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Obesity epidemic 

 Obesity is a growing global epidemic with significant personal and societal 

consequences. According to the 2014 estimation of the World Health Organization there 

are more than 1.9 billion adults (or approximately 39% of the world population aged 18 

years and over) who are overweight and among those over 600 million who are obese 

(World Health Organization 2014). This is an expensive problem: in the USA alone, the 

annual individual cost of being obese has been estimated at $4879 for women and $2646 

for men, not including the cost of years lost due to obesity (Dor et al 2010). Obesity is a 

major risk factor for numerous chronic diseases, such as type 2 diabetes mellitus 

(Albaugh et al 2016), cardiovascular diseases (Lavie et al 2016), certain cancers (Deng et 

al 2016), which have been linked to cause 3.4 million deaths in 2010 (Ng et al 2014). 

 Why do humans (at least the developed nations) get fat? In pre-historic times, 

humans were hunters-gatherers and it is most likely that our earliest behaviorally modern 

ancestors of some 150,000 years ago had regular episodes of limited food resources 

(Cordain et al 2005). Although dietary patterns differed, among others, with latitude, 

season, weather and culture, all ancestral diets shared some common key features. The 

consumption of unprocessed plants, foraging/hunting marine animals and only consumed 

natural foods from the local environments. All edible components of the animals, 

including muscle meat, brain, organs, bone marrow and storage depots were consumed 

(Eaton et al 1997). The drastic environmental changes, which were introduced by modern 

agriculture and animal husbandry (between 5,000 and 10,000 years ago and more recently 

the Industrial Revolution) occurred too recently on an evolutionary time scale for the 

human genome to adapt (Cordain et al 2005, Eaton et al 1985). The typical Western 

lifestyle with its overabundance of processed foods, and its altered physical activity 

patterns gave rise of the so-called civilization diseases, among them obesity being the 

most prevalent (Eaton et al 1985, Ruiz-Núñez et al 2013). These factors together, 

10



 

compromising the modern Western lifestyle form the so-called obesogenic environment, 

since they predispose humans to obesity. 

 

Methods of weight loss 

 The core of the problem is that only a few effective treatment options exist for 

obese patients. The traditional methods (diet and exercise) do not produce sustainable 

weight loss. For most obese individuals, dieting only leads to modest weight reduction on 

long term (Kraschnewski et al 2010, Montesi et al 2016).  Because of the disappointing 

outcomes of traditional weight reducing methods and the side effects of new drugs 

surgical methods became highly attractive alternatives for the treatment or even 

prevention of obesity and type 2 diabetes (Fried et al 2010, Ribaric et al 2014, Schauer et 

al 2017). Traditionally bariatric surgeries were classified as reductive (reducing the 

volume of the stomach) and malabsorptive (creating some kind of malabsorption via 

reducing the nutrition absorptive surface of the intestine lining) methods since at the 

beginning of the surgical treatment of obesity mechanistically these explanations seemed 

probable. As science advanced (eg the discovery of gut hormones and the enteral nervous 

system) more potential pathways came into focus. Most gut hormones are anorexigenic, 

providing an enteral feedback mechanism to the central nervous system about the quality 

and quantity of nutrients being digested. Many of the same hormones are present in the 

central nervous system (i.e., either originating from the periphery, or locally produced as 

neuropeptide transmitters), where they play crucial roles in food intake and metabolic 

regulation via various hypothalamic, mid- and hindbrain and brainstem regions and 

nuclei. These findings established that the enteral and the central nervous system are in 

constant cross talk to regulate energy status of the body. Altered bile acid secretion and 

modified gut microbiota are also strong candidates as regulatory mechanisms of body 

weight, thanks to the results seen after bariatric surgeries. The difficulty maintaining 
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weight loss points to a strongly conserved homeostatic mechanism protecting bodily fuel 

reserves (Lam et al 2016, Pontzer 2015). Thus, new obesity treatment options dealing 

with the control of energy balance are warranted, although our understanding of this 

system is still far from being clear. 

 

Type of diet 

 Human diet consists of a waste array of food but if chemically analyzed all of 

them are made up of carbohydrate, fat, protein (the so called macronutrients 1, since 

humans need large quantities of these) and micronutrients (because the requirements of 

these for life are considerably smaller than that of macronutrients, such as vitamins, fiber, 

salts) and water . Based on calorimetric bomb measurements by Atwater et al the three 

macronutrients have the following energy content (or total combustible energy content): 1 

g carbohydrate contains 3.75 calories (15.69 kJ), 1g protein has 4 calories (16.736 kJ) and 

1 g fat has 9 calories (37.656 kJ) (Widdowson et al 1955). It is worth noting that not all 

combustible energy is available to the human or animal body for maintaining energy 

balance 1. incomplete digestion eg fecal energy loss, 2. incomplete absorption eg texture 

of food, (eg fiber content see: Capuano 2017) 3. health state of the individual eg illness or 

lactation, 4. the capture of energy (conversion to adenosine triphosphate [ATP]) from 

food is less than completely efficient in intermediary metabolism (Flatt et al 1997). 

 The macronutrient composition of the diet (the proportions of calories contributed 

by fat, carbohydrate, and protein) have been investigated the past several decades for its 

potential relevance in weight regulation. It has been long theorized that diets can exert 

different effects on body weight based on their energy content, and their specific effects 

on intermediary metabolism. Countless short-, and long-term studies have been aimed to 

 
1 alcohol is considered a separate macronutrient, but not discussed here 
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identify the optimal ratio of macronutrients for weight maintenance and weight loss. 

Lowering the proportion of daily calories consumed from total fat has been targeted not 

only because fat is the most energy dense macronutrient but also because high fat 

consumption (especially saturated fat) has been a risk factor of cardiovascular disease 

(Chowdhury et al 2014, Hooper et al 2015, Sack et al 2017). Thus, reducing total fat 

intake would theoretically lead to reduction of total energy intake. However, randomized 

trials have failed to consistently demonstrate that reducing the percent of energy from 

total fat leads to long-term weight loss compared to other dietary interventions (Hu et al 

2012, Kmietowicz 2015, Tobias et al 2015). Considering the effect of high fat diet on 

energy expenditure high fat diet has been reported to increase energy expenditure in 

humans (Hall et al 2016, Thearle et al 2013) and in rats (Jackman et al 2010, Jornayvaz et 

al 2010) although results are contradictory (Choi et al 2015, Kien et al 2005). 

 Recently diets low in carbohydrates but high in “healthy” fats {eg mono-

unsaturated fatty acids (Hammad et al 2016), n-3 poly-unsaturated fatty acids (Alexander 

et al 2017)} have been popularized, because of their weight lowering (Liu et al 2018) and 

cardiovascular disease protecting effects (Wang et al 2017). On this venue, the so called 

paleolithic diet, which contains high percentage of protein has been reported to reduce 

body weight (Drummen et al 2018) via various possible underlying mechanism such as 

increased satiety (Martens et al 2012), diet induced thermogenesis (Westerterp-Plantenga 

et al 2009), anorexic hormone levels (Belza et al 2013). High protein diet with low 

glycemic index rather than high glycemic index carbohydrates has been reported to be 

effective in weight loss, weight maintenance in obese patients pinpointing that the single 

macronutrient approach needs to be updated (Astrup et al 2015). 
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Energy balance 

 It has been stated that human physiology complies with the first law of 

thermodynamics (Kapsak et al 2013, Schoeller 2008), which means that energy can be 

transformed from one form to another but cannot be created or destroyed. Thus, human 

(and animal) physiological systems are in energy balance when the rate of change in the 

body’s macronutrient stores (Es) is equal to the difference between the energy entering the 

system (Ein) and leaving the system (Eout).  Es= Ein- Eout. Ein primarily consists of the 

chemical energy from food and fluids consumed. Eout includes the heat produced by the 

body, work performed and the latent heat evaporation. The consumed and digested foods 

are not only used for energetic purposes, but can also be used as building blocks for the 

body for growth and storage. Energy efficiency can be derived from calculating how 

much weight change (in grams) occurred by consuming a given amount of food/energy 

(in kJ). (Weight gain (g)/energy intake (kJ). (Björntorp et al 1982, McPhee et al 1980). 

Thus, a given individual (or animal) has higher energy efficiency than another, when the 

first individual (animal) gains more weight than the second gains when they consume the 

same amount of energy.  Along these lines, energy efficiency is zero, when a person is 

weight stable (i.e. body weight change over time is zero). Weight loss (such as following 

bariatric surgery) would yield a negative energy efficiency.  Although zero and negative 

energy efficiencies are conceptually controversial from a thermodynamic standpoint, their 

calculations are nevertheless useful for comparative reasons. 

Even though bariatric surgeries produce substantial weight loss, with the 

remission of type 2 diabetes and the reduction of cardiovascular disease.  The several 

proposed underlying mechanisms are still not clearly understood. It has been theorized 

that the high efficacy of bariatric surgery may be due to its effect on energy balance, 

shifting it toward a negative state. Indeed, after bariatric surgery both humans 

(Dimitriadis et al 2017, Dirksen et al 2013, Münzberg et al 2015), and rodents (Chelikani 
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et al 2010, Ranzy et al 2014, Stylopoulos et al 2009) reduce their food intake (Ein), and 

the energy expenditure (Eout) follows the reduced body weight (Bueter et al 2010, Kayala 

et al 2011, Münzberg et al 2015). But controversy still exist regarding energy expenditure 

after bariatric surgery mainly for two reasons: first it is difficult to compare the relative 

rates of energy expenditures of humans (or rodents) of different weights and body 

compositions, because a consensus regarding the relative accuracy of normalizing oxygen 

consumption to body weight, body surface area, or lean body mass has not been reached 

yet (Tschop et al 2011). The second reason is that (at least in humans) it is difficult to 

compare patients who underwent bariatric surgery with subjects who have lost weight by 

other means. Weight loss decreases energy expenditure (since the reduced body mass 

requires less energy to maintain) thus the question is not that energy expenditure 

following bariatric surgery has decreased per se. It is rather that whether the reduction of 

enegy expenditure after bariatric surgery is proportionate to that weight loss, which would 

have been after a large weight loss by other methods, or smaller. If smaller it would 

reduce the built in mechanism of weight regain, leading to a successful and sustained 

weight loss.The limited data from human comparative studies and rodent experiments 

suggest that it is not likely that the reduction of energy expenditure is appropriate to 

explain the observed large amount of weight loss after these surgeries.  

 

The aim of this thesis 

 In the present work, we embarked to investigate whether bariatric surgery alters 

energy balance and therefore weight change in rats. We investigated this question by 

using two different surgery models: the ileal transposition and the Roux-en-Y gastric 

bypass. 
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- Ileal transposition (IT): offers a unique advantage to other bariatric surgeries in that with 

IT the, the stomach is unaltered and the alimentary tract retains its original length, since 

only a 10 cm ileal segment is transposed into a more proximal location, thus the entire 

gastrointestinal tract is still exposed to the indigested food matter.  There is nevertheless 

some controversy regaring the issue whether or not the innervation and the blood supply 

of the (transposed) gastrointestinal tract remains intact (Zhu et al 2018, Aiken et al 1994, 

Bai et al 2019).   

 

- Roux-en-Y gastric bypass (RYGB): coined as a (reductive) malabsorptive technique 

because in RYGB only a small pouch (15-25 ml in humans) remains of the stomach 

(reduction) and the duodenum and the proximal jejunum (alimentary limb) is excluded 

from the passage of food (malabsorption). The so-called Roux limb (originally the distal 

gut) is connected to the pouch. The alimentary limb is connected to the Roux limb by an 

enteroenterostomy, creating a Y-shaped junction where food meets gastric acid and bile. 

In this model energy reduction, could result from various facts. 

 

 In Chapter 2 ileal transposition (IT) as a bariatric surgery is introduced. In this 

experiment rats consumed high protein/high fat (equal diet) diet, because we wanted to 

test if high protein content influences satiety (Batterham et al 2006, Martens et al 2014) 

and if high fat content alters food intake (Spiller et al 1984, van Citters et al 1999), 

theoretically contributing to weight change. Food intake, body weight loss and energy 

expenditure were measured and body composition analysis carried out to give a general 

picture of the effects of IT. 

 

 In Chapter 3 we investigated whether IT causes alterations in energy efficiency 

when rats were maintained on three different diets: high fat (HF), high protein (HP) and 
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high carbohydrate (HC). With the introduction of the three different diets we also 

investigated wether HF diet is more appetizing (Kasper et al 2014) and if the effects of 

cafeteria diet (our HC diet) on body weight (D’Alessio et al 2003, Epstein et al 2010, 

Melanson et al 2000) still exists even after IT. 

 

 In Chapter 4 we investigated how IT influenced food intake, body weight, energy 

budget, energy balance and energy expenditure not only immediately after the surgery but 

also during and after recovery. We also investigated whether the three different diets 

showed different recovery trajectories after IT. 

 

 In Chapter 5 we investigated the effect of IT on the synthesis of Glucose 

Dependent Insulinotropic Polypeptide (GIP), Glucagonlike peptide 1 (GLP-1), Peptide 

Tyrosine-Tyrosine (PYY), neurotensin and insulin and their effects on food intake and 

body weight. 

 

 In Chapter 6 we investigated the effect of RYGB paired either with high fat or low 

fat diet on food intake, body weight change, energy efficiency, circadian body 

temperature and locomotor responses. 

 

 Chapter 7 is the summary and discussion of these findings by comparing IT and 

RYGB on energy balance. 
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Chapter 2 
Ileal transposition: a non-restrictive bariatric surgical 
procedure that reduces body fat and increases ingestion-
related energy expenditure in rats 
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Abstract  

Background: Ileal Transposition (IT) was developed as a model to study body weight 

reduction without the restrictive or malabsorptive aspects of other bariatric surgeries but 

the exact mechanisms of the alterations in body weight after IT are not completely 

understood. 

Objective: To provide a detailed description of the surgical procedure of IT, and describe 

its effect on energy balance parameters.  

Methods: Adult male rats underwent either IT (IT+) or sham (IT-) surgery and consumed 

liquid diet, containing 33% protein, fat and carbohydrate each. Energy intake and body 

weight were monitored daily. After attaining weight stability (>30 days) energy 

expenditure and its components were assessed by indirect calorimetry on fasting, limited 

and ad libitum intake days. At the end of the study body composition analysis was 

performed. 

Results: IT+ resulted in transiently reduced energy intake, increased ingestion-related 

energy expenditure (IEE) and decreased body and adipose tissue weight when compared 

to IT-. At weight stability, neither energy budget (i.e., energy intake - energy 

expenditure), nor energy efficiency was different in IT+ rats compared to IT-.  

Conclusion:  Our data show that the primary cause of weight reduction following IT+ is 

transient reduction in energy intake. Since IEE could have satiating capacity, increased 

IEE may prevent compensatory feeding to bridge body weight difference between IT+ 

and IT- rats.  
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Introduction 

Obesity is one of the greatest threats to health not only of the developed world but 

of other parts of the globe as well (European Association for the Study of Obesity (2015), 

Chan et al 2010). The rate of obesity, clinically defined as a body mass index (BMI) of 

30kg/m2 or more (WHO 2015), is on the increase causing or exacerbating a large number 

of health problems, both independently and in association with other diseases. (Chan et al 

2010, Flegal et al 2009, Ruiz-Nunez et al 2013) Even modest weight loss can 

significantly reduce the morbidity and mortality associated with diabetes and 

cardiovascular conditions (Khaylis et al 2010, Stefater et al 2012). However, public and 

private health advice to reduce or alter food intake and increase exercise has not 

prevented the obesity epidemic from accelerating. Medical programs developed several 

noninvasive options to lose and maintain adequate body weight, which are not always 

successful mainly because the weight loss is hard to sustain (Flegal et al 2009, Khaylis et 

al 2010, Stefater et al 2012). 

 Gastrointestinal surgery is the only treatment shown to achieve long-term weight 

loss and therefore decrease the incidence of weight related diseases such as diabetes, 

cardiovascular conditions (Deitel 2012, Sandoval 2011, Strader 2006). Historically 

bariatric operations used to be divided into two major classes: 1) mechanical reduction of 

the volume capacitance of the proximal stomach (gastroplasty surgeries) and 2) partial 

selective malabsorption procedures (jejunoileal bypass, biliopancreatic diversion) and 

although the effects of bariatric surgeries are probably not due to these mechanical effects 

this categorization is still useful as an overview. Indeed, with the newer surgical methods 

when gastric restriction is combined with bypassing the proximal small intestine the 

question emerged, whether which factor is responsible for the weight reducing effect of 

these surgeries: gastric restriction or the anatomical rearrangement of the small intestine. 

To investigate this question, ileal transposition (IT) was developed by Koopmans et al in 
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1981 (Koopmans et al 1981). In IT a segment of the lower ileum (10 cm from the 

ileocecal valve in rats) was transposed distal to the duodenum in rats, resulting in a 

normal length of gastrointestinal tract with its original innervation and blood supply 

intact. It has been shown that IT is not malabsorptive (Strader 2005) and the intestinal fat 

absorption is normal (Chelikani et al 2010). Since IT does not involve gastric restriction, 

or foregut exclusion the reduction of food intake and body weight are solely due to ileal 

over-stimulation, which may lead to an enhanced ileal break. The ileal brake is a complex 

negative feedback mechanism of the gastrointestinal tract, originating from the stimulated 

ileal segment; resulting in the activation of neural and endocrine mechanisms that lead to 

delayed gastric emptying, gastrointestinal transit, secretion of gut hormones, and satiety 

(Barreto et al 2018, Masclee et al 2010, Maljaars et al 2008). After bariatric surgery, the 

lower ileum is exposed to unusually large amounts of partially digested food stimulating 

this intrinsic physiological feedback system and inducing satiety. Koopmans (Koopmans 

1982, 1985) and Atkinson (Atkinson et al 1982) postulated that some intestinal signals 

caused the observed reduced food intake (increased satiety) and decreased body weight. 

Indeed, IT leads to increased secretion of anorexic gut hormones such as glucagon like 

peptide 1 (GLP-1) and peptide tyrosine tyrosine (PYY) (Chelikani et al 2010, Nausheen 

et al 2013, Strader et al 2005,). PYY is a crucial factor in the ileal brake mechanism and 

PYY levels after bariatric surgery have been found to correlate with the duration of long-

lasting satiety and hunger suppression (Barreto et al 2018, Savage et al 1987, Van Critters 

et al 2006). 

 Since the introduction of IT, numerous studies have been carried out using this 

model with several modifications in surgical techniques and methods such as different 

lentghs of the transposed segment, various locations of the transections and using 

different suture techniques (Boozer et al 1990, Chelikani et al 2010, Chen et al 1990, 

Ramzy et al 2013, Strader 2006). The rat IT model has been shown to be a useful 
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experimental tool to shed light on the role of the small intestine and its over stimulation in 

the mechanism of weight loss without the confounding factor of 1. Gastric restriction and 

2. Bypassing sections of the small intestine. Because of the variations of surgical 

techniques and methods (Ramzy et al 2014), the description of the techniques and adding 

mortality rates, and the different pre- and postoperative care and diets it seems timely to 

provide a detailed description of the original technique. Specifically, because comparison 

of data on hormonal and metabolic parameters are dependent on accurate description of 

surgical procedures. 

In this study we provide a detailed description of the original IT model by Prof 

Henry Koopmans, (Koopmans 1981, Fichtner et al 1982) and describe its effects on 

energy balance in male rats that were feeding a balanced liquid diet, with equal 

proportions of macronutrients.  

 

Material and methods 

Animals and housing 

All the protocols followed the Canadian Animal Care guidelines and were 

approved by the University of Calgary, Animal Resource Care Centre. Twenty male 

Lewis rats (range: 288-328g, mean weight 309 ± 11g) were singly housed in cylindrical 

cages (height: 50 cm, diameter: 33 cm) with rat chow and water allowed ad libitum, under 

artificial lighting (6am -6 pm) under artificial lightening. After 2-4 days of observation, 

the rats were divided into two weight matched groups and fed with liquid diet (4.184 

kJ/gram). The food was provided in inverted glass jars and weighted before given to rats. 

Animals were weighed daily at 3:30 pm, fed at 4:00 pm and were allowed to consume as 

much diet as they wanted till the next morning 9:00 am, when the food was removed and 

weighted. Food intake was calculated by taking the difference between the two 

measurements. 
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 Liquid diet: the “equal” diet contained 33% protein, 33% fat and 33% 

carbohydrate. 

Ingredients of the diet: Ensure High Protein with added protein (Resource Beneprotein 

instant protein powder, Novartis Medical Nutrition, USA) fat (Intralipid 20% IV infusion, 

Fresenius Kabi Clayton L.P., Clayton, NC) and adequate vitamins and minerals 

(Maltlevol liquid multivitamin, Carter-Horner Corp Mississauga ON, Canada).  

Since IT (just as other bariatric surgeries) is a major operation, it is important to provide a 

diet, which supports recovery giving the system the necessary building block of nutrients 

to achieve a healthy, new balance. It has been observed that patients undergoing bariatric 

surgery develop micronutrient deficiency (Verger et al 2016, Aron-Wisnewsky et al 

2016) and protein depletion (Damms-Machado et al 2012, Aron-Wisnewsky et al 2016). 

To prevent this, rats were maintained on a liquid diet, which had higher percentage of 

protein than usual (33%) with 33% carbohydrate, to provide the minimal but not too 

much amount of simple carbohydrates and 33% fat. 

 

Surgery protocol 

Preoperative care 

1. Overnight fats prior surgery 

2.Administer open cup ether anesthesia (or any other anesthetic). 

