diet, not of the RE diets, and 

only at the end of the experimental period. Rats fed the standard diet demonstrated significantly 

higher levels of SCFAs, which may explain the lower feed intake. RE contains carnosic acid in a 

concentration of up to 10 % of dry leaf weight [275]. The rats with the highest RE intake, received 

approximately 400 mg RE/kg body weight each day through the diet. A study in young mice receiving 

a daily administration of 20 mg/kg body weight carnosic acid, have linked the effects of RE on body 

weight to this polyphenol [276]. In that aspect, it is unlikely that the lack of effect on food intake and 

body weight is due to inefficient concentrations. Harach et el. [195] found that incorporating RE in a 

diet in concentrations up to 200 mg/kg body weight was able to lower high-fat diet-induced weight 

gain after 35 days in adult mice. From this, it may be speculated whether our choice of young Sprague 

Dawley rats was optimal, as we did not observe differences in final body weight between rats fed a 

high-fat diet and rats fed a standard maintenance diet. In a study of diet-induced obesity in Long-

Evans and Sprague Dawley rats, animals with a starting weight of approximately 100 g were fed 

either a high-fat diet or a standard diet, and were monitored over a period of six weeks [277]. The 

conclusion from this study was that Sprague Dawley rats had the same weight gain independent of 

diet type, while Long-Evans rats gained significantly more when fed a high-fat diet. This trend has 

been confirmed by others, reporting that in outbred Sprague Dawley rats, only about half of the 

animals will develop obesity on an energy-dense diet high in fat [278], and this may explain why we 

do not see development of obesity in our experiment. In addition, the duration of the study may have 
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been too short, and it is possible that obesity had presented if we had continued the experiment. Lastly, 

it is possible that development of obesity would have occurred within the six weeks if we had used 

full-grown animals instead of young animals. 

By examining the daily weigh gain in relation to the energy consumed, we got an idea of how 

sufficient the extraction of energy from the diet was. We found that RE-treated rats extracted less 

energy from the diet than rats on the standard diet for most of the experimental period, while it was 

only seen for the first 17 days for the high-fat diet without RE. RE is known to inhibit pancreatic 

lipase in vitro, and daily administration of RE to mice resulted in a higher faecal fat excretion, 

suggesting that RE is able to inhibit lipid absorption [195]. If RE inhibits lipase activity in vivo, this 

could explain why our RE-treated rats have lower weight gain per energy intake. Moreover, 

metabolomics data on caecal digesta showed lower levels of several bile acid metabolites when the 

rats were fed high concentrations of RE. Bile acids are critical for digestion and absorption of dietary 

lipids by the lipases, and our findings therefore further support the hypothesis that RE inhibits 

absorption of dietary fats. 

The European Food Safety Authority has, based on 90-day rat studies with different REs, concluded 

that the concentration of RE were no adverse effects were observed, is in the range 180-400 mg 

extract/kg body weight/day equivalent to 20-60 mg/ kg body weight/day of carnosol plus carnosic 

acid [279]. Our high concentration is 400 mg RE/kg body weight, which is within the safe range, and 

consequently RE should not to be toxic at the used levels. Following hepatic damage, defined as 

injury of hepatocytes, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) will 

leak into the circulation, resulting in enhanced plasma levels [280]. We did not observe a significant 

increase of AST or ALT, indicating that RE consumption in the used amounts is not toxic for the 

liver. This is in accordance with other studies, where RE were not found to change AST and ALT 

levels in healthy rats, and actually reduce the levels and improve the histopathological alterations in 

a cirrhosis model in only twelve weeks [281]. On the contrary, RE-treated rats showed an 

improvement of the overall liver health, shown by improvement of hepatic lipid profile. We observed 

a significant increase in liver fat percentage when the rats were fed the high-fat diet, compared to the 

standard diet. When 4 g RE/kg feed was supplemented to the diet, no differences between liver fat 

percentage in rats fed standard diet and high-fat diet, was observed. Previous studies have found that 

other polyphenol-rich extracts are able to attenuate steatosis in humans and animal models [282-285]. 

This improvement of lipid accumulation in liver tissue is consistent with our NMR analysis, where 

we observed that high-concentration supplement of RE counteracted changes induced by the high-fat 
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diet, resulting in less free and total cholesterol, less triglycerides, and more unsaturated fatty acids. 

Similar finding have been seen for triglycerides in mice, where the triglyceride levels were reduced 

significantly after 35 days [195]. 