3.Shave abdomen from sternum to pelvis with electric razor 

4.Place anaesthetized rat in supine position on isothermal heating pad 

5.Apply eye ointment 

6. Maintain ether anesthesia with minimal flow, but adjust as needed 

7. Disinfect skin with 70% alcohol 

8.Confirm depth of anesthesia by pinching the skin with forceps between the toes of hind 

leg 
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9. Administer 37 μl / 100 g body weight Gentamicin subcutaneously as antibiotic 

prophylaxis and Torbugesic (Butorphanol Tartrate) in the dose of 0.2 mg / 100 g body for 

analgesia 

 

Median laparotomy 

1. Perform midline abdominal incision using scalpel from below the xyphoid process to 

the line of hip joints 

2. Gently mobilize skin from abdominal muscles using blunted scissors 

3. Open abdominal cavity 

4. Position retractors to expose the intestines 

 

Lower ileum transections 

1. Locate ileocecal valve 

2. Measure 10 cm orally from ileocecal valve using a precut thread of 10 cm of length 

3. Examine the blood vessels closest to the future transection site and select a location, 

where blood vessels are far apart 

4. Secure knot on blood vessels bordering the future transection site on both sides to 

prevent bleeding (PDS 6-0) 

5. Make transection (Figure 1A, 1B left arrow) and moisturize intestines with saline 

6. Hook one thread on each side of the transection, through the transected edge, where it 

curls up. Clip thread which has the cecum end, in hemostat and place on the right side 

(viewed from the operator aspect) with unmarked hemostat. It is useful to mark the 

homeostat holding the ileum stump with blue marker to show the original distal end of the 

transposed segment. Place the blue hemostat on the right side downward from the 

unmarked one. 

7. Place saline moisturized gauze pad on transected ileum 
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8. Measure 10 cm orally from the transection using a precut thread of 10 cm of length 

9. Examine the blood vessels closest to the future transection site and select a location, 

where blood vessels are far apart 

10. Secure knot on blood vessels bordering the future transection site on both sides to 

prevent bleeding (PDS 6-0) 

11. Make transection (Figure 1A, 1B right arrow) and moisturize intestines with saline 

12. Hook one thread on each side of the transection (Figure 1C), through the transected 

edge, where it curls up. Clip thread, which has the proximal end of the ileum, in 

hemostats and place on left side of the rat (viewed from the operator aspect). It is useful 

to mark the homeostat holding the proximal stump of the segment with red marker to 

show the original proximal end of the transposed segment. Place the red hemostat on the 

left side downward from the unmarked one. 

13. Place saline moisturized gauze pad on transected ileum. 

 

Overview od hemostat positioning: 

Right side - blue hemostat holding the distal end of the segment 

  - unmarked hemostat holding the cecum end 

Left side - red hemostat holding the proximal end of the segment 

  – unmarked hemostat holding the ileum 

 

Jejunum transection 

1. Identify where the ligament of Trietz holds proximal jejunum and colon together  

2. Measure 1 cm from this location 

3.Examine the blood vessels closest to the future transection site and select a location, 

where blood vessels are far apart 
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4. Secure knot on blood vessels bordering the future transection site on both sides to 

prevent bleeding (PDS 6-0) 

5. Make transection and moisturize intestines with saline 

6. Hook one thread on each side of the transection, through the transected edge, where it 

curls up. Clip both threads in hemostats and place the gastric end upward on left side of 

the rat (viewed from the operator aspect). Place the other hemostat which holds the 

jejunal end on the right side of the rat. 

6. Place saline moisturized gauze pad on transected jejunum 

 

Proximal jejuno-ileal anastomosis 

1. Uncover the gastric end of the jejunum (upper left) 

2. Uncover the proximal ileum end of the segment (left side with red mark) 

3. Retrieve proximal ileum (red mark) and place end-to-end to the gastric end of jejunum, 

working on the saline moisturized gauze pad 

4. Secure jejuno-ileal anastomosis with retention stich (PDS 6-0) at twelve o’clock and 

six o’clock position (Figure 1A, 1E left arrow) 

5. Create jejuno-ileal anastomosis by performing end-to-end anastomosis using 

interrupted sutures (PDS 6-0) (Figure 1A, 1E right arrow, 1F) 

6. Moisturize with saline 

7. First complete dorsal side then ventral side of anastomosis 

8. Cover anastomosis with saline moisturized gauze pad 

 

Distal jejuno-ileal anastomosis 

1. Uncover the jejunal (distal) end of the jejunum (right side) 

2. Uncover the distal ileum end of the segment (right side with blue mark) 
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3. Retrieve distal ileum (blue mark) and place end-to-end to the jejunal end of the upper 

anastomosis working on the saline moisturized gauze pad 

4. Secure jejuno-ileal anastomosis with retention stich (PDS 6-0) at twelve o’clock and 

six o’clock position 

5. Create jejuno-ileal anastomosis by performing end-to-end anastomosis using 

interrupted sutures (PDS 6-0) (Figure 1A) 

6. Moisturize with saline 

7. First complete dorsal side then ventral side of anastomosis 

8. Cover anastomosis with saline moisturized gauze pad. 

 

Ileo-ileo anastomosis 

1. Uncover the proximal ileum end (left side unmarked) 

2. Uncover the distal ileum end (right side unmarked) 

3. Place both stumps on saline moisturized gauze pad in end-to-end position 

4. Secure ileo-ileo anastomosis with retention stich (PDS 6-0) at twelve o’clock and six 

o’clock position (Figure 1C) 

5. Cretae ileo-ileo anastomosis by performing end-to-end anastomosis using interrupted 

sutures (PDS 6-0) (Figure 1A, 1D) 

6. Moisturize with saline 

7. First complete the dorsal side then the ventral side of the anastomosis 

8. Cover anastomosis with saline moisturized gauze pad. 

 

Abdominal closure 

1. Remove gauze pads 

2. Wrap abdominal fat pads around each suture to prevent adhesion 
 
3. Close muscle layer of abdominal wall, using continuous sutures (PDS 4-0) 
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4. Reduce anesthesia by decreasing ether flow 

5. Moisturize intestines with saline 

6. Close the skin by using interrupted sutures (Vicryl 4-0) 

 

Postoperative care 

1. Position rat in his home cage with heat pad underneath until recovery (or overnight) 

2. Water ad libitum, overnight fast 

3. Liquid diet for 3 days 

 

Control surgery 

The above three transections were made, but re-anastomosed in the original state. 
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Figure 1 Ileal transposition Panel A: shematic representation of ileal transposition, Panel 

B: separation of the 10 cm segment of the lower ileum, Panel C, D: ileo-ileo anastomosis, 

Panel E, F: jejuno-ileal anastomosis 

 

Energy expenditure measurement 

 Starting on the 33rd day after surgery, rats underwent indirect calorimetry 

measurements for analysis of energy expenditure (EE) using an Oxymax Analyzing 

System 
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(Columbus Instruments, Columbus, OH) over the course of 3 consecutive days, for 23 

hrs. per day. To this end, rats were put in air-tight cages (diameter: 33 cm height: 50 cm), 

with wood shavings from their home cage, and with an airflow of 2.5 l/min. Every 10 

min, air samples were taken from the outgoing airflow, and after drying were analyzed for 

O2 and CO2 concentrations, and these levels were compared to the O2 and CO2 levels 

measured in the dried samples of inflowing air. Differences in these concentrations 

yielded the rat’s O2 consumption and CO2 production. O2 and CO2 sensors were 

calibrated daily with a standard gas mixture of 20.55% O2 and 0.490% CO2. EE was 

assessed on the basis of the equation of Lusk (Lusk 1909) and Ferranninni (Ferrannini 

1998). 

 Before the start of the indirect calorimetry measurements, rats had one day of 

habituation with ad libitum food available. At the start of indirect calorimetry 

measurements, rats first underwent a day of fasting. Consequently, the measurement 

energy expenditure on fasting day established a baseline of total energy expenditure 

(TEE) and its components, resting metabolic rate (RMR, i.e. calculated by the average of 

the four lowest 10-minutes EE readings multiplied by 144, to convert the 10 min readings 

to RMR for the whole day) and non-exercise activity thermogenesis (NEAT=TEE-RMR). 

During the following day in the indirect calorimeter rats received a jar filled with exactly 

251 kJ of their habitual diet, which was slightly below their normal intake to ensure that 

all rats ate an equal amount of food. Complete intake of this 251 kJ was verified at the 

end of the limited intake day. This limited and standardized intake allowed us to assess 

the ingestion-related energy expenditure (IEE), by calculating the temporal increase of 

TEE on the limited intake day above the level of TEE on the fasting day. For 

completeness, also RMR and NEAT were calculated on the limited intake day.  

Calculating IEE on the limited intake day as a percentage of the known daily total energy 

intake (TEI) on the limited intake day allowed us to calculate the specific dynamic action 
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(SDA) of ingested nutrients for each rat (Lusk 1909). This calculated SDA for each rat is 

an approximation of the energy expenditure effect of any amount of energy ingested, and 

thus also could be used to approximate IEE under ad libitum conditions, which took place 

during the third day of indirect calorimetry. 

 

On the third day, ad libitum food intake was reinstated, and TEE, RMR, IEE and NEAT 

were calculated. Energy budget was calculated by subtracting TEE from TEI based on the 

calculations of both feeding days (limited and ad libitum day).  

From the body weight change between fasting day and either limited day body 

weight or ad libitum intake day body weight and the respective energy intake data we 

calculated energy efficiency using the following formula (Rising et al 2006): 

{Delta BW Fasting day body weight (g) - limited or ad libitum intake day BW 

(g))/Energy intake of limited intake or ad libitum day (kJ)}x1000 

Energy budget was also calculated by using the following formula: 

Energy intake (kJ) – Total daily energy expenditure (kJ) 

Since fecal loss was not measured in the study, this energy efficiency calculation is only a 

crude proxy. 

 

Sacrifice 

Animals were sacrificed by decapitation under light ether anesthesia on day 45. 

Blood was collected in tubes, containing 0.24 ml (50 KIU/ml) aprotonin (Trasylol 

proteinase inhibitor, Bayer, Germany) and 0.12 ml EDTA (1.5 mg/ml). The 

gastrointestinal tract was removed and the following segments were obtained and 

weighed: stomach, upper duodenum (from the pylorus to the pancreatic duct), lower 

duodenum (from the pancreatic duct to the ligament of Treitz), jejunoileum, transposed 

segment and last 10 cm of ileum, cecum and colon together. 
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 To evaluate body composition, we carefully separated all abdominal, 

subcutaneous and various adipose tissue pads from lean mass, and measured the wet 

weight of lean body mass (LBM).  This means that we di dnot include intramuscular or 

intra-organ fat as part of “adipose mass”. Furthermore, skin, and organs, whith high 

energy expenditure rate: heart, liver, kidneys, brain, spleen were weighed. 

 

Statistical analysis 

 Comparisons between the two groups were performed with a repeated measure of 

ANOVA for the daily body weight and energy intake. Energy expenditure data were 

analyzed using t-tests and ANCOVAs (with lean mass, fat mass, and total bofy weight as 

co-variates of body size) to assess differences of mass-specific metabolic rates 

(Fernández-Verdejo et al 2019) Stepwise linear regression analysis was performed to 

assess whether proxy’s for body size (i.e., lean body mass, fat mass, and total body 

weight) could explain variation in energy expenditure component next to effects of 

surgery. Data is presented as mean  se and p values less than 0.05 were considered 

significant. 

From the IT+ group two animals died, one because of inadequate sutures at the most 

distal anastomosis site, and the other animals lost weight rapidly and did not reach any 

weight regain without visible surgical cause.From the IT- group one rat died before the 

end of the experiment and therefore excluded from all analysis (IT+ n=8, IT- n=9). In 

addition, one IT+ rat had a failing energy expenditure measurement, and therefore could 

not be used leaving one rat less in the IT+ group for the energy expenditure/energy 

balance analysis.  
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Results 

Body weight 

Average pre-surgery body weights in the two groups were similar (IT-: 339.8 

10.7 g IT+: 337.9 7.0 g). Repeated measures ANOVA revealed a significant interaction 

of body weight with time F(30,450) = 8.140,  p<0.0001), with body weights in the IT+ 

group being significantly lower than in the IT- group after surgery (Figure 2A). Three 

days following surgery IT- animals weighted more than IT+ (303.33.4 g vs 298.32.8 g) 

and the weight gap increased with the number of days postsurgical, which then reached 

the level of significance on day 13 (p<0.05) and continued to increase (from day 28 

p<0.01, from day 36 p<0.001) then somewhat decreased and stabilized (day 39 p<0.01, 

day 42 p<0.05 Figure 2A). 

Recovery period was defined as the number of days when animals reached their 

lowest body weight. IT- had significantly shorter recovery period (50.49 days vs 

7.80.47 days, p<0.05) than IT+ rats but lost almost as much weight (46.81.02 g and 

46.83.66 g respectively). At the end of the 45 days IT- rats weighed significantly more 

(359.48.00 g) than IT+ (337.98.08 g) (p<0.05) although their body weight gain (Day 

45 body weight - lowest body weight) was greater (61.74.54 g) than that of IT+ 

(46.87.05 g) it was not significant (p=0.83). 
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Figure 2 Body weight (A), energy intake (B), and 10-day cumulative energy intake (C) 

before and after ileal transposition (IT+) and control surgery (IT-). Averages are given 

±SEM. Differences between IT+ and IT- are indicated by * (p<0.05).  

 

Energy intake 

 Average pre-surgery food intakes of IT- and IT+ were similar (355.523.38 kJ vs 

350.823.41 kJ). Repeated measures ANOVA did not detect an effect of surgery on 

energy intake (Figure 2B). However, calculating cumulative intake over 10-day periods 

showed that IT+ significantly reduced energy intake during the first (F(1, 17)= 4.788; 
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p<0.05)  and second 10 days (F(1, 17)= 1.956; p<0.05) following surgery. From the 20th 

day food intake did not differ significantly between the groups (Figure 2C). 

 

Energy expenditure 

During the fasting condition, TEE and RMR of IT+ rats was lower compared to 

the IT- rats (p<0.05, Figure 3A). This effect was lost when an ANCOVA was performed 

with co-variates of body size (i.e., LBM, adipose tissue mass, and/or total body weight). 

Subtraction of TEE on the fasting day from TEE on the limited intake day yielded a proxy 

for IEE during the limited intake day (Figure 3B) upon eating the fixed 251 kJ of diet.  

The concomitant SDA values (3.15 in IT- rats versus 9.14 in IT+ rats) as well as IEE 

were both significantly higher in the IT+ rats than in the IT- rats (p<0.05).  SDA values 

allowed us to calculate the levels of IEE on the ad libitum day, and there was a tendency 

(p=0.07) that IEE was elevated in IT+ rats versus IT- rats (Fig 3C). On both the limited 

intake and ad libitum days, however, levels of significance became higher when body size 

correlates were used as co-variates in a ANCOVA, with LBM (for the limited intake day: 

F(2,15)=17.468, p=0.001), for the ad libitum day: F(2,15)=21.968, p=0.001) yielding the 

highest levels of significance (Figures 2B and C).   In a stepwise regression model, 

surgery and LBM (but not total body weight and body fat mass) contributed significantly 

to IEE during the limited intake (R2=0.785, p=0.003) and the ad libitum intake day 

(R2=0.712, p=0.001). 

While RMR was not different between IT+ and IT- rats on limited intake and ad 

libitum days, levels of NEAT became significantly reduced in IT+ rats versus IT – rats on 

the limited intake days (p<0.01) and ad libitum day (p<0.05). These differences were lost 

in an ANCOVA with LBM, adipose tissue mass and/or total body weight as co-variates.  

TEE during the limited intake and ad libitum days were not different between IT+ and IT- 
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rats, either with or without LBM, adipose tissue mass, and/or total body weight as co-

variates. 

 

 

Figure 3. Total daily energy expenditure (kJ), and its constituents resting metabolic rate 

(RMR), ingestion-related energy expenditure (IEE), and non-exercise activity 

thermogenesis (NEAT) expressed for ileal transposed rats (IT+) or their sham operated 

controls (IT-). This is shown for a day of fasting (A), during a limited intake day (B) and 

ad libitum intake day (C). Statistical difference is indicated by * (p<0.05).  
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Energy budget and efficiency 

Analysis revealed no differences between energy budgets between IT+ and IT- 

rats (Figure 4A). Energy efficiency calculated during the post-operative period of day 20 

till day 40 did not differ between the IT+ and IT- rats (Figure 4B).    

 

Figure 4. Panel A: Energy budget (i.e. energy intake – energy expenditure) and B: energy 

efficiency in limited intake (251 kJ) and ad libitum conditions. 

 

Body composition 

Although body weight of IT+ rats was significantly lower than that of IT- at the 

time of sacrifice (p<0.01) their lean body mass did not differ significantly (Table 1). The 

small and the large intestines and the pancreas were significantly enlarged in IT+ rats 

(p<0.01-p<0,0001), the other organs and muscle mass was not affected by the surgery. 

IT+ rats had significantly less adipose tissue than the IT- did. (p<0.01-p<0.0001, Table 1) 
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Organ Control Transpose Significance 

Body weight 392.663.87 360.2111.36 <0.01 

Total gut with content 25.010.47 30.520.88 <0.0001 

Stomach 1.200.02 1.280.04 ns 

Duodenum 0.520.04 0.820.05 <0.0001 

Transposed segment 0.440.04 1.760.19 <0.0001 

Jejnunoileum 2.180.14 3.390.41 <0.0001 

Last 10 cm of ileum 0.350.03 0.500.04 <0.01 

Cecum+colon with content 4.630.30 6.190.41 <0.01 

Pancreas 1.310.04 1.610.04 <0.0001 

Spleen 0.760.07 0.810.06 ns 

Liver 13.570.21 13.730.42 ns 

Kidneys 2.670.02 2.530.10 ns 

Heart 1.020.02 1.000.03 ns 

M gastrocnemius 2.150.03 2.010.08 ns 

Mesenteric fat 6.130.29 4.760.59 <0.05 

Omental fat 1.620.10 1.200.17 <0.05 

Epididymal fat 5.510.38 4.680.57 ns 

Retroperitoneal fat 10.720.61 6.360.90 <0.001 

Subcutaneous fat 19.111.60 13.021.72 <0.05 

Visceral fat 7.750.36 5.960.73 <0.05 

Abdominal fat 19.241.02 13.051.60 <0.01 

Inguinal fat 7.660.82 5.640.88 ns 

BAT 0.330.05 0.260.03 ns 

Lean body mass 303.901.46 297.645.94 ns 

 

Table 1 The wet weight of different organs (in grams) at the time of sacrifice 
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Discussion 

 We present here a detailed description of the original Koopmans’ model of ileal 

transposition with a survival percentage of 80%, which is comparable to other studies 

(survival percentage between ~70-100%) (Cohen et all 2016, Fischtner et al 1092, Ramzy 

et al 2013), Overall, ileal transposition caused changes in energy balance parameters, as 

shown by reduced energy intake and increased intake-related energy expenditure (IEE). 

Furthermore, we show that weight loss and reduction in fat content in IT+ rats compared 

to IT- rats without differences in energy budget and energy efficiency after the recovery 

period.  Important for consideration of these results is the fact that the control (IT-) rats 

had exactly the same transections and tissue dissections (including nerves and blood 

vessels), ruling out factors beyond the transposition itself. 

After initial body weight loss right after surgery, body weight recovered to pre-

operative values after ~30 days, with higher weights of IT- rats versus IT+ rats at the end 

of the experiment. Initial cumulative energy intake of the IT+ rats was lower than that of 

the IT- rats lasting for ~20 days (assessed by 10-day cumulative blocks of energy intake 

measurements). Our findings that energy intake, energy budget and energy efficiency did 

not differ between IT+ and IT- animals at the final stage of study may indicate that the 

acquired differences in body weight between IT+ and IT- rats were rather stable. These 

results are comparable to findings published previously (Cohen et all 2016, Fischtner et al 

1092, Ramzy et al 2013) although there are also findings that IT does reduce energy 

efficiency (Boozer et al 1990). Differences in study design and type of diet may be 

responsible for inconsistencies between studies.  

 In the present study rats were maintained on equal diet, which had rather high 

percentage of protein and fat (33% each), which may have been the main reason why 

surgery did not have a significant effect on body weight regain. Indeed, it has been known 

that high protein diet results in early and prolonged satiation (Astrup et al 2015, Gentile et 
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al 2015) and promote fat loss (Astrup et al 2015, Nieuwenhuizen et al 2015).  Diet high in 

polyunsaturated and monounsaturated fats also reduces weight gain (Childs et al 2018, 

Krishnan S et al 2014) and increases satiety if lipids reach the ileum undigested 

(emulsified) (Ohlsson et al 2014, Poppitt et al 2018,), activating the ileal brake. 

Enhancing the ileal brake in this fashion is possible by transposing the ileum to a more 

proximal position. It is probable that both the satiating effect of high protein content and 

the stronger ileal brake by the high fat content of the diet resulted in a situation, when the 

weight regain curves were not significantly affected by the surgery. IT+ still caused 

significant weight loss compared to controls, but because of the high protein and fat 

content of the diet, controls also faced challenges in weight regain. Indeed, the regression 

analysis revealed that body weight regain was mainly due to the number of days of 

recovery and not the surgery. Naturally, IT+ rats needed more time to recover, since they 

not only recovered but had to adjust to the new anatomical situation with overstimulated 

ileal segment. Meanwhile IT- rats only needed time to heal the transections, which was 

also challenged because of the high fat content of the diet and the satiety reducing effect 

of protein. This was supported by that 1) controls lost similar amount of weight as 

transposed did, but in a significantly shorter time and by that 2) the food intake of the two 

groups differed significantly only during the first 20 days but not towards the end of the 

study. It is also worth noting that although bariatric surgery may have positive effects on 

muscle mass (Cambell et al 2016), the finding that LBM was not affected by ileal 

transposition could also be a reflection of a diet with an elevated protein content. There 

are certainly conditions of surgery-induced sarcopenia, with maladaptive consequences 

for sustainable health (Kuwada et al 2018, Welch et al 2018). 

In the present study, we observed that total energy expenditure (TEE) and RMR 

during fasting was significantly lower in IT+ rats compared to IT- rats. Likewise, non-

exercise activity thermogenesis (NEAT) was significantly lower in the IT+ rats compared 
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to the IT- rats during the limited intake and ad libitum day.  At first, this seems to indicate 

that rats that underwent IT spare energy in the resting state (i.e. RMR) or when active 

(i.e., NEAT), perhaps as a response to reduced fat storage in the IT+ relative to the IT- 

rats.  However, because the IT+ rats had smaller body weight relative to IT- rats, 

components of energy expenditure at the time of measurement may be the same in IT+ 

and IT- rats when corrected for body size (and/or correlates hereof).  For this reason, we 

performed ANCOVAs with lean body mass, adipose tissue mass, and total body weight 

as co-variates and observed that differences in RMR, TEE and NEAT were lost with any 

of these factors as covariate. While our body composition analysis included wet weight 

assessment of adipose tissue weights and lean body mass at the end of the study in an ad 

libitum condition (i.e., thus ignoring potential differences in body weight compartments 

between fasted and fed states), our data seem to indicate that the mass-specific RMR, 

NEAT and TEE were not different between groups.  At this point, we cannot exclude the 

possibility that differences in the above-mentioned energy expenditure components did 

exist in an earlier phase after IT where differences in body fat content started to 

materialize.   

In contrast, ingestion-related energy expenditure (IEE) was elevated in the IT+ 

rats versus IT- rats, and these effects persisted when we included afore mentioned co-

variates for body size, in particular LBM, in the analysis.  This is of interest since LBM 

itself did not differ between groups, but apparently did additionally explain variation in 

IEE during the limited intake and ad libitum intake days next to effect of surgery in a 

stepwise regression analysis. Sub-components of IEE are diet-induced thermogenesis 

(DIT) and the energy expenditure associated with digestion, transport and storage (Ho 

2018).  Also differences in physical activity could contribute to differences IEE, however, 

we did not have the opportunity to actually assess this in the indirect calorimetry system.  

It may be speculated that the transposed segment augments hormone mediated increases 
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in IEE, for example via increased release of GLP-1, which has been shown to increase 

BAT thermogenesis via increased sympathetic activity (Lockie et al 2012), although 

controversy exists regarding this point (Krieger et al 2018)  Alternatively, it may be 

speculated that the expedited delivery of nutrients into the transposed segment activated 

an exaggerated ileal brake, with higher levels of energy expenditure associated with 

digestion, processing, and storage of the ingested nutrient. Increased sympathetic activity 

may play a role in this as well (Giralt et al 1998). Increased IEE may be related to 

increased satiety (Crovetti et al 1998) and/or reduced hunger (Veldhorst et al 2008) which 

could mechanistically be linked via elevated feeding-related levels in PYY and GLP-1 

induced by ileal transposition (Rabl et al 2014).  

 One of the limitations of the study was that lean and not obese animals were used, 

and it would certainly be of interest to investigat whether the findings and the 

abovementioned mechanisms would also apply to dietary obese or genetically obese rats 

that underwent IT.  

Ileal transposition was first designed to investigate the effect of ileal over 

stimulation on food intake and body weight mostly in rats (Koopmans 1985). Today IT is 

part of the repertoire of the human bariatric surgery procedures (with proportionally 

different lengths of the intestinal tract) and was first performed by De Paula in 1999 (De 

Paula et al 2005) as a potential surgical method for diabetes. (Also called ileal 

interposition.) Nowadays IT is performed as a treatment for diabetes (Chelikani et al 

2015, Payab et al 2015) in normal weight subjects and with sleeve gastrectomy for obese 

(Kota et al 2012, Paula 2009). Thus, investigating the weight loss mechanisms of this 

surgery became a relevant and urgent issue in order to understand the effects on weight 

reduction, which we hope we contributed to. 

 In summary, we showed a detailed description of the surgical procedure of ileal 

transposition, which causes body weight loss and a transiently decreased energy intake. 
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Energy budget and energy efficiency did not differ between IT+ and IT- animals. Energy 

expenditure analysis showed that mass-specific metabolic rates were similar for most 

components of energy expenditure, except for ingestion-related energy expenditure (IEE) 

suggesting that after IT+, the transposed segment augments (hormone/food- mediated 

increases in) thermogenic efficacy and/or energy-costly aspects of digestion, transport 

and/or storage. This may potentially contribute to an inability to bridge the body weight 

gap that exists between IT+ and IT- rats.  
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Chapter 3 
High protein diet is most effective to reduce body weight 

after ileal transposition 
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Abstract 

Background and Objective: Bariatric surgery is the most effective, long term weight 

reduction method today for the treatment of obesity. Ileal transposition (IT) is one of 

these surgeries, and the aim of the present study was to investigate in rats whether these 

effects of IT on energy balance are affected by the macronutrient content of the diet.  

Methods: Rats were maintained on one of three liquid diets rich in carbohydrate (HC), 

fats (HF) or protein (HP) over the first 30 days following either IT (IT+) or sham (IT-) 

surgery. 

Food intake and body weight were monitored daily and energy efficiency calculated. 

Results: HP diet was the most effective in reducing food intake even before surgery and 

this remained so till the end of the study resulting in the most body fat and weight loss. 

HF diet led to increased food intake pre-surgically, but reversed to the least intake after 

surgery leading to the longest recovery period and greatest body weight loss.  At a later 

stage, however, HF rats ate more and gained weight rapidly, which resulted in the highest 

body fat content. Intake of HC diet remained high throughout the study leading to a quick 

recovery and body fat deposition following IT. Energy efficiency decreased immediately 

after IT surgery, but returned to normal levels, thus not contributing significantly to the 

weight change of the animals. Regression analysis showed that food intake alone 

explained the variation in 30-day weight regain by more than 80% in a positive direction. 

Conclusion: HP diet is the most effective diet both after IT or sham operation to reduce 

body fat mass. 
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Introduction 

 Overweight and obesity increases the risk for attracting numerous comorbidities 

such as type 2 diabetes (Dixon et al 2012), cardiovascular diseases (Kunihiro et al 2019), 

metabolic syndrome (McGuire et al 2011) and cancer (Azvolinsky 2016). These 

conditions pose a growing burden, reaching a tipping point at which the costs of the 

health care system are becoming no longer affordable (Finkelstein et al 2009). Life style 

interventions such as dieting and exercise programs, and pharmacotherapy have limited 

success rates (Weiss et al 2007, Kraschnewski et al 2010), which calls for alternative 

methods. In the last few decades bariatric surgery emerged as a tool offering the most 

effective and long-term weight loss methods known to date.  Ileal transposition is one of 

these surgeries leading to a temporal reduction in energy intake and sustained weight loss 

(Fichtner et al 1982, Ramzy et al 2014). IT was first described by Koopmans et al 

(Koopams et al 1984) in 1984 and is in essence a procedure that causes overstimulation of 

a lower part of the ileum, which is surgically transposed to an upper part, specifically 

within the duodenum, just below the common bile and pancreatic duct (Somogyi et al, see 

Chapter 1 for methodology). 

Chen et al (Chen et al 1990) have shown that weight loss and the reduction of 

food intake following IT were not associated with malabsorption. In addition, they 

showed that IT rats have a decreased preference for fat (Chen et al 1990), presumably 

because of intestinal stimulation of ileal brake (Read et al 1984, Spiller et al 1984). 

Because of this finding, it would be expected that weight loss following IT would be 

relatively high in rats that would be subjected to a high fat diet. A high protein diet has 

been shown to be more satiating than high carbohydrate or high fat diets in humans 

(Batterham et al 2006, Dunlap et al 2014) and rodents (Bensaid et al 2003, Zapata et al 

2018), potentially leading to exaggerated weight loss in IT rats as well.  In fact, high 

protein diets have been suggested as a successful methods to lower food intake per sé, 
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enhance weight loss and improve body composition by reducing fat mass (Astrup et al 

2015, Feinman  et al 2015, Westerterp-Plantenga et al 2012) High protein diets have been 

shown to improve musculoskeletal health (Tucker et al 2017), glycemic control (Feinman 

et al 2015, Snorgaard et al 2017), and decrease the risk of cardiovascular diseases (Abete 

et al 2010, Astrup et al 2015, Westerterp-Plantenga et al 2012). Beside the high satiating 

effect of protein, it is also possible that proteins strongly induce the ileal brake. It has 

been reported that (Lin et al t 1997) intact protein remains in the intestinal lumen for 

longer period than proteolytic end products thus providing an effective stimulus for the 

ileal brake to accomplish a thorough absorption of proteins. Although this effect is 

weaker than the effect of the digestion products of fat (Maljaars et al 2008, VanCitters et 

al 199, 2006,), high fat diets have been long associated with weight gain, adiposity and 

increased risk for cardiovascular disease in humans (Ackroff et al 2007, Ruiz- Núñeza et 

al 2013) and in rats (Apolzan et al 2012, Gomez-Smith et al 2016). Thus, although high 

fat diets are appetizing thus causing increased food intake, especially when combined 

with simple sugars (cafeteria diet), it could also potentially cause a stronger ileal brake if 

fat could be delivered to the distal ileum. 

In the present study we therefore investigated in a rat-model of IT surgery the 

effect of diet, either enriched in protein, fat or carbohydrates, on weight change, energy 

intake changes and energy efficiency (i.e., weight change in gram/kJ energy intake).   

 

Methods 

Animals 

 Fifty-four male Lewis rats (range: 273-340g, mean weight 307g) were 

individually housed in cylindrical cages (height: 50 cm, diameter: 33 cm) with rat chow 

(Labdiet®, PROLAB RMH2500 Rodent diet, PMI Nutrition International, LLC, MO, 

USA) and water allowed ad libitum, under artificial lighting from 6am until 6 pm at room 
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temperature. After 6-days days of observation, the rats were divided into three weight 

matched groups and were maintained, either high-fat (HF, n=18), high-protein (HP, 

n=18), or high-carbohydrate (HC, n=18) liquid diet, which were freely available between 

4pm (i.e., 2 hours before lights off) and 9am (i.e., 3 hours after lights on) the next day. 

The inverted glass food jars were weighted at the beginning and at the at the termination 

of the feeding intervals, and food intake was calculated by taking the difference between 

the weighted of the freshly provided jars and those at the end of the daily feeding cycle.  

Rats were weighed daily at 3:30 pm, just before food was presented. After 8 days on the 

diets rats were matched for body weight and body weight gain and divided into two 

surgical groups: ileal transposition and control surgery. All the protocols followed the 

Canadian Animal Care guidelines and were approved by the University of Calgary, 

Animal Resource Care Centre. 

 

Diets 

 Rats were maintained on one of three liquid diets, which consisted of 1) Ensure 

Plus (Abbott Canada Saint-Laurent, Québec, Canada), 2) Resource Beneprotein powder 

(Novartis Medical Nutrition, USA), 3) Intralipid 20% (Fresenius Kabi Clayton L.P., 

Clayton, NC) and Maltlevol liquid vitamin mix (Carter-Horner Corp Mississauga ON, 

Canada) (Table 1), and water mixed at different quantities.  The mixing yielded three 

equicaloric diets of each 4.184kJ/gram, consisting of carbohydrate/protein/fat energy 

percentages of 50/25/25 (high carbohydrate diet), 25/50/25 (high protein diet), or 

25/25/50 (high fat diet). (Table 1) 
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HC diet        mass (gr) prot (kJ) fat (kJ) cho (kJ) sum (kJ) 
 Ensure-plus 587.6 540.9 1064.3 2074.9 3680.0 
 Beneprotein 35.1 504.0 504.0 
 Maltevol 7.8
 Intralipid (20%)   
 water 369.5
 energy (kJ)   1044.8 1064.3 2074.9 4184.0 
 energy %   25 25 50
   

HF diet        mass (gr) prot (kJ) fat (kJ) cho( kJ) sum (kJ) 
 Ensure-plus 302.0 278.0 547.1 1066.6 1891.6 
 Beneprotein 53.1 761.9 761.9 
 Maltevol 8.0
 Intralipid (20%) 182.2 1530.6 1530.6 
 water 454.7
 energy (kJ)   1039.9 2077.6 1066.6 4184.1 
 energy%   25 50 25
   

HP diet        mass (gr) prot (kJ) fat (kJ) cho (kJ) sum (kJ) 
 Ensure-plus 296.3 272.8 536.8 1046.5 1856.0 
 Beneprotein 128.2 1839.0 1839.0 
 Maltevol 9.4
 Intralipid (20%) 58.2 489.1 489.1 
 water 507.8
 energy (kJ)   2111.8 1025.9 1046.5 4184.2 
 energy%   50 25 25

 

Table 1. Ingredients of high carbohydrate (HC), high protein (HP), and high fat (HF) diets per kg. 

 

Surgery 

 Ileal transposition surgery. After overnight fast, rats were anaesthetized with ether, after 

which the skin and the muscle layer of the belly were cut at the midline exposing the abdomen. 

Three transections of the small intestine were made: 1) the duodenum was transected 1 to 2 cm 

below the common bile and pancreatic duct, 2) the 
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ileum was transected at 10 cm from the ileocecal valve, and 3) 10 cm above this 

transection a third transection was made, creating an isolated 10 cm ileal segment. This 

10 cm of lower ileum was removed and connected (using 6-0 Ethicon silk suture) in the 

original direction of flow to the transected ends of the duodenum. The remaining ends of 

the ileum were joined together, resulting in an intestine of normal length with its intact 

mesenteric blood supply and innervation. Rats received 37 μl / 100 g body weight 

gentamicin (40 mg/ml, Sabex Inc Boucherville QC) as antibiotic and torbugesic 

(butorphanol tartrate) in the dose of 0.2 mg / 100 g body weight (10 mg / ml, Wyeth 

Canada Guelph, ON) as analgesic. Food was withheld for 24 hours before and after the 

surgery, but water was freely available. 

 Control surgery. The rats were prepared for surgery in same fashion as ileal 

transposed rats. Three transections of the small intestines were made in the same position 

as in 10 cm ileal transposition surgery but all transections were re-anastomosed in their 

original order, returning the intestine to its continuity. Post-surgical care was identical to 

that of ileal transposition. 

 

Energy efficiency calculation 

 Energy efficiency is the ability of the rat to efficiently use the energy intake for 

the use of body (weight) homeostasis over a period of time. We calculated energy 

efficiency by using the following equation (Rising et al 2006): 

Energy efficiency = Δ Body weight (g) per day/ average daily energy intake (kJ)  

When calculating weekly energy efficiencies delta body weight of the week and average 

energy intake for a week were used. 

 

Body composition analysis 
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 Rats were sacrificed by decapitation under light ether anesthesia. The heart, liver, 

kidneys, brain, spleen, skin were separated and weighed. The following adipose tissue 

pads were dissected and weighted: scapular brown adipose tissue, epididymal, 

retroperitoneal, mesenteric, midline, inguinal fat pads, subcutaneous fat. The 

gastrocnemius muscle was dissected and weighted as a representative of lean muscle 

tissue. 

 

Statistical analysis 

 Comparisons between surgical groups with diet groups when comparing food 

intake, body weight and energy efficiency were performed with One-way univariate 

ANOVA with diet and surgery as factors. Linear regression was used when body weight 

regain was analyzed with surgery, diet and food intake as independent variables. 

Statistical analyses were performed using the SPSS Graduate Pack 15.0 for Windows 

(SPSS, Chicago, IL).  Data is presented as mean  se and p values less than 0.05 were 

considered significant. 

 
Results 

Body weight change 

Figure 1 panel A shows the average body weight during the experiment for all 

groups of rats. Body weight before surgery was not significantly different in the 6 groups 

(F 2,63=0.106, p=0.90).  During the 6-day pre-surgery period, weight gain of the groups 

differed significantly (F2,63=9.74, p<0.0001), with rats on HF diet gaining the most (33.4 

± 1.9 g), relative HC diet (30.8 ± 2.1) and HP rats (22.6 ± 1.7). These changes in weight 

gain were consistent with their pre-surgery food intakes. 

 

 

74



 

 

Figure 1 Effects of ileal transposition (IT +) and control surgery (IT -) in rats on a high fat 

(HF), high carbohydrate (HC), or a high protein (HP) diet on body weight (A), energy 

intake (B), post-surgery time (days) until rats started to gain weight again (C), and post-

surgery total weight loss till rats started to gain weight again (D).  For visibility, levels of 

body weight and energy intake in graphs A and B are averaged per two days. Surgery 

effects are shown with asterix: *= p<0.05, ***=p<0.001.  Diet effects are indicated by # 

p<0.05 HC vs HF/HP, †= p<0.001 HF vs HC/HP. $ =p<0.01 HC vs HF. 

 

All groups lost weight immediately following surgery; with IT+ rats losing 

significantly more weight than IT- animals (F1,54=19.400, p<0.01). Then rats gradually 

regained weight over the 30-day postoperative period (Figure 1). IT+ rats gained 

significantly less weight than controls (F1,54=28.698, p<0.001) Diet had an overall effect 

on weight gain (F2,54=3.362, p<0.05) with HC rats clearly having higher body weight than 

HF animals. 
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 During the first 10-day period the effect of IT surgery was distinguishable: the 

surgery itself independently from the different diets caused significantly lower average 

body weight (F1.54=13.574, p<0.001) and significantly greater body weight loss 

(F1,54=42.764, p<0.0001) than that of the IT- groups. The average body weight during this 

period was significantly affected by diet (F2,54=8.453, p<0.01): HC animals had higher 

average body weight than did the other two diet group which was significant with HF rats 

(p<0.05). 

Diet also had a significant effect on body weight change in the first 10 days post 

operatively (F2,54=8.453, p<0.001): HF animals lost significantly more weight than did 

HP (p<0.05) and HC (p<0.001).  

 In the second 10-day period IT+ rats had significantly lower average body weight 

(F1.54=39.221, p<0.0001) and lost significantly more weight than controls (F1,54=11.852, 

p<0.001). The effect of diet was significant (F2,54=7.393, p<0.01): HC animals had 

significantly higher average body weight than HF (p<0.01) and HP (p<0.05) rats but the 

body weight loss of the three diet groups did not differ significantly. 

 During the third 10-day period the average body weight of all the IT+ groups were 

significantly lower than that of the IT- groups (F1,54=39.352, p<0.0001) and their body 

weight regain was significantly lower than that of the control animals (F1,54=7.014, 

p<0.05). Diet had a significant effect (F2,54=5.534, p<0.01), which manifested in that HC 

animals had higher average body weight than did the other two groups (significant only 

with HP p<0.001). Diet also had a significant effect on body weight regain (F2,54=8.281, 

p<0.001) due to the significantly higher body weight regain of the HC rats than that of the 

HP rats (p<0.001). 

 The day on which the rat reached its lowest body weight, and then started to 

recover was defined as the “recovery period” in our study. The recovery period was 

significantly longer for the IT+ rats (F1.54=45.072, p<0.05) than for the controls (Figure 1 
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panel C). The effect of diet (F2.41=6.112, p<0.01) was due to the much shorter recovery 

period of HC rats than that of the other two groups (2 days versus 6 days) although it only 

reached the level of significance with HF (p<0.01). 

 The weight loss during recovery period (Figure 1 panel D) was significantly 

different between the two surgery groups: IT+ rats lost significantly more weight than IT- 

(F1,54=8.175, p<0.05). The effect of diet was that HC rats lost significantly less weight 

than HF and HP rats with surgery (p<0.05). 

Body weight at sacrifice (~day 50) relative to pre-surgery levels (see Table 2) was 

affected by surgery (F1,54=46.783, p<0.0001), with lower levels found in the IT+ rats 

relative to controls. Diet also had a significant effect (F2,54=9.747, p< 0.0001) with HP 

rats weighing significantly less than HC rats (p<0.01). 

 

Energy intake 

The average daily energy intake of the 6 groups of rats during the first 30 days of 

the study is shown in Figure 1 panel B. Although the rats began the study at the same 

body weight and had food freely available, their daily food intake before surgery was 

different (F2,54=46.372 p<0.001). HF rats ate (395.28 ± 5.39 kJ,) significantly more than 

did HC rats (375.77 ± 6.45kJ). The lowest average daily food intake before surgery (6-

day average) was observed in the HP group (341.87 ± 4.32 kJ), which was significantly 

lower than the other two diet groups (p<0.0001). 

Average daily food intake decreased in all groups after surgery and gradually 

increased toward the end of the 30-day observation period. The overall tendency was that 

the IT- groups ate significantly more than the IT+ groups (F1,54=45.802 p<0.0001). The 

daily energy intake averages for 30 days were significantly higher in all IT- groups than 

in the IT+ groups with the same diet (p<0.01 for HF and p<0.001 for HC and HP). 

Overall the three diets were consumed in different amounts during the 30 days’ period 
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(F2,51=3.362, p<0.05), however post hoc analysis showed no significance among the diet 

groups. 

When the data were divided into 10-day blocks the average daily food intake was 

significantly lower in every IT+ group than in the respective IT- group in the first 10-day 

period, (F1,54=63.309, p<0.0001). Diet had a significant effect (F2,54=7.813, p<0.001): HF 

animals ate significantly less than did HP (p<0.05), and HC (p<0.001). The general 

tendency was that HC diet was eaten in the most amount, followed by HP, and HF in both 

surgical groups. 

In the second 10-day period IT+ rats had significantly lower food intake than did 

IT- (F1,54=23.535, p<0.0001). There was an overall diet effect (F2,54=3.666, p<0.05) and 

since HC food intake was still the highest and HF diet was still low the food intake of HF 

rats were significantly lower than that of HC rats (p<0.05). The order of diets was the 

same as in the first 10 days: HC, HP and HF being the lowest. 