Non-alcoholic fatty liver disease is strongly associated with obesity and characterized by excessive 

levels of intrahepatic triglycerides, free fatty acids, and cholesterol, and is linked to alteration in 

whole-body metabolic homeostasis [286]. Mice treated with the GLP-1 receptor agonist exenatide 

show a decrease in hepatic fat accumulation [287, 288]. As we observed higher fasting GLP-1 plasma 

concentration upon treatment with RE, it is likely that the RE-induced improvements of the hepatic 

lipid profile is caused by the increase in GLP-1 concentration. Moreover, increased plasma GLP-1 

concentrations have been associated with reduction of mRNA and protein expression of proteins 

required for cholesterol and fatty acid biosynthesis, suggesting that GLP-1 prevent overproduction of 

the triglyceride-rich very low-density lipoproteins [289]. This is supported by findings showing that 

rats fed a high-fat diet treated with exenatide, have increased levels of transcription factors involved 

in fatty acid β-oxidation [290]. Our proteomics analysis showed that the high-fat diet caused an 

upregulation of the enzyme Stearoyl-CoA desaturase-1 (SCD1), but RE-treatment was able to reverse 

this upregulation. SCD1 is a key enzyme in the metabolism of fatty acids, and catalyses the rate-

limiting step in formation of monounsaturated fatty acids [291]. High SCD1 activity is also associated 

with hypertriglyceridemia and reduced levels of HDL-cholesterol [292]. Similar trend was observed 

for the enzyme all-trans-retinol 13,14-reductase (RetSat), that catalyses the saturation of retinol and 

has a critical role in the plasticity of adipose tissue [293]. RetSat was upregulated in rats receiving 

the high-fat diet, but no longer significantly upregulated when RE was supplemented to the high-fat 

diet. Studies in obese mice have shown that depletion of RetSat causes lower hepatic and circulating 

triglycerides, and human studies show that RetSat correlates to the level of plasma triglycerides and 

steatosis [294]. The pro-inflammatory cytokine, macrophage migration inhibitory factor (MIF), 

stimulates lipid oxidation and inhibits accumulation of lipids in the liver [295, 296]. Moreover, MIF 

has a protective role of the liver in models of non-alcoholic fatty liver disease [297]. Overall, it is 

likely that RE-induced changes in the expression of SCD1, RetSat, and MIF, are involved in the 

improved lipid profile in the liver. 

Dyslipidemia, including elevated triglyceride and cholesterol and decreased HDL concentrations, is 

commonly observed in obese individuals, with a correlation between the severity of abnormalities 

and BMI [298]. Most obese individuals also shows an increase in free fatty acids, which are stored 

and released from adipose tissue throughout the body [299]. We did not see an increase in total body 
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fat percentage in young rats fed a high-fat diet. Consequently, we did not observed an increase in free 

fatty acids in plasma. However, we did see an increase in total cholesterol and triglycerides in plasma 

following six weeks of the high-fat diet. When RE was supplemented to the high-fat diet, the 

triglyceride levels resembled those of standard fed rats, and the HDL levels were significantly 

increased. The high-fat diet caused an increase in total cholesterol, but here we did not see an effect 

of RE. Other polyphenols have been evaluated on their effect on dyslipidemia. Daily administration 

of pine bark extract to 25 healthy individual for six weeks, resulted in decrease in LDL and increase 

in HDL, and the increased HDL did not reverse after a four-week washout period [300]. A large 

metastudy concluded that supplementation of polyphenol-rich cinnamon reduced plasma 

triglycerides and cholesterol but did not influence LDL and HDL [301].   

Our analysis of caecal short-chain fatty acids (SCFAs) showed a large decrease in total SCFAs for 

the high-fat based diets compared to standard diet, with no improvement related to RE content. 

SCFAs are produced by colonic fermentation of ingestible foods. Accordingly, a decrease in total 

SCFAs is expected when the rats are fed the low fiber high-fat diet. SCFAs are known to stimulate 

GLP-1 synthesis by an upregulation of proglucagon expression [302, 303], but since we see highest 

fasting GLP-1 concentrations and lowest SCFAs in rats fed the high-fat diet supplemented with RE, 

it is unlikely that our increased plasma GLP-1 concentrations are caused by SCFAs. Administration 

of SCFAs is associated with a reduction in weight gain and hepatic fat accumulation and improvement 

of the lipid profile in human and animal models [304, 305]. Moreover, increased intake of SCFAs in 

obese individuals appears to increase fatty acid oxidation and energy expenditure, while decreasing 

lipolysis [306]. Our results indicate, that many of the benefits of a fiber-rich diet, such as reduction 

in hepatic fat accumulation, improvement of dyslipidemia and lipid profile in liver, increased fatty 

acid oxidation and energy expenditure, can also be achieved by a supplement of RE. 