In the third 10-days period only surgery had significant effect on food intake: IT+ 

rats still ate less than did IT- (F1,54=9.294, p<0.01) but diet did not have an effect any 

more. It was so because HF diet caught up with the other two diets.  

 

Energy efficiency 

 Before surgery diet had a significant effect on energy efficiency (F2,54=5.240, 

p<0.05) with significantly lower values of HP group than that of HF (p<0.01) and HC 

(p<0.05) (Figure 2 Insert) 
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Figure 2 Effect of ileal transposition (IT+) and control surgery (IT-) in rats on high fat 

(HF), high protein (HP) or high carbohydrate (HC) diet on food efficiency in blocks of 10 

days. The insert shows baseline energy efficiency in rats on the three different diets. $ 

denotes significant difference (p<0.05) HP vs HF. # denotes significant difference 

(p<0.05) HP vs HC/HF. 

 

 Energy efficiency during the 1st 10 days post surgically (Figure 2) was greatly 

reduced, significantly more so in the IT+ groups than in the IT- (F1,54=23.703, p<0.0001). 

The effect of diet (F2,54=5.364 p<0.01) was mainly due to the significantly lower energy 

efficiency of HF groups than that of HC and HP (p<0.05). 

 Energy efficiency in the 2nd 10-day period was much higher than in the first 10 

days even higher than in the 3rd 10 days and showed positive values in the IT+ groups 

again, this is also reflected by the recovery of body weight seen during this period of the 

experiment.. The values were leveled throughout the groups without any significant 

differences. 
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 Energy efficiency during the 3rd 10-day period was not significantly different 

between the surgery groups anymore. Diet had an overall effect (F2,54=7.590, p<0.001) 

with the HF rats having significantly higher energy efficiency than HP rats (p<0.05) 

 

Body composition (Table 2) 

Body weight changes at sacrifice (~ day 50) relative to pre-surgery levels were 

affected by surgery (F1,54=46.783, p<0.0001) with lower levels found in the IT+ rats. Diet 

also had a significant effect (F2,54=9.747, p< 0.0001) with HC animals gaining the most 

weight, followed by HF, and HP (p<0.01). The only group which lost weight was IT+/HP 

(Table 2). 

Body weight at the time of sacrifice was significantly higher in IT- animals than in 

IT+ (F1,54=27.961, p<0.0001). The weight of the rats followed the same order as the body 

weight change between before surgery and at the time of sacrifice: HC, HF, HP in both 

surgical conditions (F2,54=5.804, p<0.01) where HC animals had significantly greater 

body weight than HP.  

IT+ rats had significantly lower amount of body fat than IT- did (F1,54=33.670, 

p<0.0001) (Table 2). Diet affected body fat (F2,54=5.039, p<0.05) where HF control group 

had the highest amount of body fat, followed by HC and HP group (p<0.01). IT+ groups 

did not differ significantly from each other. 

Wet weight of visceral fat was significantly lower in IT+ rats than in IT- 

(F1,54=34.097, p<0.0001). With both surgeries, HF groups had the most visceral fat, 

followed by HC, and HP. Diet had a significant general effect (F2,54=4.872, p<0.05) 

which manifested in the significant difference between the highest value, HF and lowest 

HP control groups (p<0.05). 

Wet weight of abdominal fat (Table 2) was significantly less in IT+ rats than in 

IT- (F1,54=35.459, p<0.0001) with a diet effect (F2,54=5.704, p<0.01) with HF controls 
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having significantly more abdominal fat than HP controls (p<0.05). Again, the amount of 

abdominal fat was the most in HF animals followed by HC, and HP in both surgical 

conditions. 

IT+ rats had significantly less wet weight of subcutaneous fat than controls 

(F1,54=17.323, p<0.0001). (Table 2) Just as with the other fat pads, subcutaneous fat was 

the most in HF control rats, followed by HC, and HP. Subcutaneous fat was significantly 

lower in HP rats than in HC and HF (p<0.05 for both) which was the main reason why 

diet had a significant overall effect (F2,54=3.592, p<0.05).  

The wet weight of inguinal fat was significantly lower in IT+ rats than in controls 

(F1,54=46.155, p<0.0001). Although diet had an overall effect (F2,54=3.442, p<0.05), post-

hoc analysis did not reveal significant differences among the diet groups. The order of the 

amount of inguinal fat was the same as in the other fat pads: HF>HC>HP. 

Lean body mass (LBM) was not normally distributed across all groups, and we 

therefore analyzed the data separately per diet group (in which the data was normally 

distributed). IT+ rats had lower LBM relative to IT- rats only in the rats feeding a HP diet 

(p<0.003).  

 

Organs 

Wet weight of the pancreas: IT+ rats had a significantly heavier pancreas than 

controls did (F1,54=15.667, p<0.0001). (Table 2) Diet groups did not show significant 

difference.  

Wet weight of the kidneys: Although IT+ rats had significantly lower wet weight 

of their kidneys than IT- (F1,54=8.522, p<0.01), it was mainly due to that HF and HP 

controls had higher values than HC did. (Table 2) Diet did not have significant effects. 

When the weight of the kidneys was calculated as the percentage of body weight (data not 

shown) diet had a significant effect (F1,54=28.522, p<0.01) which was mainly due to HP 
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control group being significantly higher than any other control groups (HF, HC p<0.001) 

and HP transposed having higher values than HF transposed (p<0.01) and HC transposed 

(p<0.05). 

Wet weight of the liver: There were no significant differences between surgery or 

among diet groups, (Table 2). When the weight of the liver was calculated in the 

percentage of body weight (data not shown) transposed rats had significantly higher 

values than controls F1,54=20.312, p<0.001). The effect of diet was significant 

(F2,54=21.438 p<0.001), where HC transpose animals had significantly higher values than 

HP transpose did (p<0.01). 
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Regression analysis 

 A stepwise linear regression analysis was applied to investigate which factors 

(surgery, energy intake, length of recovery, weight loss during recovery, energy 

efficiency) can explain the observed body weight gain during the 30 days post-surgery 

(Delta body weight between lowest body weight postsurgically and 30th day after 

surgery). Energy intake during the 30 days (and not surgery type or diet) alone predicted 

the observed body weight regain by 81.1% (R=0.651, R2=0.824, F1,54=130.8, p<0.0001). 

 

Discussion 

 Ileal transposition has been repeatedly reported to cause weight loss due to loss of 

body fat (Fichtner et al 1982, Koopmans et al 1984, Strader et al 2005, Ramzy et al 2014) 

in rats with transient energy intake lowering effects that lasts about 4-5 weeks (Chelikani 

et al 2010). While our experiment confirmed these findings, we additionally showed that, 

this profile of weight loss and subsequent weight regain as well as the change in food 

intake dependent on the macronutrient content of the diet.  

Rats on the HC diet had the highest intake, while rats on the HF diet had the 

lowest intake. As a consequence, rats on the HC diet had a shorter period of surgery-

induced weight loss than HF and HP feeding rats, and the weight regain was also higher 

in the HC rats compared to the other groups. The patterns of body weight loss and regain 

appeared quite similar in IT+ and IT- groups, albeit that IT+ rats had larger body weight 

and body fat loss following surgery than control operated rats did. Apart from a 

transiently reduced food efficiency during the first 10 days following IT surgery 

compared to control surgery (i.e., with the largest decline in IT+ HF rats), food efficiency 

became normalized again in IT+ rats during the weight regain phase. This suggests that 

the primary mechanism for weight regain is food intake driven, which obviously was 

much higher in IT- versus IT+ rats. The fact that energy intake was the main driving 
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factor for weight regain was also shown by the regression analysis, in which 81.1% of the 

weight regain was explained by caloric intake alone.  

 The fact that caloric intake following IT as well as sham operation were highest in 

rats on the HC diet and lowest on the HF diet was somewhat a surprise, since the HF rats 

before surgery ate more than HC and HP rats. One explanation for the high HF intake at 

baseline could be that a high-fat diet with added sugar in the ratio of 50% to 25% is 

simply the most palatable for rats at baseline (Sharma et al 2012, Pickering et al 2009) 

causing weight gain and obesity on the long term as it was indicated in the pre-surgery 

intakes of HF animals. In addition, such a diet could promote positive emotions in rats 

(Hryhorczuk et al 2013, Pickering et al 2009) like it does in humans (Hryhorczuk et al 

2013, Singh 2014).  We do not have an explanation of the switch from the highest pre-

surgical to the lowest post-surgical intake of HF diet however, HF diet is also known to 

cause low grade gastrointestinal inflammation in rats (Denver et al 2018, Gil-Cardoso et 

al 2017) and in humans (Pendyala et al 2012, Ruiz- Núñeza et al 2013) which in fact may 

be defused by a layer of visceral fat (Asterholm et al 2014), which is obviously highest in 

the HF fed rats. In the case of major abdominal surgery, it may be speculated that the loss 

of visceral fat shortly after surgery (irrespective of surgery type) compromised the 

endotoxemia barrier, which could then underlie sickness behavior (De Punder et al 2015). 

In the case of the HC and HP diet, where fat content was 25%, such a problem may have 

occurred less. 

 Transection of the ileum (and jejunum) results in adjustments in the function of 

the luminal cells of the gastrointestinal tract such as the enteroendocrine cells and the 

mechanism of the ileal brake. As mentioned already in the introduction, the most potent 

trigger of the ileal brake are lipids (Maljaars et al 2012, Shin et al 2013), thus HF diet 

even with the control surgery would lead to reduced gastric emptying and gut motility, 

longer transit time of luminal content and reduced food intake, which is even more 
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pronounced with IT (the transposed ileal segment being overstimulated). Thus, a stronger 

ileal brake may be in function resulting in a larger reduction of food intake and body 

weight loss. With IT- surgery, the gut healed faster and food intake returned to the 

original level sooner, leading to body weight regain. IT probably resulted in an altered gut 

physiology, having a continuously overstimulated section of ileum, thus the ileal brake 

mechanism may have not returned to its original state or if it did it took longer time for 

the body to adjust to the new level of stimulation. The observed food intake pattern could 

support this hypothesis, since shortly after surgery HF diet was consumed in the least 

amount, but towards the end of the 30 days period the daily intake of HF diet reached the 

levels of the other two diets, in fact surpassed that of the HP diet, leading to the highest 

fat deposition at every fat pad studied. The recovery period of HF animals was 

nevertheless the longest among the groups with the most weight loss, further supporting 

that HF diet had a stronger stimulatory effect on the ileum and/or had the most severe 

endotoxemic response. The longer recovery period and more weight loss in the IT+/HF 

rats could also be the result of increased secretion of anorexic gut hormones leading to 

reduced food intake. This could be especially true for the IT+ rats, where the transposed 

ileal segment, containing large numbers of PYY and GLP-1 secreting endocrine L cells 

received supra-physiological stimulation resulting in higher levels of anorexic gut 

hormones. Lipids have been shown to induce PYY (Batterham et al 2006, Essah et al 

2007, Helou et al 2008) and GLP-1 (Carr et al 2008, van der Klaauw et al 2013) 

secretion. The levels of these two hormones are elevated after bariatric surgery 

(Batterham et al 2006, Chelikani et al 2010, Gaitonde et al 2012) contributing to the 

observed weight loss. 

 During the pre-surgical period the HP diet was eaten in the least amount, causing 

less weight gain and lower body weight of rats than those feeding the other diets. Like 

fats, also proteins have been hypothesized to activate the ileal brake (van Avesaat et al 
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2015, Maljaars et al 2008), but high protein diets may be more satiating than HF diets or 

HC diets (Bensaid et al 2003, Moore et al 2004). The net outcome would be that caloric 

intake would go down in HP feeding rats. Indeed, it has been established that dietary 

proteins are the most anorexic macronutrients when compared isoenergetically with 

carbohydrates and fats (Astrup et al 2015, Moore et al 2004, Shin et al 2013). Proteins 

have the strongest nonspecific satiety effect among the three macronutrients in humans 

(Batterham et al 2006, Dunlop et al 2014) and in rodents (Bensaid et al 2003), thus it is 

possible that HP rats ate the least both pre-and post-surgically because they were satiated 

by the diet. The diets in the current study contained casein, a dairy protein, which has 

been shown to reduce food intake in rats (Pezeshiki et al 2015, Stengel et al 2013), due to 

increased satiety (Bensaid et al 2003, Fromentin et al 2012) rather than low palatability 

(Stengel et al 2013, Tomé et al 2008) or taste aversion (Bensaid et al 2004). Alternatively, 

the protein leverage theory would predict that animals would eat less of a diet when it is 

rich in proteins (Simpson et al 2005). The net outcome would be that caloric intake would 

be relatively lowest in HP feeding rats before and after IT surgery. The weight loss and 

length of the recovery period of the HP rats were less than that of HF but more than that 

of HC rats, placing HP diet in the middle. A lowest level of energy efficiency was found 

in HP feeding rats towards the end of the recovery phase (days 20-30), indicating that 

protein exerted a long-term stimulatory effect on metabolism. Additionally, HP rats had 

the least amount of body fat and reduced LBM at the end of the study further supporting 

the high and long-lasting stimulatory effect of proteins on the ileal brake. Indeed, protein 

has been found to increase the secretion of gut hormones (such as PYY and GLP-1) 

(Essah et al 2007, Helou et al 2008, van der Klaauw et al 2013) leading to reduced food 

intake which is paired up with body weight loss after bariatric surgeries (Chelikani et al 

2010, Gaitonde et al 2012) thus resulting a low energy efficiency profile. 
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 Before surgery HC diet was consumed significantly less than HF but significantly 

more than HP, placing this diet in the middle. These pre-surgical food intake data could 

provide an estimate as of how satiating the different diets were for the rats at baseline. 

Since HC diet contained 50% carbohydrates, which was still rather low compared to the 

average standard diet of 76% (Bensaid et al 2004, Tomé et al 2008, Stengel et al 2013), it 

is probable that the 25% -25% fat-protein fractions still exerted their effect: increased 

intake because of the fat and decreased intake because of the protein content. Indeed, 25% 

protein in a diet is considered rather high especially considering the very satiating 

property of casein. It is worth noting that the carbohydrate fraction of the diet was made 

up by 40% of sucrose, thus giving the animals a very appealing diet. Rats have been 

shown to consume significantly more diet (compared to standard diet) if offered a high 

sucrose or high fat/high sugar, (cafeteria) diet (Acroff et al 2007, Apolzan et al 2012, 

Gomez-Smith et al 2016). Both in rats (Mikuska et al 2013) and in humans, sucrose 

sweetened beverages have been shown to be more obesogenic than other types of 

beverages (Zgeng et al 2015) and liquid meals in the form of either meal replacement 

(Stull et al 2008) or real meal (Cassady et al 2012) blunt the natural postprandial decline 

of hunger, increase subsequent food intake and potentially represent a risk for positive 

energy balance in humans and in rats (Rayner et al 2007). Indeed, rats (and humans) 

consume more of a liquid diet than that of a solid one (Pan et al 2011, la Fleur et al 2013) 

further contributing to the observed increased food intake of HC rats throughout our 

study. After surgery HC rats ate the most amount both with or without IT suggesting that 

a weaker activation of ileal brake or faster healing with a diet containing less fat and/or 

protein. The energy efficiency values support this hypothesis, since HC control rats had 

positive energy efficiency even immediately after surgery, resulting in a shorter recovery 

period with less weight loss. Even though IT+/HC animals had negative energy efficiency 

in the 1st 10 days, they recovered faster and lost less weight than IT+/HF and even 
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IT+/HP animals. The energy efficiency values were more consistent without the huge 

jump of the HF or the decline of HP groups during the 30 days, suggesting a quick 

recovery and well-balanced food utilization even after surgeries. It is also possible that a 

high carbohydrate diet did not induce the secretion of anorectic gut hormones as much as 

did high fat or high protein diet. Indeed, it has been found that protein and fat are more 

potent triggers for the secretion of PYY (Batterham et al 2006, Essah et al 2007, Helou et 

al 2008) and for GLP-1 (Carr et al 2008, van der Klaauw et al 2013) than carbohydrates 

in humans. Thus, it is possible that the HC diet in the present study induced a lower 

secretion level of these anorectic gut hormones, resulting in higher food intakes. This 

higher food intake in turn increased body weight, body fat and lean body mass. 

 In summary this experiment showed that IT surgery causes a transient body 

weight loss, followed by partial bodyweight regain, which was highest in rats on the HC 

diet, and lowest in rats on the HF and HP diets. Control animals recovered faster than IT+ 

rats which was probably due to the overstimulation of the transposed ileal segment 

leading to reduced food intake. Energy efficiency dropped immediately after surgery but 

normalized 20 and 30 days after surgery, not contributing significantly to the observed 

weight regain.  Our data show that high protein diet is the most effective to support body 

weight loss and avoid body fat or weight regain after ileal transposition. 
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Chapter 4 
Ileal transposition in rats reduces resting metabolic rate 

irrespective of nutritional state or macronutrient 

composition of the diet 
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Abstract 

Background: Ileal transposition (IT) allows the direct study of the effects of ileal 

overstimulation on energy balance regulation, without the confounds of gastric restriction 

or foregut exclusion. While IT causes reduced body weight and food intake, it is still 

largely unclear whether and how the different components of energy expenditure (EE) are 

altered by IT and if macronutrient composition of the diet can influence these effects. 

Objective: To determine the effects of the changes in EE and its components as well as 

the different macronutrients on weight loss after IT. 

Methods: Adult male Lewis rats were maintained on one of three different isocaloric 

liquid diets: high fat (HF), high protein (HP) and high carbohydrate (HC) then underwent 

either IT or sham surgery. Daily food intake and body weight were recorded. After 

recovery rats were subjected to a 3-day EE measurement: fasting, limited intake and ad 

libitum days. EE components and energy budget were calculated. 

Results: IT caused reduction in food intake, body weight and fat mass. Total daily EE and 

its components were decreased but the effects of surgery persisted only on resting 

metabolic rate irrespective of macronutrient composition or nutrition state, when lean 

body mass was used as a co-variate. 

Conclusions: Our data demonstrate that the observed weight loss following IT explains 

the reduced EE and the decrease of its components with ingestion-related energy 

expenditure (IEE) being the only exception. HP diet was the most effective in reducing 

body weight and in increasing IEE compared to HC and HF. 
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Introduction 

 Overweight and obese individuals have an increased risk of developing a cluster 

of derangement collectively mentioned the metabolic syndrome (McGuire et al 2011), 

which can develop into life threatening diseases like type 2 diabetes (Dixon et al 2011), 

cardiovascular diseases (Ghandarana et al 2012) and cancer (Azvolinsky 2016). To 

reduce the burden on our health care system (Finkelstein et al 2009), even modest weight 

loss can significantly reduce morbidity and mortality of the obese (Khaylis et al 2010, 

Stefater et al 2012). However, public and private health advice to reduce or alter food 

intake and increase exercise/physical activity has not prevented the obesity epidemic from 

accelerating (Kraschnewski et al 2010, Weiss et al 2007). Medical programs developed 

several noninvasive options to lose and maintain adequate body weight, which were not 

always successful mainly because the weight loss is hard to sustain (Khaylis et al 2010, 

Stefater et al 2012). 

In the last few decades however, bariatric surgery emerged offering the most 

effective and long-term weight loss know today. Ileal transposition is one of these 

surgeries resulting in weight loss (Koopmans et al 1984, Ramzy et al 2013) without 

causing gross malabsorption (Strader 2005) or altering the normal intestinal fat absorption 

(Chelikani et al 2010). Since IT does not involve gastric restriction, or foregut exclusion 

the reduction of food intake and body weight are presumably due to ileal over-

stimulation. A well-known mechanism is the so-called “ileal brake”, which is a complex 

negative feedback mechanism of the gastrointestinal tract, originating from the stimulated 

ileal segment, resulting in the activation of neural and endocrine mechanisms that in turn 

lead to delayed gastric emptying, gastrointestinal transit, secretion of gut hormones, and 

satiety (Barreto et al 2018, Maljaars et al 2008, Masclee et al 2010,). 

 Several studies have shown a reduction in resting metabolic rate (RMR) following 

Roux-en Y gastric bypass (RYGB) surgery (Mirahmadian et al 2018, Miras et al 2013, 
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Tamboli et al 2010) which may depend on the level of weight loss (de Cleva et al 2018, 

Miras et al 2013, Moehlecke et al 2015). Effects of RYGB on total daily energy 

expenditure are variable (Rabl et al 2014, Schmidt et al 2015, Zheng et al 2009), and may 

depend on the level of physical activity (Mirahmadiam et al 2018, Thivel et al 2013).  

Diet-induced thermogenesis (DIT) was found mostly increased post-operatively to RYGB 

surgery, which appeared to coincide with successful weight loss (Faria et al 2012, Miras 

et al 2013) To our knowledge, such studies on the effect of IT on energy expenditure, and 

the different components herein are lacking. For that reason, we investigated the different 

components of energy expenditure (i.e., RMR, IEE, and non-exercise activity 

thermogenesis, NEAT) and related energy balance parameters following IT (IT+) in rats 

compared to rats undergoing a sham operation (IT-).  Since the macronutrient 

composition of the diet is a crucial factor in energy balance regulation too (Hall 2017), we 

considered the effects of IT in rats that were fed a high fat (HF), high protein (HP) or high 

carbohydrate (HC) diet.  We have previously shown that rats undergoing IT have most 

profound reductions in food intake and body weight when they are feeding a HP diet, 

while rats on the HC and HF diets regained more weight following IT (unpublished 

observations). However, information on metabolism is lacking, thus we investigated 

whether dietary macronutrient composition also had an effect on the potential outcomes 

of IT on components of EE.  

 

Methods 

Animals 

 Fourty-four male Lewis rats (mean weight 310 g) were housed individually in 

plastic cylindrical cages (diameter: 33 cm height: 50 cm) with rat chow (Labdiet®, 

PROLAB RMH2500 Rodent diet, PMI Nutrition International, LLC, MO, USA) and 

water ad libitum under artificial lighting (6am – 6pm) at room temperature. After 6 days 
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of acclimatization rats were separated into three weight matched groups and maintained 

on high fat (HF), high protein (HP) and high carbohydrate (HC) liquid diet which they 

could freely ingest daily between 4pm (i.e., 2 hrs. before lights off) till 9 am (i.e., 3 hrs. 

after lights on) next day. Food jars were weighted at the beginning and at the termination 

of feeding, and food intake was calculated by taking the difference between the weights 

of the freshly provided jars and those at the end of the daily feeding cycle. Rats were 

weighted daily at 3.30 pm before food was presented. After 8 days on the diets rats were 

matched for body weight and body weight gain and divided into two surgical groups: ileal 

transposition (IT+, n=6-8 per diet group) and control surgery (IT-,n=7-8 per diet group). 

All the protocols followed the Canadian Animal Care guidelines and were approved by 

the University of Calgary, Animal Resource Care Centre. 

 

Diets 

 Rats were maintained on one of the three liquid diets, which consisted of 1) 

Ensure Plus (Abbott Canada Saint-Laurent, Québec, Canada), 2) Resource Beneprotein 

powder (Novartis Medical Nutrition, USA), 3), Intralipid 20% (Fresenius Kabi Clayton 

L.P., Clayton, NC) and Maltlevol liquid vitamin mix (Carter-Horner Corp Mississauga 

ON, Canada) and water mixed at different quantities. The mixing yielded three 

equicaloric diets of each 4.184kJ/gram, consisting of carbohydrate/protein/fat energy 

percentages of 50/25/25 (high carbohydrate diet), 25/50/25 (high protein diet), or 

25/25/50 (high fat diet).  Detailed recipe can be found in chapter 3. 

 

Surgery 

 After an overnight fast rat were anaesthetized with ether. The skin and then the 

muscle layer of the abdomen were cut at the midline exposing the gastrointestinal tract. 

The small intestine was then transected at three locations: 1) at the level of the duodenum 
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1 to 2 cm below the common bile and pancreatic duct, 2) at the level of the ileum at 10 

cm from the ileocecal valve, and 3) at the level of the ileum 10 cm above this transection, 

creating an isolated 10 cm ileal segment. 

Ileal transposition surgery: the 10 cm ileal segment was connected (using 6-0 Ethicon 

silk sutures) to the transected ends of the duodenum in the original direction of flow 

keeping its mesenteric blood supply and innervation intact. The remaining ends of the 

ileum were sutured together, resulting in a gastrointestinal tract which had its original 

length without any excluded parts. 

Control surgery. All transactions were re-anastomosed in their original order, returning 

the intestine to its continuity. 

Rats were immediately returned to their home cages with a heating pillow underneath the 

cage to provide thermoregulatory help after surgery. Analgesic care was given in the form 

of Gentamicin (i.p. 37 μl/100 g body weight, 40 mg/ml, Sabex Inc Boucherville QC) and 

Torbugesic (Butorphanol Tartrate; i.p. 0.2 mg/100 g body weight, 10 mg/ml, Wyeth 

Canada Guelph, ON). Rats did not have access to food for 24 hours after surgery, but 

water was freely available. More detailed description of surgical procedures can be found 

elsewhere (Chapter 2). 

 

Energy expenditure measurement 

 Starting on the 33rd day after surgery, rats underwent indirect calorimetry 

measurement for analysis of energy expenditure (EE) using an Oxymax Analyzing 

System 

(Columbus Instruments, Columbus, OH) over the course of 3 consecutive days, for 23 

hrs. per day. To this end, they were put in air-tight cages (diameter: 33 cm height: 50 cm), 

with wood shavings from their home cage, and with an airflow of 2.5 l/min. Every 10 

min, air samples were taken from the outgoing airflow, and after drying were analyzed for 
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O2 and CO2 concentrations, and these levels were compared to the O2 and CO2 levels 

measured in the dried samples of inflowing air. Differences in these concentrations 

yielded the rat’s O2 consumption and CO2 production. O2 and CO2 sensors were 

calibrated daily with a standard gas mixture of 20.55% O2 and 0.490% CO2. EE was 

assessed on the basis of the equation of Lusk (Lusk G. The elements of the science of 

nutrition) and Ferranninni (Ferrannini 1988). 

 Before the start of indirect calorimetry, rats spent one day with ad libitum food 

available from 4:00 pm to 9:00 am to habituate them to the indirect calorimetry cages. At 

the start of indirect calorimetry, rats first underwent a day of fasting. Consequently, the 

measurement on fasting day established a baseline or minimum of total energy 

expenditure (TEE) and its components, resting metabolic rate (RMR, calculated by the 

average of the four lowest EE readings multiplied by 144, to convert the 10 min readings 

to RMR for the whole day ) and non-exercise activity thermogenesis (NEAT=TEE-RMR) 

under non-feeding condition. During the second day (limited intake day), rats received a 

food jar filled with exactly 251 kJ of their habitual diet, which was slightly below their 

normal intake. This limited and standardized intake allowed us to assess ingestion-related 

energy expenditure (IEE in other articles often called diet-induced thermogenesis, DIT), 

by calculating the excess EE on the limited intake above the level of EE on the fasting 

day. Expressing this as a percentage of the known daily energy intake (251 kJ) is termed 

the specific dynamic action (SDA) of ingested nutrients for each rat  (Lusk 1924, McCue 

2006) This calculated SDA for each rat is an approximation of the energy expenditure 

effect of any amount of energy ingested (Lusk 1924), and thus also could be used to 

approximate IEE under ad libitum condition, which took place during the third day of 

indirect calorimetry. On the third day, TEE, RMR (i.e., lowest running mean), IEE (based 

on SDA of the limited intake day) and NEAT (i.e., TEE- [RMR+IEE]) were calculated. 
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Energy budget was calculated by subtracting TEE from TEI on the limited and ad libitum 

intake day. 

 

Energy budget calculation 

 Because daily total energy intake (TEI) and TEE were exactly calculated on the ad 

libitum day, this allowed us to calculate an energy budget by subtracting TEE from TEI. 

 

Carcass analysis. 

Rats were euthanized by decapitation under ether anesthesia between days 49 and 

52 after surgery. Visceral organs and skin were removed from the carcass. Body fat was 

estimated by weighing all abdominal and subcutaneous tissue depots. These values were 

recalculated to estimate adipose tissue content, which – subtracted from body weight - 

yielded and estimation for lean body mass (LBM).  

 

Statistical analysis 

 Comparisons between surgical groups, diet groups, and interactions were done for 

energy intake, body weight, energy expenditure and calculated components hereof with 

two-way ANOVA (with diet and surgery as factors), and post-hoc with Tukey’s pairwise 

multiple comparison. Energy expenditure components was analyzed with ANCOVAs 

(with lean body mass assessed at the end of the experiment, and total body weight at the 

end of an indirect calorimetry day  as co-variates of body size) to assess differences of 

mass-specific metabolic rates (Fernández-Verdejo et al., 2019). Data is presented as mean 

 SEM, and p values less than 0.05 were considered significant. One animal was 

excluded for ANCOVA analysis because the LBM was measured incorrectly. 
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Results 

Body weight and food intake 

 After surgery, IT+ rats lost significantly more weight (F1,38=9.290, p=0.004) and 

had longer time before their body weight started to increase again (F1.38=48.669, 

p<0.0001). than rats underwent IT-. This resulted in an overall smaller weight gain 

between pre-surgery average (6 days) and the 30th day (Figure 1A) in the IT+ groups than 

in IT- (F1,38=43.338, p<0.0001). 

In the week prior energy expenditure measurements body weight (F1,38= 33.015, 

p<0.0001, Figure 1B) and energy intake (F1,38= 16.301, p<0.0001, Figure 1C) were 

significantly lower in the IT+ groups than in the IT-. There was also a general effect of 

diet on both body weight (F2,38=3.252, p<0.05) and energy intake (F2,38=4.872, p=0.013). 

The HC groups weighted more than the HP groups did (p=0.017) and it tended to be 

heavier than the HF diet group (p=0.11) but consumed less energy compared to the HF 

group (p=0.029). The HP diet groups also consumed less energy compared to the HF diet 

groups(p=0.005). 

At the end of the study, carcass dissection revealed that fat mass (FM, figure 1D) 

was affected by surgery (F1, 37 =29.197 p<0.01), with all IT+ groups having less fat mass 

(p<0.01) than IT- groups.  There was also a diet effect (F2,37 =5.714 p<0.01), which was 

mainly due to HP fed rats having significantly lower fat mass than HF fed rats (p<0.01). 

According to Levene’s test data of LBM was not normally distributed. After log-

transformation, data became normally distributed, but yielded no significant effect of 

surgery or diet. 
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Figure 1. Panel A: Body weight change during the first thirty-day period after ileal transposition 

(IT+) and control surgery (IT-) in rats feeding a high fat (HF), high carbohydrate (HC), or high 

protein (HP). Panel B: average body weight and panel C: energy intake over the 7-day period 

before the energy expenditure measurements. Panel D: Body fat mass and lean body mass after 

sacrifice around day 50 after IT.  Levels of significance by IT are depicted by * (p<0.05), ** 

(p<0.01), levels of significance by diet are depicted by $; p<0.05, for difference between HP and 

HC ,  #: p<0.05, for difference between HP and HF,  and @:p<0,05, for difference between HF 

and HC. For figure 1D this significant difference is based on FM. 

 

Energy expenditure 

Fasting day 
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 Energy expenditure characteristics in fasted, food limited and ad libitum conditions are 

shown in Figure 2. During fasting conditions (Figure 2A), IT+ rats had lower total energy 

expenditure (TEE fast; F1,38 =17.037, p<0.001), resting metabolic rate (RMR fast; F1,38 =11.374, 

p<0.01) and non-exercise activity thermogenesis (NEAT fast; F1,38 =10.034, p=0.01) compared to 

IT- rats.  

After using an ANCOVA with lean body mass as co-variate, the effect of surgery  

persisted, with lower levels of TEE fast (F1,37 =11.917, p=0.001), RMR fast (F1,37 =7.162, p<0.05) 

and NEAT fast (F1,37 =7.695, p<0.01) in IT+ rats versus IT- rats. When using fasting body weight 

as co-variate, an interaction between surgery and diet was found (F2,37=3.381, p=0.031). No diet 

effect was seen on any of these energy expenditure components, both without and with body 

weight and lean body mass as covariates.   

 

Limited intake day: 

During the limited intake day (Figure 2B), IT+ rats had lower TEE lim (F1,38 =12.788, 

p=0.001), RMR lim (F1,38 =11.987, p=0.001), and NEAT lim (F1,38 =8.629, p<0.01) compared to IT- 

rats. Specific Dynamic Action (SDA) was not affected by surgery, but was affected by diet (F2,38 

=8.005, p=0.001), post-hoc analysis showed that this difference was due to significant higher 

levels found in the HP diet group versus the HC group (p=0.001) and HF group (p=0.006). This 

difference in SDA resulted in a diet effect on IEE lim (F2,38 =7.012, p<0.01), with higher levels of 

IEE lim in the HP diet group relative to the HC (p=0.003) and HF (p=0.017) diet group.  

ANCOVA with lean body mass as co-variate -yielded effects of surgery on TEE lim (F1,37 

=8.281, p<0.01), RMR lim (F1,37 =8.201, p<0.01) and NEAT lim (F1,37 =5.586, p<0.05).  ANCOVA 

with total body weight after the limited intake day as co-variate did not yield significant 

differences of surgery on any of the energy expenditure components. The effect of diet on SDA 

remained with lean body mass (F2,37 =8.700, p<0.001) and body weight (F2,37)=10.528, p<0.0001) 

as co-variates.  Likewise, diet affected IEE lim with lean body mass (F2,37=7.641, p=0.002) and 
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body weight  (F2,37=9.329, p<0.001) as covariates with the highest levels found in the HP diet 

group, relative to other diet groups.   

 

Ad libitum day: 

During the ad libitum day (Figure 2C), surgery affected TEE adlib and RMR adlib (F1,38 

=13.577, p<0.001), with generally lower levels in the IT+ group compared to the IT- group. 

Additionally, RMR adlib showed a diet effect (F2, 37 =3.634, p=0.036). Post-hoc analysis showed 

that the HP diet group had higher levels compared to the HF diet group (p=0.013). TEE adlib, 

NEAT adlib and IEE adlib, were not affected by surgery or diet.  

When using LBM as covariate the effect of surgery (F1,37=9.776 p<0.01) and diet  

(F2,37=3.445, p=0.042) on RMR adlib remained. The effect of surgery on TEE adlib disappeared, 

however a diet effect appeared on IEE (F2,37= 3.749 p=0.033), where the HP diet group had higher 

values compared to the HC diet group.  
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Figure 2. Daily energy expenditure (kJ) on fasting day (A), limited intake day (B), and ad libitum 

intake day (C). Levels of significance by IT are depicted by * (p<0.05), ** (p<0.01), *** 

(p<0.001), levels of significance by diet are depicted by $ (p<0.01, for difference between HP and 
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HC), # (p<0.05 for difference between HP and HF) and $ (p<0.05 for difference between HP and 

HC) after ANCOVA with LBM as covariate. 

 

Energy budget: 

On the limited intake day and ad libitum days, the difference between TEI and TEE 

allowed us to calculate the energy budgets. Our data revealed that energy budgets were neither 

affected by diet nor by surgery during the two different days (Figure 3). 

 

Figure 3. Energy budgets calculated on the limited intake day (A) and the ad libitum intake day 

(B) during indirect calorimetry.   
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Discussion 

 In the present study IT+ caused a transient body weight loss followed by partial 

weight regain albeit this weight regain was lower in IT+ than in IT- rats. This is a pattern 

that is comparable to findings in previous studies (Chelikani et al 2010, Koopmans et al 

1982, Strader et al 2005,). Whereas the 30-day energy intake explained to a large extent 

the differences in weight regain between IT- and IT+ rats (unpublished data) with IT+ 

rats eating significantly less than IT- rats, our study investigated potential effects of IT on 

energy expenditure and energy budget when rats became weight stable following IT. We 

found that IT+ caused reductions in total (daily) energy expenditure under fasting, limited 

intake and ad libitum conditions, which persisted in the fasting and limited intake state 

when the levels of TEE were analyzed with L|BM as covariate. RMR was also lowest in 

IT+ rats under all diet conditions, and persisted when analyzed with LBM as covariate, 

irrespective of fasting, limited intake or ad libitum condition. When total body weight was 

used as a covariate, only the effect of surgery persisted in the fasting condition, and in interaction 

with diet, with the HP group mostly contributing to this effect.  For this reason, it seems plausible 

that IT reduced RMR partly by the fact that IT caused weight loss and reduced mass specific 

metabolic rate, but on top of that there wa an effect of IT per sé.    

Although some controversy exsists on the subject (see a.o.: Faria et al 2012, Rabl et al 

2014), the energy expenditure-reducing effect of IT  appears to be consistent with the effects of 

other bariatric surgeries, where RMR either corrected for lean body weight in fasted humans 

(Carrasco et al 2007) or uncorrected (Liu et al 2012) was found to be reduced. RYGB surgery in 

humans was also shown to decrease TEE (Rabl et al 2014, Schmidt et al 2016) and vertical 

banded gastroplasty resulted in significantly lower daily EE and sleeping metabolic rate 12 

months after surgery, with increased lipid oxidation (van Gemert et al 2000). Co-variate analysis 

with LBM (or other correlates of mass specific metabolic rate) is important, as it may explain 

some controversies in other data sets on whether or not bariatric surgeries affect metabolic rate 

(Bueter et al 2010, Stylopoulos et al 2009, Zheng 2009, Stefater et al 2012, Nadreau et al 2005).   
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In our study, LBM was not affected by diet or surgery, and may have been stable throughout the 

last phase (i.e., between days 30 and day of termination). Possible explanations of the metabolic 

adaptation seen after bariatric surgeries could be reduced activity of the sympathetic nervous 

system (Curry et al 2013), decreased levels of leptin (Knuth et al 2014) and/or thyroid hormones 

(Rosenbaum et al 2002) or increased level of PYY (McNeil 2015), that are altered by the 

procedure of IT, besides the effects mediated by weight loss itself.We found that IT+ rats had 

lower non-exercise activity (NEAT) thermogenesis (significant on fasting and limited intake 

days) compared to the IT- rats, which persisted when LBM was used as a co-variate. Contrasting 

results of bariatric surgery on NEAT are found, as for example indicated in the report of Saedi et 

al, where rats that underwent sleeve gastrectomy or RYGB had respectively smaller and greater 

levels of NEAT relative to controls (Saedi et al 2012). Lower EE and NEAT as a result of 

bariatric surgery as observed in our study and others (van Gemert et al 2000, Schmidt et al 2016) 

could have been the result of greater fatigue in reduced food intake conditions in order to 

conserve energy (Shibata et al 1987, Westerterp 2012).  In contrast, surgery did not affect SDA, 

nor did it affect IEE under limited and ad libitum feeding conditions either or not analysed with 

LBM and/or total body weight as co-variate. IEE has been found to be increased after RYGB in 

humans, 3 hours after the subjects were given a standardized meal (Faria et al 2012, Wilms et al 

2013) and in rats (Beuter et al 2012). Contrary to other energy expenditure components IEE was 

found not to decline following weight loss by traditional methods (Leibel et al 1995, Luscombe et 

al 2002).  Diet on the other hand did affect SDA and IEE with highest levels either corrected or 

not for LBM found in the HP feeding rats. This is in agreement with the findings that a high 

protein diet (Bray et al 2012, Thearle et al 2013) can increase energy expenditure in humans 

(Huang et al 2013) and in rodents (Petzke et al 2007).  Furthermore, a HP diet has been reported 

to increase diet-induced energy expenditure (i.e., which is a compenent of IEE) and satiety, which 

were positively correlated in lean women (Westerterp-Plantega et al 1999) and in healthy subjects 

(Westerterp et al 2004) leading to weight loss.  The underlying mechanisms of higher energy 

expenditure after a HP meal is not clearly defined, although several potential pathways have been 

suggested. Liver uncoupling protein 2 (UCP2) and skeletal muscle uncoupling protein 3 (UCP3) 
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mRNA expression has been shown to increase after consuming high protein diet in rats (Petzke et 

al 2007). Consuming a HP diet may also augment fatty acid oxidation with heat dissipated 

resulting in a higher energy expenditure. The higher energy expenditure of rats eating a HP diet 

could also reflect the higher cost of protein turnover and storage (Bray et al 2015). In our study, 

however, we did not detect significantly higher total daily energy expenditure in HP rats. 

 From total energy intake and total expenditure, we calculated the energy budgets for each 

individual animal, and observed that neither diet nor surgery affected energy budget in this 

condition where rats were relatively weight stable. Had we found significant differences, we 

would have expected that differences in body weight between groups would either become larger 

or smaller. Thus, IT appears to be a well-tolerated bariatric procedure causing reductions in 

several components of energy expenditure, except for IEE irrespective of macronutrinet 

composition of the diet.  Maintenance of IEE in the face of limited caloric intake may be a 

mechanism by which animals undergoing IT fail to bridge the body weight gap that exists 

between IT+ and IT- rats.  Feeding a HP diet may contribute as well to maintenance of this gap, 

as this caused the highest levels of IEE among the three macronutrient mixtures.   
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Chapter 5 
17-hour post-ingestive PYY level correlates with body 

weight loss following ileal transposition  
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Abstract 

Background: Ileal transposition (IT) is an ideal model to explore hindgut effects of 

bariatric procedures in inducing weight loss. 

Objective: Our main goal was to investigate the role of macronutrients and gut hormones 

in IT-induced weight loss in male Lewis rats.  

Methods: Male Lewis rats consuming either high carbohydrate (HC), high fat (HF) or 

high protein (HP) liquid diets underwent IT (IT+) or sham (IT-) surgery. Energy intake 

and body weight were monitored daily. After reaching weight stability (⁓40 days) blood 

samples were taken via an implanted cannula before feeding (baseline) and at 15, 30, 60 

min and 17 hours after feeding started. 

Results: Among the diets HP diet most efficaciously caused IT-induced reductions in 

bodyweight and adiposity, but also of lean mass, over 50 days. HC intake remained 

highest leading to smallest weight loss following IT. Although HF feeding IT+ rats had 

highest initial weight loss and hypophagia, they caught up later leading to highest body 

fat content among IT+ rats. Our earlier results showed that energy efficiency (i.e., gram 

weight change/kJ intake) decreased immediately after IT in all diet groups, and returned 

to control levels, thus, metabolic rate did not contribute to lower weight maintenance of 

IT+ rats. Levels of GLP-1, neurotensin, and PYY were markedly upregulated by IT, 

particularly during (0-60 min) and following 17h post-ingestive intake, with marginal diet 

effects. Thirty-day post-operative cumulative energy intake was negatively correlated to 

17h PYY level, explaining 47% of its variation. 