In conclusion, the use of young, healthy Sprague Dawley rats was not optimal for studying the effects 

of RE on weight gain, body fat percentage, and food intake, as the high-fat diet treatments did not 

differ significantly from the standard diet treatment in these aspects. However, the model was 

successful in investigating internal obesity-related changes, such as dyslipidemia and initial signs of 

non-alcoholic fatty liver disease.  
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11 Conclusion and perspectives 
The overall aim of this PhD thesis was to identify food ingredient able to stimulate the secretion of 

satiety-inducing hormones in vitro, and evaluate the effect of one identified food ingredient, in 

addition to evaluate an encapsulation system for delivery in the intestine, in vivo. Based on the in 

vitro study, rosemary extract was selected as the food ingredient of interest. In this PhD thesis are 

presented results contributing with new knowledge on the effects of rosemary extract in relation to 

satiety, obesity and obesity-related conditions. The major findings from the present thesis are 

summarized below. 

Effects of food ingredients on glucagon-like peptide-1 secretion in STC-1 and HuTu-80 cells 

 The cell lines STC-1 and HuTu-80 were successful tools for studying the secretion of GLP-1, 

although HuTu-80 cells showed lower response than STC-1. Neither cell lines were successful 

for studying CCK secretion. 

 Rosemary extract, kale extract, EGCG, acetylated monoglyceride, N-OEA, functional soy 

protein, and fractionated functional soy protein stimulate the secretion of one or both of the 

satiety-inducing hormones, GLP-1 and CCK, in vitro. 

 Enzyme-treated whey protein, palmitic acid, stearic acid, green tea extract, and hesperidin did 

not affect either GLP-1 or CCK secretion. 

Rosemary (Rosmarinus officinalis L.) extract stimulates the secretion of glucagon-like peptide-

1 in Pigs 

 Supplementing RE to a standard diet results in higher postprandial GLP-1 response in pigs, 

than what the standard diet alone can account for. 

 Delivering RE in an encapsulation system consisting of lecithin vesicles incorporated into 

alginate beads, results in higher plasma GLP-1 concentrations, than non-encapsulated RE 

supplementation. 

Rosemary (Rosmarinus officinalis L.) extract decreases hepatic fat accumulation and improve 

overall lipid profile through increased fatty acid oxidation by increasing fasting glucagon-like 

peptide-1 levels in rats 

 Supplements of 4 g of RE/kg feed significantly increase fasting GLP-1 concentrations, reduce 

plasma concentrations of triglycerides, enhances plasma concentrations of HDL-cholesterol, 

and reduce total fat percentage in the liver. 
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 RE did not influence body weight gain. 

 RE regulates protein expression of a number of proteins in the liver, including proteins related 

to fatty acid metabolism and oxidation, such as SCD1, RetSat, and MIF. 

 RE supplementation results in higher prevalence of unsaturated fatty acids, less triglycerides, 

and less cholesterol in liver tissue. 

 RE supplementation decreases the levels of many bile acid metabolites in caecal digesta. 

 

Overall, the results show that RE have a very positive effect on obesity-related challenges, and could 

very well be included as ingredient in weight management market. Traditionally, the vast majority of 

diet products aims to control body weight through calorie reduction. The focus in this PhD thesis has 

been on inducing satiety as a natural way of reducing the total calorie intake. The findings of this 

thesis reveal that RE enhanced the health profile when regularly consumed, and that liver proteins 

involved in lipid turnover seem to be involved. To obtain these results, an untargeted proteomics 

approach was used. As this thesis is only covering the most evident changes in protein expression, an 

in-depth review of all proteins in the analysis may reveal more interesting findings, which could lead 

to a better understanding of the underlying mechanisms, induced by RE and leading to improvements 

in liver health and dyslipidemia.  

As the innovative end-goal of the DISI project is the production of an encapsulated satiety-enhancing 

food ingredient, which can be supplemented to a human everyday food product, the next logically 

step would be to test the effects in humans. It would be interesting to see if the same results regarding 

GLP-1 and dyslipidemia can be obtained in humans. Additionally, as we did not see an effect of 

rosemary extract on the energy intake in young, healthy rats, it would be interesting to see if rosemary 

extract affects the energy intake obese animals and humans. Moreover, if the encapsulated RE is to 

be applied to known food product, it is necessary to evaluate the delivery system in respect to ability 

to mask the taste and consistence.  

Although the encapsulation system was successful in terms of inducing a higher GLP-1 response, 

hence allowing better delivery, the loading capacity of the particles was very low. RE comprised only 

approximately 1 % of the total particle weight. For encapsulated RE to be incorporated into existing 

food products, the loading capacity of the encapsulation system must be considerably improved. 

Alternatively, studies identifying and isolating a specific active compound in RE, responsible for the 
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observed effects, could result in a significant reduction of the necessary load quantity, thus a 

significant fall in the amount of particles needed.  
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