Conclusion: We conclude that reduction in energy intake underlies IT-induced weight 

loss, with highest efficacy of the HP diet.  Secondly, PYY, GLP-1 and neurotensin levels 

are upregulated by IT, of which PYY may be most specifically related to reduced intake 

and weight loss after IT.  
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Introduction 

 Overweight and obesity are amongst the greatest health problems facing the world 

today, especially so because obesity increases the risk of developing comorbidities such 

as type 2 diabetes (Dixon et al 2011), cardiovascular diseases (Kunihiro et al 2019), 

metabolic syndrome (Grundy 2016) and cancer (Azvolinsky 2016). Bariatric surgery 

emerged not only as the most effective and long-term weight loss treatment available 

today but also as a treatment option to reduce overall mortality of the abovementioned 

diseases (Buchwald, 

 et al 2004, Schauer et al 2003, Stefater et al 2011). There are several types of bariatric 

surgeries usually combining gastric restriction and small bowel resection, leading to 

altered gastrointestinal physiology. Ileal transposition (IT) is a procedure, when only the 

small bowel is manipulated, thus allowing to study the role of lower gut in the observed 

weight loss following the surgery without the additional effect of gastric restriction. One 

possible mechanism which leads to the observed temporal reduction of energy intake and 

long term weight loss after IT (Fichtner et al 1982, Ramzy et al 2014) could be the 

overstimulation of the transposed ileal segment by placing it just directly distal to the 

duodenum (Koopmas et al 1984). Since the ileum contains the highest number of 

enteroendocrine L cells, {secreting glucagon like peptide-1 (GLP-1) and peptide-YY 

(PYY)}, N cells (secreting neurotensin) it has been theorized that the increased level of 

these anorectic gut hormones leads to decreased energy intake and body weight 

(Buchwald et al 2014, Gautier et al 2008). These lower gut hormones slow down gastric 

emptying (Di Francesco et al 2005, Edholm et al 2010), inhibit gastric acid secretion 

(Meier et al 2006, Yang 2002) and increase gastrointestinal transit time (Suzuki et al 

2005, Van Citters et al 2006), contributing to the ileal brake, which, if activated, leads to 

increased satiety and decreased food intake. Thus, the ileal brake has been studied as a 

candidate of explanatory pathways underlying the success of bariatric surgeries. Before 
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the age of bariatric surgery, the ileal brake was theorized as a potential mechanism in 

weight loss therapy supposing different macronutrients could have triggered it (van 

Avesat et al 2015). Lipids have been shown to be the strongest activators of ileal brake 

((Maljaars et al 2008, VanCitters et al 1999, 2006), followed by proteins (Lin et al t 

1997). Nowadays these findings are supported by the facts that, following Roux-en-Y 

gastric bypass (RYGB) patients (Behary et al 2015) and rodents (Shin et al 2010) avoid 

fatty foods and rats undergoing IT have decreased preference for fat (Chen et al 1990), 

probably at least partially due to a strong ileal brake (Read et al 1984, Spiller et al 1984). 

Beside potentially activating the ileal brake, high protein diets have been shown to lower 

food intake, induce weight loss ((Astrup et al 2015, Feinman et al 2015, Westerterp-

Plantenga et al 2012) via pathways leading to quicker and higher satiation than high 

carbohydrate and fat diets both in humans (Batterham et al 2006, Dunlap et al 2014) and 

in rodents (Bensaid et al 2004, Zapata et al 2018). Considering the fact that high fat diets 

lead to weight gain, fat deposition and increased risk for cardiovascular disease in humans 

(Ackroff et al 2007, Ruiz- Núñeza et al 2013) and in rats (Apolzan et al 2012, Gomez-

Smith et al 2016) high protein diet could be a supportive factor in weight loss with or 

without bariatric surgery. 

It seems probable that these gut hormones also play a major role of one of the 

most striking effects of bariatric surgeries the rapid remission of type 2 diabetes (Dixon et 

al 2012, Gaitonde et al 2011, Schauer et al 2003). The underlying mechanisms are largely 

unknown, but it has been extensively reported that insulin sensitibity and glucose 

homeostasis are greatly improved after RYGB (Dixon et al 2012, Gaitonde et al 2011), 

Vertical Sleeve Gastrectomy (VSG) (Basso et al 2011) and IT (Gaitonde et al 2011). 

Glucose dependent insulinotropic polypeptide GIP) has been implicated in this effect, 

since GIP is one of the incretins (the other one is GLP-1), therefore, investigating the 

levels of GIP and insulin after any kind of bariatric surgery is worthwhile. 
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In the present study, rats were maintained on either a high protein, high fat or a 

high carbohydrate diets and underwent control (IT-) or IT (IT+) surgery creating an 

overstimulation of the ileal brake transposed ileal segment. We investigated in close 

details the underlying mechanisms of the ileal brake after IT, and measured the gut 

hormone responses related t the weight change after surgery. We documented weight loss 

and regain, food intake changes and assessed the effect of a meal on gut hormone 

responses (GIP, GLP-1, PYY, neurotensin and insulin) in order to investigate more 

closely the ileal brake which could underlie differences in IT and/or diet induced changes 

in weight regain. 

 

Methods 

Fifty-four male Lewis rats (mean weight 310 g) were housed individually in 

plastic cylindrical cages (diameter: 33 cm height: 50 cm) with rat chow and water ad 

libitum under artificial lighting (6am – 6pm) at room temperature. After 6 days of 

acclimatization, rats were separated into three weight matched groups and were 

maintained on high fat (HF, n=18), high protein (HP, n=18) and high carbohydrate (HC, 

n=18) liquid diets, which they could freely ingest daily between 4pm (i.e., 2 hrs before 

lights off) and 9am (i.e., 3 hrs after lights on) the next day. Food jars were weighed at the 

beginning and at the termination of the feeding intervals, and food intake was calculated 

by taking the difference between the weights of the freshly provided jars and those at the 

end of the daily feeding cycle.  Rats were weighed daily at 3.30 pm, just before food was 

presented. After 8 days on the diets rats were matched for body weight and body weight 

gain and divided into two surgical groups: ileal transposition and control surgery. All the 

protocols followed the Canadian Animal Care guidelines and were approved by the 

University of Calgary, Animal Resource Care Centre. 
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Diets 

 Rats were maintained on one of three liquid diets, which consisted of 1) Ensure 

Plus (Abbott Canada Saint-Laurent, Québec, Canada), 2) Resource Beneprotein powder 

(Novartis Medical Nutrition, USA), 3) Intralipid 20% (Fresenius Kabi Clayton L.P., 

Clayton, NC) and Maltlevol liquid vitamin mix (Carter-Horner Corp Mississauga ON, 

Canada)  and water mixed at different quantities.  The mixing yielded three equicaloric 

diets of each 4.184kJ/gram, consisting of carbohydrate/protein/fat energy percentages of 

50/25/25 (high carbohydrate diet), 25/50/25 (high protein diet), or 25/25/50 (high fat 

diet).  Detailed recipe of the diets can be found in chapter 3. 

 

Surgery 

 Rats were matched for body weight and body weight gain and divided into two 

surgical groups: ileal transposition (IT) and control surgery. After an overnight fast, rats 

were anaesthetized with ether. 

Ileal transposition surgery: The skin and then the muscle layer of the belly were 

cut at the midline exposing the abdomen. The small intestine was then transected at three 

locations: 1) at the level of the duodenum 1 to 2 cm below the common bile and 

pancreatic duct, 2) at the level of the ileum at 10 cm from the ileocecal valve, and 3) at 

the level of the ileum 10 cm above this transection, creating an isolated 10 cm ileal 

segment. The 10 cm ileal segment was connected (using 6-0 Ethicon silk sutures) to the 

transected ends of the duodenum in the original direction of flow keeping its mesenteric 

blood supply and innervation intact. The remaining ends of the ileum were sutured 

together, resulting in a gastrointestinal tract which had its original length without any 

excluded parts. 

For the control surgery, all transections were re-anastomosed in their original 

order, returning the intestine to its continuity. After surgery, rats were immediately 
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returned to their home cages with a heating pillow underneath the cage to provide 

thermoregulatory help after surgery. Analgesic care was given in the form of Gentamicin 

(i.p. 37 μl/100 g body weight, 40 mg/ml, Sabex Inc Boucherville QC) and Torbugesic 

(Butorphanol Tartrate; i.p. 0.2 mg/100 g body weight, 10 mg/ml, Wyeth Canada Guelph, 

ON). Rats did not have access to food for 24 hours after surgery, but water was freely 

available. More detailed description of surgical procedures can be found in chapter 2.  

 

Blood sampling 

 Five weeks after IT+ or IT-l surgery an indwelling catheter (Silastic tubing 0.025 

i.d. x 0.047 o.d., Dow Corning Corp., Midland MI) with a Marlex mesh (Prolene Mesh, 

Ethicon) anchor located in the middle of the tube was inserted into the jugular vein. The 

other end of the tube was tunneled under the skin to the back of the neck. When not in 

use, the catheter was filled with a viscous solution containing a mixture of 8 g of 

polyvinylpyrolidine (BDH Chemicals Ltd., Poole, U.K.), 10 ml of heparin (1000 

units/ml) and 5 mg Enrofloxacin (Baytril, Bayer Inc, Etobicoke, ON) and Gentamicin (37 

μl / 100 g body weight, 40 mg / ml) as an antibiotic to prevent clotting and infection and 

then catheters were plugged with a stainless-steel wire hook. They were reopened on the 

third day after the surgery and 3.6 ml blood was withdrawn (collected with 1.5 mg/ml 

EDTA), spun and the plasma was stored in a sterile syringe at 4 °C for later reinsertion of 

plasma during blood sampling (to replace some of the blood withdrawn during sampling). 

 A total of four samples were taken per animal at time points -10 min (before 

feeding), and 15, 30, 60 min and 17 hours after feeding had started. There were two 

criteria for blood sampling: 1) When rats had eaten their 5 ml meal within 4 minutes, 

which was determined from the animals’ short-term food intake during the first 33 days 

of the study. 2) The 17-hour samples were taken, when the rats had eaten approximately 

the same amount of food as they did during the period between the 24th and 30th day of 
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the study. Two blood samples of 1.8 mL were taken at the fourth day after reopening of 

the catheters and collected into syringes containing 0.08 ml (50 Kallikrein Inactivating 

Units [KIU]/ml) aprotonin (Trasylol proteinase inhibitor, Bayer, Germany) and 1.5 mg/ml 

EDTA. In between the collection of the two blood samples, an equivalent amount of the 

rat’s own warmed serum was re-infused. After the two blood samples the rats had food 

and water freely available for the rest of the night. The second pair of blood samples was 

withdrawn after a day without blood sampling and the final blood sample was collected 

after sacrifice. All blood samples were immediately transferred into plastic tubes and 

centrifuged and within 10 minutes the rat plasmas were frozen on dry ice and stored at -

20 °C until assayed. 

 

Hormone assays 

Plasma samples were extracted individually on C-18, reverse phase Sep-Pak 

cartridges (Waters, Inc., Milford, MA), using multichannel syringe ram pumps (Harvard 

Instruments, Cambridge, MA).  After washing, the cartridges were eluted with 3 ml of 50 

% acetonitrile with 0.1% trifluoroacetic acid. The eluates were lyophilized and 

reconstituted in a buffer consisting of 60 mM phosphate pH 7.4 with 0.1% Triton-X 100 

and 0.1 percent bovine albumin for assay. Extraction recovery was determined in each 

assay by adding 0, 5, or 20 fmol peptide/ml to 10 pooled rat plasma samples before 

extraction.  Plasma hormone concentrations were measured simultaneously and using a 

previously standardized and established radioimmunoassays, specific and sensitive to rat 

gastrointestinal hormones such as peptide YY (PYY; Adrian et al 1985), glucagon-like 

peptide 1-amide (GLP-1) (Uttenthel et al 1985), glucose dependent insulinotropic 

polypeptide (GIP) (Sarson et al 1980) and neurotensin (NT) (Blackburn et al 1979). The 

labeled peptides were produced by conventional chloramine T oxidation. Mono-iodinated 

peptides were purified using high resolution, reverse phase high pressure liquid 
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chromatography. Antisera were added at a dilution which binds approximately 50% of the 

1-1.5 fmol of labeled peptide in the absence of non-labeled peptide.  Assays were 

incubated for seven days under equilibrium conditions.  Free from bound hormone was 

separated by the precipitation of the latter by the addition of polyethylene glycol to give a 

final concentration of 12% PEG (mol wt 6000) and the addition of 1 mg/tube of crude 

gamma-globulin to make a visible precipitate. Supernatants were removed using a 

vacuum line, and samples were counted on a ten-well auto gamma counter (model 1277, 

LKB/Pharmacia Inc, Chicago, Il) with data reduction accomplished by RIACALC 

software. 

 

Body composition analysis 

 After all the blood samples were collected, rats had 4-5 days for stabilizing their 

food intake and then they were sacrificed by decapitation under light ether anesthesia. 

Blood was collected in tubes, containing 0.24 ml (50 KIU/ml) aprotonin (Trasylol 

proteinase inhibitor, Bayer, Germany) and 0.12 ml EDTA (1.5 mg/ml). The 

gastrointestinal tract was removed and the following segments were obtained and 

weighed: stomach, upper duodenum (from the pylorus to the pancreatic duct), lower 

duodenum (from the pancreatic duct to the ligament of Treitz), jejunoileum, transposed 

segment and last 10 cm of ileum, cecum and colon together.  

 

Statistical analysis 

 Statistical analyses were performed using the SPSS Graduate Pack 15.0 for 

Windows (SPSS, Chicago, IL).  From the body weight data, differences from baseline 

were calculated following surgery. The hormone data were presented as baseline (semi-

fasted), as area under the curve (AUC), and as post-ingestive levels (i.e., 17hr after start 

of the blood sampling).  Data were analyzed on food intake, body weight, energy 
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efficiency and AUCs of hormone responses were performed with univariate ANOVA 

with diet and surgery as factors. Linear regression was used when body weight regain was 

analyzed with surgery, diet, food intake and hormone responses as independent variables. 

Data is presented as mean  se and p values less than 0.05 were considered significant. 

 
Results 
 
Body weight change 

Pre-surgery body weight gain was significantly different among the three diet 

groups due to the effect of diet (F8,63=9.74, p<0.001), when the order of weight gain was: 

HF>HC>HP (Figure 1A) HP rats gaining significantly less weight than HF and HC.  

Post-surgically IT+ rats lost significantly more weight than IT- (F1,51=19.491, p=0.004) 

and the body weight regain remained significantly less in IT+ rats compared to IT- during 

the 1st, 2nd and 3rd 10-day periods after surgery (Figure 1B, 1C, 1D) (F1,51=42.797, 

p<0.0001, F1,51=7.014, p<0.05, F1,51=11.852, p<0.001, respectively). The effect of diet 

(F2,51=8.472, p<0.001) was such that HF rats gained significantly less weight than HP 

(p<0.05) and HC (p<0.001) during the 1st 10 days, then body weight regains leveled out 

(2nd 10-days) which was followed by a rapid body weight gain of HF rats (F1,51=8.294, 

p<0.001) surpassing the body weight gain of HP group (p<0.001) and even that of HC. 
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Figure 1 Effects of ileal transposition (black) and control surgery (white) in rats on a high 

fat (HF), high protein (HP) or a high carbohydrate (HC) diet on body weight gain before 

surgery (A), 1st 10 days post-surgery (B), 2nd 10 days post-surgery (C), and 3rd 10 days 

post-surgery (D). * denotes IT+ vs IT-, $ denotes HP vs HC, # denotes HP vs HF and @ 

denotes HF vs HC 

 

Energy intake 

 Pre-surgically HP diet was eaten significantly less than HC and HF (F2,51=46.3, 

p<0.0001), (Figure 2A) but this trend changed immediately following surgery: HF rats ate 

the least (F2,51=7.813, p<0.001 with HP and HC) (Figure 2B) which then gradually 

increased during the 2nd and 3rd 10 day period (Figure 2C and D) and at the end HF diet 

was consumed the most (not significant). HC diet was continuously consumed in high 

amounts. IT- groups consumed significantly more than IT+ did (F1,51=45.800, p<0.001) 

throughout the study. 
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Figure 2 Effects of ileal transposition (black) and control surgery (white) in rats on a high 

fat (HF), high protein (HP) or a high carbohydrate (HC) diet on energy intake before 

surgery (A), 1st 10 days post-surgery (B), 2nd 10 days post-surgery (C), and 3rd 10 days 

post-surgery (D). * denotes IT+ vs IT-, $ denotes HP vs HC, # denotes HP vs HF and @ 

denotes HF vs HC 

 

Body composition (Table 1) 

 IT+ rats gained significantly less weight during the study ((F1,51=46.783, 

p<0.0001) than controls did (Table 1) and HC rats gained the most weight in both surgical 

conditions (F2,51=9.740, p< 0.0001 followed by HF and HP. IT rats also weighted 

significantly less at the end of the experiment than controls did (F1,51=27.961, p<0.0001) 

but diet only had a general effect (F2,51=5.804, p<0.01) where HC rats were followed by 

HF and HP (Table 1).  The total amount of body fat was significantly less in the IT+ rats 
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(F1,51=33.682, p<0.0001) than in IT- and HF rats had the highest amount of body fat, 

followed by HC and HP had the least (F2,51=5.039, p<0.05). 

IT+ rats had significantly enlarged upper duodenum (F1,51=48.274, p<0.0001) 

compared to controls and the general effect of diet (F2,51=4.345, p< 0.05 was due to the 

significant difference between the most enlarged HP and the least enlarged HC control 

groups (p<0.05). (Table 1) The lower duodenum of IT+ rats was also significantly 

enlarged compared to IT- (F1,51=9.825, p<0.01) and diet did not cause significant 

differences. The total duodenum was significantly enlarged in the IT+ groups 

(F1,51=40.982, p<0.0001) and HF animals had the greatest enlargement (F2,51=3.938, 

p<0.05), which reached the level of significance between HF and HC (p<0.05). IT+ rats 

also had significantly enlarged transposed segments (F1,51=75.864, p<0.0001), and 

jejunoileum ((F1,51=32.944, p<0.0001). Interestingly diet did not have a significant effect, 

although HF rats tended to have the greatest enlargement in their transposed segment 

(Table 1). 

 

 

 

142



 Ta
bl

e 
2.

 B
od

y 
w

ei
gh

t a
nd

 c
ar

ca
ss

 a
na

ly
si

s. 

 
H

F 
IT

- 
H

F 
IT

+ 
H

P 
IT

- 
H

P 
IT

+ 
H

C
 IT

- 
H

C
 IT

+ 
Ef

fe
ct

 o
f 

su
rg

er
y 

Ef
fe

ct
 o

f d
ie

t 

D
el

ta
 b

od
y 

w
ei

gh
t 

(s
ur

ge
ry

-s
ac

rif
ic

e)
 (g

) 
71

.2
3

13
.5

5 
13

.4
3

12
.0

9 
33

.9
2

5.
84

 
-7

.1
8

9.
04

 
78

.2
3

8.
59

 
29

.2
1

7.
00

 
IT

<C
tr 

P<
0.

00
01

 
H

P/
C

tr<
H

C
/C

tr 
p<

0.
01

 
B

od
y 

w
ei

gh
t a

t 
sa

cr
ifi

ce
 (g

) 
40

8.
98
1

8.
06

 
35

4.
80
1

6.
02

 
37

4.
26
6

.8
2 

32
6.

45
9

.6
0 

41
8.

10
1

3.
13

 
36

7.
10
1

1.
84

 
IT

<C
tr 

P<
0.

00
01

 
H

P/
C

tr<
H

C
/C

tr 
P<

0.
01

 
To

ta
l b

od
y 

fa
t (

g)
 

69
.2

5
6.

74
 

38
.3

1
5.

94
 

44
.7

6
3.

51
 

29
.7

3
3.

14
 

58
.1

2
6.

62
 

38
.1

5
3.

87
 

IT
<C

tr 
P<

0.
00

01
 

H
P/

C
tr<

H
F/

C
tr 

 
P<

0.
01

 
St

om
ac

h 
1.

19
 ±

 0
.0

5 
1.

24
 ±

 0
.0

5 
1.

20
 ±

 0
.0

2 
1.

22
 ±

 0
.0

3 
1.

22
 ±

 0
.0

4 
 

1.
21

 ±
 0

.0
4 

 
ns

 
ns

 

U
pp

er
 d

uo
de

nu
m

 (g
) 

0.
42
0

.0
3 

0.
60
0

.0
5 

0.
39
0

.0
2 

0.
67
0

.0
6 

0.
32
0

.0
2 

0.
53
0

.0
4 

IT
>C

tr 
P<

0.
00

01
 

H
P/

C
tr>

H
C

/C
tr 

P<
0.

05
 

Lo
w

er
 d

uo
de

nu
m

 (g
) 

0.
22
0

.0
2 

0.
24
0

.0
3 

0.
19
0

.0
2 

0.
26
0

.0
5 

0.
15
0

.0
3 

0.
53
0

.0
4 

IT
>C

tr 
P<

0.
01

 
ns

 

To
ta

l d
uo

de
nu

m
 (g

) 
0.

64
0

.0
5 

0.
83
0

.0
7 

0.
58
0

.0
3 

0.
94
0

.0
8 

0.
46
0

.0
4 

0.
78
0

.0
4 

IT
>C

tr 
P<

0.
00

01
 

H
F/

C
tr>

H
C

/C
tr 

P<
0.

05
 

Tr
an

sp
os

ed
 se

gm
en

t 
(g

) 
0.

57
0

.1
2 

2.
10
0

.2
9 

0.
50
0

.0
6 

1.
60
0

.1
0 

0.
77
0

.2
6 

1.
80
0

.1
8 

IT
>C

tr 
P<

0.
00

01
 

ns
 

Je
ju

no
ile

um
 (g

) 
2.

37
0

.1
8 

3.
75
0

.3
1 

2.
08
0

.1
0 

3.
66
0

.1
7 

2.
32
0

.2
4 

3.
34
0

.1
9 

IT
>C

tr 
P<

0.
00

01
 

ns
 

La
st

 1
0 

cm
 o

f i
le

um
 

(g
) 

0.
36
0

.0
5 

0.
64
0

.0
6 

0.
40
0

.0
3 

0.
63
0

.0
4 

0.
42
0

.0
3 

0.
53
0

.0
5 

IT
>C

tr 
P<

0.
00

01
 

ns
 

To
ta

l s
m

al
l i

nt
es

tin
e 

(g
) 

3.
95

 ±
 0

.4
1 

 
7.

32
 ±

 0
.7

3 
 

3.
55

 ±
 0

.2
3 

 
6.

82
 ±

 0
.0

1 
 

3.
97

 ±
 0

.5
8 

 
6.

75
 ±

 0
.4

1 
 

IT
>C

tr 
P<

0.
00

01
 

ns
 

C
ec

um
 a

nd
 c

ol
on

 
w

ith
 c

on
te

nt
 (g

) 
3.

95
 ±

 0
.1

3 
6.

02
 ±

 0
.5

0 
4.

70
 ±

 0
.2

2 
6.

14
 ±

 0
.4

1 
5.

23
 ±

 0
.5

2 
6.

08
 ±

 0
.3

4 
IT

>C
tr 

P<
0.

01
 

H
F/

C
tr>

H
C

/C
tr 

P<
0.

05
 

143



 

Gastrointestinal hormone levels. 

Gastrointestinal hormone responses to ileal transposition are depicted in Figure 3. 

During baseline conditions (i.e., before diet exposure), IT+ resulted in an overall decrease 

in circulating GIP (panel A), increase in GLP-1 (panel D), decrease in insulin 

(F1,44=5.737, p=0.021, panel G), increase in neurotensin (NT; F1,44=4.651, p=0.037, panel 

J) and increase in PYY levels (F1,44=14.650, p=<0.0001, panel M). With respect to diet 

there was a decrease in circulating insulin levels in the HF diet group when comparing 

IT+ with IT-. The increase in circulating PYY levels showed significance in the HF and 

HC diet groups when comparing IT+ with IT-. When looking between diet groups, HC 

diet rats showed higher GLP-1 levels when compared to the HP diet rats.  

Meal-induced excursions assessed by calculation of area under the curve (AUC0-

60) showed an effect of surgery and diet on GIP (surgery F1,43=12.311, p=0.001; 

F2,43=7.473, p=0.002 diet; panel B), on GLP-1 (surgery F1,43=23.632, p<0.0001; diet 

F2,43=3.409, p=0.042; panel E) and on insulin (surgery F1,43=10.832, p=0.002; diet 

F2,43=3.557, p=0.037; panel H). Neurotensin and PYY showed only a surgery effect when 

looking at post-meal AUC0-60 (neurotensin F1,43=33.187, p<0.0001, panel K; PYY 

F1,43=73.326, p<0.0001, panel N). Post-hoc analysis showed decreased GIP, increased 

GLP-1, increased neurotensin and increased PYY AUC0-60 within the HF diet group (IT+ 

vs. IT- p<0.05-p<0.001). The HC diet group showed increased GLP-1, decreased insulin, 

increased neurotensin and increased PYY post-meal AUC0-60 (IT+ vs. IT- p<0.01-

p<0.001). Between diet analysis showed overall decreased post-meal AUC0-60 GIP, when 

comparing HP diet group with both HC and HF diet groups. Decreased post-meal AUC0-

60 of GLP-1 and increased insulin post-meal AUC0-60 was seen when comparing the HP 

diet group with the HC diet group. 

Seventeen hour post-ingestive circulating hormone levels showed an overall 

surgery effect, showing elevated GLP-1 levels (F1,44=4.603, p=0.037, panel F), reduced 
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insulin levels (F1,44=5.470, p=0.024, panel I), elevated neurotensin (F1,44=20.428, 

p<0.0001, panel L) and plasma levels (F1,44=60.288, p<0.0001, panel O). Post-hoc 

analysis did not show specific effects within the three different diet groups when looking 

at GLP-1 and insulin levels. Neurotensin and PYY showed in all diet group significant 

differences.   

 

 
 

145



 

Figure 3. Effects of ileal transposition (IT+) and control surgery (IT-) in rats feeding a 

high fat (HF), high protein (HP) or a high carbohydrate (HC) on baseline hormone levels 

(panels A, D, G, J, M), area under the curve responses over the course of 60 min (AUC0-

60) during and following a meal (panels B, E, H, K, N), and 17h post-ingestively (panels 

C, F, I, L, O). Level of significance following IT surgery within diet groups are depicted 

by * (p<0.05), ** (p<0.01), or *** (p<0.001).  Effects of diet between HP and HC groups 

are indicated by $ (p<0.05).  Effects of diet between HP and HC and HP and HF are 

indicated by # (p<0.05).   

 
 
Regression analysis 

 A stepwise linear regression analysis was applied to investigate whether 

gastrointestinal hormonal factors could be explained by the variation 1) in energy intake 

that underlied weight change over the course of the 30-day weight change period after 

surgery (see Chapter 3), or 2) the energy intake during the time of blood sampling. In 

most of the models, surgery-type was the main factor explaining variation in the gut 

hormone levels at baseline, the AUC during/after a meal, and 17hr post-ingestive 

sampling point after start of feeding. Only in the case of the post-ingestive 17hr PYY 

levels, the energy intake in the 30-day recovery phase significantly improved the way by 

which surgery explained 17hr PYY levels (Bsurgery=18.209, Benergy intake during recovery=-0.674, 

R2= 0.613, F2,47=39.739, p<0.001).  Removal of surgery from the independence list still 

caused energy intake during the recovery phase to significantly explain 47.4% of the 

variation in 17hr PYY levels (Benergy intake during recovery=-1.392. R2=0.474, F1,48=45.075, 

p<0.001). 
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Discussion 

 
 Ileal transposition (IT) causes weight loss in rats due to loss of body fat 

(Koopmans et al 1982, 1984, Strader et al 2005, Ramzy et al 2014) with anorectic effects 

that last about 4-5 weeks (Chelikani et al 2010). Associated with this we observed 

increased circulating levels of Neurotensin, PYY and GLP-1, and during and directly 

following a meal as well those observed 17h post ingestively. This is also consistent with 

other reports in literature (Batterham et al 2006, Chelikani et al 2010, Gaitonde et al 

2011).  The novel finding that we report here is that after IT+ surgery, rats on the HC diet 

had higher intake relative to rats on the HF diet and HP diets. As a consequence of this 

diet effect, rats on the HC diet had a less severe surgery-induced weight loss than HF and 

HP fed rats which was seen in both surgery groups (i.e., IT+ and IT-). The transiently 

reduced food efficiency (only immediately following surgery see Chapter 3) suggests that 

the primary mechanism for weight loss and regain is food intake driven (greater in IT- 

rats), which was further corroborated by the regression analysis, in which 81.1% of the 

weight regain was explained by caloric intake alone. 

 The observation of that HF diet was consumed the least amount following surgery 

could be because of the different activation of the ileal brake by the different 

macronutrients. The strongest trigger of the ileal brake is fat (Maljaars et al 2012, Shin et 

al 2013), which probably exerted its effect the most with IT surgery causing 

overstimulation of the transposed segment. The observed food intake and body weight 

change pattern could support this hypothesis, since shortly after surgery HF diet was 

consumed in the least amount and HF rats gained the least weight.  These observations 

are most likely due to increased secretion of anorexic gut hormones leading to reduced 

energy intake. Indeed, the transposed ileal segment contains a large number of PYY, 

GLP-1, and oxyntomodulin secreting endocrine L cells that received supra-physiological 

stimulation resulting in higher levels of these anorexic gut hormones (further 
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corroborated by the enlarged transposed segment).  The enterotrophic effects seen in 

several gut segments in response to IT+ most likely results from increased secretion of 

glucagon-like peptide 2 (GLP-2). Although we did not measure this hormone, its levels 

would be expected to be increased as it is coproduced with GLP-1 from proglucagon and 

is the only enteric hormone known to have marked growth effects on the small bowel 

mucosa (Drucker et al 1996)   

Apart from the finding that meal-induced levels of PYY, GLP-1 and Neurotensin 

were elevated by IT+, we did not observe major differences between diet groups in these 

gut hormone responses.  This may at first seem at odds with previous reports that certain 

macronutrients were specifically linked to the release of certain gut hormones (Batterham 

et al 2006, Essah et al 2007, Helou et al 2008) and GLP-1 (Carr et al 2008, van der 

Klaauw et al 2013).  It is perhaps an oversimplification to say which macronutrient is the 

most potent (Adrian et al 1985) Another point is that the diets in the present study were 

only relatively higher in energy content of one of the three macronutrients (50% versus 

25%), which is certainly a different situation than comparing the effects of pure 

macronutrients.  In light of these arguments, it may not be too surprising that we did not 

see major differences in hormonal responses between diets.  

To investigate whether the changes in energy intake and body weight explained 

some of the variation in gut hormone responses, we performed a regression analysis. 

While “surgery-type” (and not "diet-type") obviously was the main factor explaining 

variation in those parameters, cumulative energy intake during the weight change period 

until day 30 additionally explained the variation in post-ingestive PYY levels.  When the 

factor “surgery-type” was taken out of the model, the variation in the 17h post-ingestive 

PYY level was the only gut factor to be significantly explained for 47.3 % by energy 

intake during the recovery phase.  Such a relation between food intake and PYY levels 

was not observed in the period during the blood sampling phase.  
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Although our data seem to be in line with the fact that PYY is indeed implicated 

in the long-term regulation of body weight and energy intake in rodents (Gedulin et al 

2006) and humans (Guo et al 2006), one problem is that the slope of the correlation 

between energy intake and PYY levels is negative, meaning that a lower intake during the 

post-operative weight regain phase is related to higher 17h post-ingestive PYY levels. 

Because PYY is an anorectic gut hormone (which could in fact explain the strong weight 

reducing effects of IT+), one explanation is that the 17h post-ingestive PYY level during 

weight stability could be regarded as a unique signature of rats that -on top of the effect of 

IT+ surgery- was already present in the phase right after surgery. While this hypothesis 

should be tested in future studies, it may be of additional interest to investigate whether or 

not post-ingestive PYY levels in fact could serve as a marker of weight maintenance 

directly after surgery. A more general role for PYY in weight regain is consistent with the 

fact that high levels of PYY predict poorer weight and appetite regain in patients that 

recover from weight loss associated with tuberculosis (Chang et al 2013). Although the 

PYY3-36 amide form is the predominant circulating form (Grandt et al 1994) as well as 

the only form that reliably reduces energy intake (Chelikani et al 2005), one point of 

caution here is the fact that the assay used in this study did not discriminate between 

PYY1-36 and PYY3-36 amidated forms.  

 In summary, this experiment showed that IT surgery causes a transient body 

weight loss, followed by partial bodyweight regain, which was highest in rats on the HC 

diet, and lowest in rats on the HF and HP diets. This order of macronutrients could reflect 

the strength order of macronutrients on activating the ileal brake especially following 

IT+, when the transposed ileal segment is over stimulated by these nutrients. Of the 

measured gut hormones, 17h post-ingestive PYY levels were found to explain the energy 

intake reduction which in turn led to body weight loss, thus it might be possible that PYY 
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levels at weight stability after IT could be a signature marker of successful weight 

reduction. 
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Abstract 

Background and objective: Nutrition could be a trigger of diverse gastrointestinal 

responses just as RYGB is, therefore we investigated whether feeding Western-style high 

fat diet with added sugar (HF/S) could affect recovery and alter energy balance regulation 

in rats that underwent RYGB surgery. 

Methods: The daily thermoregulation and physical activity of adult Wistar rats were 

measured by radio telemetry. Rats were maintained on either HF/S or low fat (LF) diet 2 

weeks pre-, and postsurgery, underwent either RYGB or sham surgery. Daily energy 

intake, body weight was documented and energy efficiency calculated. 

Results: The energy intake, body weight gain and energy efficiency of HF/S rats were 

lower than that of LF rats. Thermoregulation and physical activity level of HF/S rats 

resembled that of control animals, while these parameters were highly impacted in LF 

animals with a blunting of circadian rhythmicity as a most outspoken phenomenon. 

Conclusion: HF/S diet seems to alleviate the stress after RYGB surgery compared to a LF 

diet, in spite of greater weight loss and reduced energy efficiency. 
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Introduction 

 According to the World Health Organization, worldwide obesity has doubled 

since 1980, and 39% of both men and women (aged 18+) were overweight (BMI ≥ 25 

kg/m2), and 11% of men and 15% of women were obese (BMI ≥30 kg/m2).in 2016. 

(WHO Global Health Observatory data 2016). Since obesity is associated with several 

chronic impairments such as cardiovascular diseases (Arterbum et al 214) type 2 diabetes 

(Ribaric et al 2014), respiratory disorders (Jeong et al 2017) and some types of cancer 

(Arterbum et al 214) the above mentioned numbers cause a huge economic burden both 

on individual and society levels (Biener et al 2017, Finkelstein et al 2009). It is therefore 

imperative to find effective treatment options. Bariatric surgery has been proven to 

produce successful long-term weight loss, which is superior to traditional weight loss 

methods not only in the amount of weight lost but also in that weight regain is much 

smaller following these surgeries. Additionally, reduced incidence of type 2 diabetes 

mellitus (Arterbum et al 2014), heart disease (Pontiroli et al 2011) and cancer (Ashrafian 

et al 2011) have been observed following these surgeries. Rouex-en-Y gastric bypass 

(RYGB) has been the gold standard in the last decades (International Diabetes Federation 

2015, Miras et al 2018) producing the abovementioned results with relatively small 

mortality and morbidity rates (Bruschi Kelles et al 2014, Lent et al 2017). 

 Despite these excellent track records, the underlying mechanism of weight loss 

after RYGB is still not clearly understood. Thus, in the present study we investigated the 

question whether the reduced food intake observed after RYGB alone responsible for the 

weight loss or it is accompanied by decreased energy efficiency as well. In our previous 

experiment rats underwent ileal transposition (IT) reduced their energy intake and their 

energy expenditure, and their energy efficiency stayed intact. In this experiment, we 

looked into whether the energy efficiency of RYGB rats changes after the surgery, 

explaining (at least partially) the effectiveness of this procedure. 

165



 

 Recently it has been in the focus of interest that whether the quality of diet 

influences the outcome of the surgery. Indeed, RYGB patients experience a markedly 

altered eating pattern: reduced meal size, meal eating rate, emotional and uncontrolled 

eating (Laurenius et al 2012, Nance et al 2018) and have a decreased hedonic drive to 

consume highly palatable food (Nance et al 2018, Schultes et al 2010) coupled with a 

heightened acuity for sweet taste (Manning et al 2015, Shin et al 2011) although results 

are conflicting (Shin et al 2011). RYGB patients also exhibit decreased preference for 

high carbohydrate (Shin et al 2011, and high fat foods (Manning et al 2015, Olbers et al 

2006) which may further support weight loss, although it is still unclear whether the 

altered food preference affects food intake per se (Nielsen et al 2019). Rats showed 

aversion towards high fat diet following RYGB (le Roux et al 2011, Mathes et al 2016, 

Seyfried et al 2013) with similar eating behavioral alterations as humans (lMathes et al 

2016, Seyfried et al 2013), although it is well known that rats usually prefer high fat diet 

when they have the choice (Mathes et al 2016, Zheng et al 2009). High fat diet is known 

to lead to obesity with its comorbidities thus the current dietetic recommendation is that 

fat from dietary sources should provide 20% to 35% of energy intake per day for healthy 

adults, with increased consumption of n-3 polyunsaturated fatty acids and limited intake 

of saturated (10%) and trans-fats (less than 1%) (Position of the Academy of Nutrition 

and Dietetics 2014, WHO Healthy diet 2018). Interestingly RYGB seems to blunt the 

obesogenic effect of high fat diet (Mathes et al 2016, Raghow 2017, Zheng et al 2009,) by 

restoring the endogenous fat-satiety signaling pathway by increasing the production of 

oleoylethanolamide (OEA) from the upper jejunum. OEA secretion is significantly 

reduced in obese rats, but when animals (feeding on high fat diet) undergo RYGB the 

increased secretion of OEA activates intestinal peroxisome proliferation activator 

receptors-α (PPARα) a lipid-activated nuclear receptor implicated in regulating the 

absorption, storage and utilization of dietary fat (Lefebvre et al 2006, Schwaartz et al 
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2008). The activation of PPARα by OEA is accompanied by enhanced dopamine 

neurotransmission in the dorsal striatum and reduces preference for high fat diet (which 

effect was transmitted by the vagal nerve) (Hankir et al 2016, Schwartz et al 2008) after 

RYGB in rats. Knowing that rats (and humans) avoid or at least decrease their fat intake 

after RYGB we asked the question, whether high fat-high sugar diet following RYGB 

introduces an additional stress and thus further adds to the appetite reduction seen after 

RYGB. It is well known that dietary fat and especially saturated fat and trans-fat could 

induce the activation of the hypothalamo-pituitary-adrenalal axis (Sears et al 2015) and 

fat has been shown to induce chronic inflammation (Gil-Cardoso et al 2017, Ruiz-Núñeza 

et al 2013). On the other hand, however, there is also evidence that eating a high fat diet 

protects against effects of stress, as shown by less disturbance of behavioral and 

physiological circadian rhythms of rats feeding a HF-diet compared to those feeding a 

low fat (LF) diet in response to social defeat stress (Buwalda et al 2000). Loss of 

circadian rhythmicity is believed to be an indicator of malaise after both social defeat 

stress and surgical intervention (Harper et al 1996).  

In this study, we focused on the early recovery phase after surgery, in which rats 

display malaise due to the RYGB surgery assessed by reduced daily locomotor activity 

(Harper et al 1996).  For this reason, we equipped rats with temperature and locomotor 

loggers to investigate more in detail the behavioral and thermogenic components of 

recovery from surgery.  This is of particular interest, since dietary fat has been shown to 

induce chronic inflammation (Gil-Cardoso et al., 2017; Ruiz-Núñez et al.,2013), which 

may aggravate surgery-induced malaise. Loss of circadian rhythmicity is believed to be 

an indicator of malaise after both social defeat stress and surgical intervention (Buwalda 

et al 2001, Harper et al., 1996). Thus, in the current study, we investigated the effects of 

RYGB surgery on a number of behavioral and physiological parameters that fluctuate 
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according to circadian rhythmicity, in rats subjected to feeding a western style diet rich in 

fat and sugar compared to rats feeding a healthy LF diet. 

 

Methods 

Animals and housing 

Adult male Wistar rats (from the breeding colony of the Department of Animal 

Physiology at the University of Groningen, weighing 473±9.5 g) were individually 

housed in Plexiglas cages (25 × 25 × 30 cm) on a layer of wood shavings with a gnawing 

stick each. Climate control was set at 20±2°C, humidity at 60±5% and the light/dark cycle 

was 12:12 h (lights on between 5am and 5pm). Animals were handled daily and weighted 

before lights off. Water and standard chow (17530 J/g, 4.192 kcal/g; fat content 13.5% ; 

protein content 28%; carbohydrate content 58% ; Rmh-b 1410; Arie Blok Diervoeding, 

Woerden, The Netherlands) were provided ad libitum and their intake was measured 

daily. All methods, animal work and experiments were approved by the Institutional 

Animal Ethical Committee of the University of Groningen. 

 

Diet 

Rats were randomly divided into two diet groups: low fat (LF; n=14; (17530 J/g,; 

fat content 13.5% ; protein content 28%; carbohydrate content 58% ; Rmh-b 1410; Arie 

Blok Diervoeding, Woerden, The Netherlands) and a house made high fat/high sucrose 

diet (HF/S; n=14; (Sucrose: 1500g, Rmh-b: 1410: 4072g,Casein: 1000g, Soy oil: 666g, 

Beef tallow: 2000g, Salt mix:236g,Vitamin mix: 155g, Arabic gum:500g, 21789 J/g, 

5.773 kcal/g; fat content 28%; protein content 19.5% ; carbohydrate content 52.5%). 

Rouex-en-Y gastric bypass surgery was performed on day 14th, on 10 of the 14 animals 

on LF diet and all animals of the HF/S group (n=14). The remainder of the LF group 

(n=4) underwent sham operation. For postoperative values, only animals were used which 
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lasted until the final day of the experiment (postoperative day 24; sham (LF) n=4. LF 

n=6, HF/S n=6). 

 

Surgery and data acquisition 

 Transmitters (model TA10TA-F40; Data Sciences, St. Paul, MN) for the 

measurement of body temperature and activity by radio telemetry were implanted in the 

peritoneal cavity under N2O–halothane anesthesia 4 weeks before surgery. A radio 

receiver (model RA1010; Data Sciences) was mounted underneath each cage and 

attached via a BCM-100 consolidation matrix to a computerized data acquisition system 

(Dataquest IV, Data Sciences), which assessed the body temperature and locomotor 

activity of each rat continuously from pre-surgery day 7 until day 23 post-surgically. 

When an animal moved the strength of the signal received by the system changed thus 

allowing the assessment of locomotor activity by counts. Locomotor activity was 

recorded continuously and cumulatively stored at 5 min intervals. To obtain a reference 

level of locomotor activity the mean activity count value of 1 week prior surgery was 

considered as 100% activity for the given animal. Activity counts were expressed as 

percentage of pre-operative values and group averaged were calculated on transformed 

data (Buwalda et al., 2001). The intraperitoneal transmitter emitted a temperature 

dependent frequency-modulated signal (received by the radio receiver), when body 

temperature was sampled at every 5 min for 10 s. 

 Roux-en-Y gastric bypass surgery was performed as described by Bueter et al 

(Bueter et al 2012). In short, following isoflurane anesthesia the abdomen was shaved and 

disinfected with surgical scrub then a midline laparotomy was executed. During sham 

surgery, a 7mm gastrotomy on the anterior wall of the stomach and a 7mm jejunotomy 

with subsequent closure at both locations were performed. In the RYGB group the 

proximal jejunum was transected 15 cm distal to the pylorus to create the biliopancreatic 
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limb. The common channel was made by transecting the ileum 25 cm proximal from the 

ileocecal valve where a 7mm side-to-side jejuno-jejunostomy was performed between the 

biliopancreatic limb and the common channel. Animals were maintained on wet diet (LF 

or HF soaked in tap water), for 5 days post-surgically then their respective solid diet was 

offered again. 

 

Experimental procedures 

 On day 24 postoperatively rats were sacrificed. Animals were placed in an 

isoflurane-filled chamber for sedation, followed by heart puncture. Liver, spleen and 

kidneys were carefully excised and weighed. The following adipose tissue pads were 

obtained and weighted: epididymal, retroperitoneal, mesenteric, subcutaneous and 

intramuscular. Additional fat content of the carcass, skin and intestine were obtained by 

drying them in an oven at 65°C for three weeks then the tissues were put in a petroleum-

based Soxlet fat extractor to dissolve the remaining fat. The dried tissues were weighed 

before and after fat extraction. 

 

Energy efficiency calculation 

Energy efficiency is the ability of the rat to efficiently use the energy intake for 

the use of body (weight) homeostasis over a period of time. We calculated energy 

efficiency by using the following equation: Energy efficiency = {(Δ Body weight (g) / 

cumulative energy intake (kJ)) x 1000}per week (Gong et al 2016). 

 

Data analysis 

 All data are expressed as mean ± standard error of the mean (SEM). In this study 

the baseline period was defined as 1 week before surgery. Body composition parameters 

are presented in absolute numbers or analyzed as a percentage of total body weight. 
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Differences between groups were tested for significance using two-way ANOVA with 

surgery and diet as factors or one-way ANOVA with post hoc Tuckey’s multiple 

comparison. Where time was a factor a repeated measure ANOVA was performed. P-

values < 0.05 were considered statistically significant and statistics were done with IBM 

SPSS software 23.  

 

Results 

Body weight loss and energy intake 

 Before surgery the average body weight of the different diet groups were Sham 

455.0±18.5, LF 473.5±15.6 and HF 569.2±18.0. Following surgery both diet groups 

showed reduction in body weight compared to baseline values, which persisted 

throughout the postoperative period (week-1 F3, 20= 111.643 p<0.01; week-2 F3, 20= 

107.569 p<0.01; week-3 F3, 20= 116.292 p<0.01). Post hoc analyses showed that during 

the whole period both, the LF (p<0.05) and HF (p<0.05) showed more weight change, 

resulting in lower body weights compared to the sham animals (Figure 1). The decline in 

body weight was strengthened by a diet effect from the second postoperative week until 

the end of the experiment. HF/S lost significantly more weight compared to the LF diet 

group (p<0.05, p<0.01 respectively per week) (Figure 2A).  
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Figure 1. Effect of RYGB surgery and sham on body weight. Level of significance are indicated 

with * for p<0.05.  

 

 

Figure 2 Effects of RYGB surgery and Sham (LF) surgery in rats on a high fat/sucrose 

(HF/S) or low fat (LF) diet on body weight (A) and energy intake (B day, C night). 

Levels of significance are indicated with * for p<0.05 and ** p<0.01 for surgery and $ for 

p<0.05 and $$ for p<0.01 for diet effects with two way ANOVA. 
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 During the baseline week, no significant differences were seen in energy intake 

between the different groups (Figure 2B). After the first week following RYGB (during 

which liquid food was predominantly given), rats undergoing RYGB surgery consumed 

less than the Sham group, and their daily energy intake failed to return to pre-operative 

values. This was seen both during day (F3, 20 = 2.507 p<0.05; Figure 2B) on week-3, and 

at night on week-s and 3 (F3, 20 = 15.820 p<0.01, F3, 20 = 10.269 p<0.01, respectively; 

Figure 2C). No diet effect in daily energy intake was seen, both during day and night.   

 

Energy efficiency 

 Before surgery (baseline period=1 week before surgery) all groups showed 

positive values on energy efficiency, with no differences between the groups (Figure 3B). 

Surgery resulted in negative energy efficiency during the first two weeks postoperative 

(F3,19 =50.257 p<0.01 and F3,20=11.5945 p<0.01respectively per week). Between diet, 

HF/S showed an even larger reduction in energy efficiency during the first (p<0.01) and 

second (p<0.01) week postoperative (Figure 3A). 

 

Figure 3. Effects of RYGB surgery and Sham surgery in rats on a high fat/sucrose (HF/S) 

or low fat (LF) diet on energy efficiency in 7-day periods. The insert (B) shows baseline 

(1 week before surgery) energy efficiency in the different groups. Levels of significance 
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are indicated with ** for p<0.01 for surgery and $$ for p<0.01 for diet effects with two 

way ANOVA.  

 

Circadian rhythmicity of body temperature and physical activity  

 Pre-operatively all the different groups showed similar rhythmicity in body 

temperature and physical activity (Figure 4A, 4B). During the first three days after the 

surgery the LF diet group failed to restore their body temperature to normal values again 

(Figure 4A) when compared to the HF/S diet group (F1,16=4.821, p<0.05) and the Sham 

group (F1,16=,5.461 p<0.05). Repeated measures of ANOVA revealed significant time 

effect (F45,450=3.000 p<0.05) on body temperature, however between-subject analysis 

showed no differences the LF diet and the HF/S diet groups (Figure 4A). 

 Surgery resulted in an overall decrease (F1,16=9.858, p< 0.01) of physical 

activity, however rats on the LF diet showed lower levels compared to the HF/S diet 

group (F1,16=16.544, p<0.01) (Figure 4B). Repeated measures ANOVA revealed a 

significant effect of time (F44,440=4.969, p<0.001) on locomotor activity (in %). Even 

though there was no interaction with diet, between-subject analyses showed that the LF 

diet group had significantly lower locomotion activity than the HF/S groups did after 

surgery (p<0.01, Figure 4B). Neither diet group exhibited restoration of the day-night 

rhythmicity in energy intake within the first two weeks after RYGB surgery (Figure 4C).  
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Figure 4: Effects of RYGB surgery on a high fat/sucrose (HF/S) or low fat (LF) diet on 

circadian rhythmicity in body temperature (A), activity (B) and energy intake (C).  

 

Discussion 

In the present study we observed that rats feeding a HF/S diet and undergoing 

Roux-en-Y gastric bypass (RYGB) surgery 1.) demonstrated more pronounced reductions 

in body weight and 2.) had reduced stress responses measured by circadian 

thermoregulation and locomotor activity changes relative to rats feeding a LF diet. These 

differences in body weight loss could not be explained by differences in energy intake 
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alone. Energy efficiency, however, was significantly lower in the HF/S-fed rats relative to 

the LF-fed rats that both underwent RYGB. Thus, it seems that RYGB surgery activates 

certain pathways, that produces a disproportionally greater body weight loss than it would 

be expected based on the lower energy intake alone. These differences in body weight 

could be explained partially by 1) differences in food intake between aforementioned 

groups, 2) RYGB causes reductions in energy absorption that are more pronounced in the 

HF/S feeding rats than in the LF feeding rats (Mahawar et al, 2017). 3) RYGB reduces 

energy expenditure in LF feeding rats below that of HF/S feeding rats. 

There are several possible mechanisms which may play roles in energy intake 

reduction: lower set point of satiation, altered food selection choices, changes in the 

microbiome, altered gut hormone synthesis, modified gut-brain axis communication. 

RYGB has been reported to lead to an early termination of food intake (le Roux et al 

2006, Miras et al 2013), smaller meal size (Manning et al 2015, Zheng et al 2009) and 

lower meal consuming rates compared to preoperative measures (Laurenius et al 2012, 

Manning et al 2015). These changes may be mediated by alterations in gastrointestinal 

and central neuroendocrine signaling (Laurenius et al 2012, le Roux et al 2006) mostly 

via the celiac branch of the vagal nerve that reaches the nucleus tractus solitaries (NTS) 

(Hao et al 2014) and the arcuate nucleus (Barja-Fernández et al 2015). Brain responses 

after food consumption are augmented by RYGB in the hypothalamus, pituitary and the 

left medial orbital cortex, which is speculated to restore lost inhibitory control of food 

intake (Eickhoff 2017, Hunt et al 2016). Interestingly it is yet unclear precisely which 

gut-generated signals are responsible for the modified brain structure/function after 

RYGB. RYGB also results in altered taste perception (Miras et al 2013, Zheng et al 2009) 

and reduced fat preference (le Roux et al 2011, Mathes et al 2016, Seyfried 2013). 

Indeed, RYGB patients generally display “dieting behavior” after the surgery by selecting 

low fat food options rather than high fat, palatable items (which was typical 
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preoperatively). Interestingly these low-fat foods triggered intolerance in the patience 

with numerous adverse reactions, thus the current dietary recommendations following 

RYGB surgery may need to be reconsidered (Thomas et al 2008). In our study -although 

rats did not have the choice of food- high fat diet was consumed less after surgery but 

resulted in a much better stress management than low-fat diet did supporting that high-fat 

diet may be beneficial after bariatric surgery. 

 As for potential explanation 2) RYGB may lead to malabsorption since a certain 

degree of reduction of fat digestibility has been reported following RYGB in rats and 

mice (Cavin et al 2016, Shin et al 2013), although the degree by which this fecal fat loss 

effects weight loss is under debate (Cavin et al 2016, Kumar et al 2011, Odstrcil et al 

2010. 

While we cannot exclude the second argument, there are reasons to believe that at 

least the third possible mechanism underlying the weight loss difference (reduction in 

energy expenditure) is true. Rats in our study were equipped with telemetry transmitters 

that allowed us to continuously record body temperature and locomotor activity, and both 

these parameters decreased considerably after RYGB in the LF feeding rats, but not in the 

HF/S feeding rats. Fueling body temperature and locomotor activity are energy costly 

(Cannon et al, 2011), and therefore would raise energy expenditure in the HF/S feeding 

rats relative to the LF feeding rats (Ebbeling et al., 2018; Ludwig et al, 2018), hence 

explaining the lower food efficiency in the HF/S feeding rats. Besides using body 

temperature and locomotor activity as proxies for energy expenditure, the pattern and 

amplitude of circadian rhythms of these parameters can also be used to indicate recovery 

from surgery (Harper et al., 1996).  Thus, in contrast to the finding that HF/S feeding rats 

were more affected by RYGB in their energy balance parameters, we observed that the 

normal circadian regulation of body temperature and locomotor activity was more 

dysregulated in rats consuming the LF diet.  In fact, while locomotor activity levels in the 
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HF/S diet group appeared to become normalized 7 days after RYGB surgery, they 

remained lower and fluctuating much less in the LF diet group.  While we do not know 

the underlying mechanisms for the aforementioned discrepancy, the seemingly protective 

effects of the HF/S diet on body temperature and locomotor fluctuations are reminiscent 

of previous data from our group showing that a HF/S diet is also protective against social 

defeat stress-induced derangements in fluctuations of body temperature and locomotor 

activity (Buwalda et al., 2001).  It was speculated that a HF/S diet improves emotional 

resilience (van Dijk et al, 2008), based on the fact that a HF/S diet prevents loss of 5HT-

1a autoreceptor sensitivity following social defeat stress (Buwalda et al., 2001).  

The observations that HF/S feeding could suppress thermoregulatory and 

locomotor stress responses is also surprising in light of the finding that high fat-high 

sucrose diet has been linked to obesity (Katz et al 2014) as it showed clearly in the 

preoperative food intake, body weight and energy efficiency data from the present study. 

The fact that HF/S diet consumed the least amount post surgically with the greatest body 

weight loss resulting in a low energy efficiency clearly indicates that some physiological 

mechanisms were switched on, conveying a reduction of food intake. One of these 

pathways could be that serotonergic activity is suppressed by high fat diet (Buwalda et al 

2001, Oh et al 2016), leading to reduced food intake and body weight by accelerating 

lipid metabolism via increasing the concentration of circulating bile acids (Watanabe et al 

2010) and enhancing lipolysis in adipocytes and gluconeogenesis in hepatocytes through 

5HTR2B (Sumara et al 2012). Additionally, high fat diet has also been shown to increase 

inflammation and introduce stress related behavioral dysfunction (de Sousa Rodrigues et 

al., 2017). Thus, it is not clear whether the stress alleviating effect of HF/S diet is only 

effective short term (immediately after surgery) but later causes inflammation and stress 

related dysfunction or it is the low-fat (high carbohydrate) diet which results in less 

adaptive stress responses. One possibility may be that the HF/S feeding rats have an 
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increased intra-abdominal fat content, which -directly after surgery- would diffuse some 

of the immunological responses that are associated with gastro-intestinal surgery (Sun et 

al., 2011). 

The question is whether and how this is relevant for clinical purposes. Obese 

humans undergoing RYGB surgery have frequently improved mood already because of 

the fact that they lose weight (Polovina et al, 2019), but higher weight loss as well as 

improved circadian functioning may be mediated in non-compliant individuals when they 

are subjected to a diet with a higher fat content. We are not aware of any study that 

investigated the outcome of RYGB surgery in humans subjected to low versus high fat 

diets, but it may be worth investigating this. 

The limitation of the study was that 1.) we did not include a sham operated control 

group subjected to a HF/S diet, e.g. to investigate whether the aforementioned 

discrepancy was also found in the sham operated rats, albeit to a lesser extent. If such an 

effect had happened, then the observed effects would have been due to the surgery stress 

and not to the RYGB procedure per sé.  The sham-operated LF group, however, did not 

show major impairments in circadian rhythmicity after surgery, nor did they display 

major weight loss. 2.) Fecal energy loss was not assessed, which could have given a more 

complte picture of energy balance of the animals. 

In summary, our results show that rats feeding a HF/S diet appeared to have a 

lower response to the RYGB surgery in terms of lesser disturbance of circadian body 

temperature and locomotor rhythmicity compared to rats feeding a LF diet. These effects 

in the HF/S feeding rats, however, were associated with greater weight loss, greater intake 

reduction, and reduced food efficiency than those feeding a LF diet. The mechanisms by 

which feeding a HF/S diet exerts these effects may be of clinical importance, and deserve 

further attention. 
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General Discussion 

In this thesis, we investigated whether energy balance is affected by two different 

type of surgeries [ileal transposition (IT) and Roux-en-Y gastric bypass (RYGB)] by 

monitoring food intake, weight loss, measuring energy expenditure, gut hormones and 

calculating energy efficiency. In addition, we used different types of diets to investigate 

whether they have any effect on these parameters with or without surgery. 

 

Surgery methods 

 The main difference between IT and RYGB is that in IT the length of the GI tract 

remains as it was before the surgery (chapter 2), while in RYGB the bigger part of the 

stomach, duodenum and upper jejunum are separated from the flow of chyme and are 

only connected back to the lower ileum (chapter 6). From this it follows that  

- in IT the original absorptive surface of the intestine still participates in digestion, while 

in RYGB the cut off GI parts do not have a digestive work load 

- in IT the duodenum is its original position, fully participating both in digestion and in 

secretion of gut hormones (chapter 5), while in RYGB the excluded upper parts do not 

function as absorptive surface and their gut hormone secretion is reduced, but the distal 

ileum increases the hormone output 

- in IT only the transposed ileal segment is overstimulated by the rapidly expedited 

nutrients meanwhile in RYGB the distal jejunum and ileum receive the unusual quality 

and quantity of nutrients presumably leading to post-surgical stress (chapter 6). 

These differences are probably responsible for the observed variations of food intake, 

weight loss, the time course of weight loss, energy efficiency values, gut hormone levels 

and stress levels. 
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Energy intake and weight loss 

 After both IT and RYGB food intake was significantly reduced (chapter 2-6) but 

this reduction was not significant any more after 3 weeks in both studies, which is not in 

agreement with other studies, where IT rats ate significantly less than did controls until 

the 5th week post-operatively, but not later, while RYGB rats continued to have 

significantly reduced food intake until the 8th weeks (Chelikani et al 2010). The 

discrepancy may be due to diet composition, since both in our IT and RYGB studies other 

than standard diets were used, while in the quoted study rats were maintained on standard 

chow. This difference of food intake reduction time line suggests that one of the above-

mentioned differences between the two surgeries could be responsible for this 

phenomenon, namely gastric restriction, the exclusion of duodenum and/or proximal 

jejunum which may have altered gut hormone signaling to the brain in a more prolonged 

fashion than did IT. Gastric restriction does lead to smaller meal size and partial 

compensation by meal frequency in rats (Zheng et al 2009) and in humans (Laurenius et 

al 2011), although the relationship between pouch size and reduced meal pattern is 

controversial (Abdeen et al 2016, Heneghan et al 2012, Topart et al 2011).The exclusion 

of the duodenum and the proximal jejunum (Roux limb) “the foregut hypothesis 

(Scopinaro et al 1996)”which is the location of GIP secreting K cells leads to a reduction 

of GIP in fed state in mice (Zhou et al 2015) and in humans (Santo et al 2016) (probably 

due to lack of stimulation by nutrients) which results in decreased hunger (Farr et al 2016, 

Seino et al 2010). These two distinguished features of RYGB (gastric restriction and 

bypassed Roux loop) may explain why RYGB resulted a longer weight reduction period 

than did IT. Additionally, exactly because of these features of RYGB, the IT model 

allows to parse out the weight loss mechanisms of RYGB leading for the independent 

study of the effects of direct lower gut stimulation on food intake and body weight. The 

over-stimulation of the distal ileum by the rapid transport of nutrients “the hindgut 
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hypothesis (Pok et al 2014)”is probably a major factor in body weight loss after both IT 

and RYGB. Indeed, after these surgeries the levels of anorexic hormones such as GLP-1, 

PYY, and neurotensin increase as it happened in our IT study (chapter 5) and with 

numerous RYGB experiments both in rodents (Borg et al 2006, Mu et al 2017) and in 

humans (Hutch et al 2017, le Roux et al 2007). The anorexic effect of both IT and RYGB 

could be due to several mechanisms, such as gut hormones acting locally and through the 

central nervous system (CNS), altered bile acid secretion (Abdeen et al 2016, Albaugh et 

al 2016) and microbiota (Abdeen et al 2016, Albaugh et al 2016). The present studies 

investigated the altered hormone levels after IT, which were all consistent with the well 

documented observations of others, namely bariatric surgeries result in increased 

secretion of anorectic hormones (Abdeen et al 2016, Batterham et al 2006, Borg et al 

2006, Chelikani et al 2010, Hao et al 2016, Hutch et al 2017, le Roux et al 2007, Ramzy 

et al 2013, Strader et al 2005, Zhou et al 2015) which act both locally and via the gut-

brain axis at several locations in the CNS, such as the hypothalamic arcuate nucleus 

(ARC). The ARC is closely located to median eminence (Schwartz et al 2000), which is 

not fully protected by a functional blood-brain barrier, thus giving the possibility that 

ARC can sense and orchestrate numerous hormones, including orexigenic Agouti-related 

protein (AGRP) and the anorexigenic pro-opiomelanocortin (POMC), neuropeptides that 

regulate energy metabolism (Waterson et al 2015). These distinct groups of neurons are 

highly sensitive to metabolic status and alter energy intake via the modulation of bimodal 

melanocortin-4 receptor (MC4R) (Hatoum et al 2012, Zechner et al 2012, Waterson et al 

2015). Co-expressed with AGRP is another orexigenic peptide, neuropeptide Y (NPY), 

(Zhan et al 2013, Waterson et al 2015) and these. AGRP/NPY neurons directly project to 

POMC neurons and when stimulated inhibit POMC firing through multiple levels of 

intercellular communication resulting in the regulation of feeding behavior and body 

weight. 
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 The reduced food intake resulted in weight loss, which was the greatest 

immediately after surgery following both surgeries. IT rats reached a lowest body weight 

point and then started gaining weight (chapter 2-5), meanwhile with RYGB rats kept 

losing weight throughout the study (chapter 6), which fact implies that RYGB (probably 

due to the above-mentioned features) exerts a longer weight loss/satiety promotion 

trajectory than IT does. When RYGB and IT rats were compared how much weight was 

lost during an 8-week post-operative period it was found that RYGB rats lost more weight 

and kept a lower body weight than did IT (Chelikani et al 2010). Taken together these 

facts it seems likely that RYGB sustains anorexia meanwhile IT only causes transient 

reduction of food intake. The observed weight loss was entirely due to body fat loss with 

both IT (chapter 3) (Strader et al 2005, Ramzy et al 2013) and with RYGB (Shin et al 

2013, Zheng et al 2009) although results are controversial with humans (de Aquino et al 

2012). These findings give additional evidence for re-programming a lower defended 

body weight paired with abolishing the defense of the original, higher fat mass level 

following RYGB. This is supported by that rodents return to their new, lower body 

weight even after over- or underfed (Hao et al A, B 2016) The underlying mechanisms 

involve central (leptin and melanocortin signaling pathways), (Hatoum et al 2012, Korner 

et al 2013, Zachner et al 2013) and peripheral signals (gut hormones and their neural 

effector pathways). 

  

Energy efficiency, energy budget and energy expenditure 

 Calculations (energy efficiency and energy budget), based on energy intake and 

body weight supported that RYGB leads to a sustained reduction of food intake and 

consequently reduction of body weight probably via activation of partly different 

hormonal and neuronal pathways than does IT. Indeed, both energy efficiency and energy 

budget was significantly decreased following IT (chapter 3) and RYGB (chapter 6), but 
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there was a major difference between the two surgeries. While energy efficiency 

normalized the 2nd week post-operatively of IT, RYGB led to sustained low energy 

efficiency for the 2nd and the 3rd week after surgery. Energy efficiency was significantly 

reduced after surgery, significantly more so in the IT and RYGB groups compared to 

controls, but shortly after surgery IT rats did not have significantly different energy 

efficiency than did controls, meanwhile RYGB rats had their energy efficiency lower than 

that of the controls. Thus, it seems that the anorexic effects of RYGB is long term, 

causing much more reduced body weight than IT, which was reflected in the energy 

efficiency values. 

 It has been theorized that the success of bariatric surgeries may lay in that they not 

only reduce food intake but also increase energy expenditure creating an even greater 

negative energy balance. In our IT study, we observed that IT resulted in decreased 

energy expenditure (chapter 4) which is in agreement with human RYGB studies, where 

RYGB led to decreased Total Energy Expenditure (TEE) (Rabl et al 2014, Schmidt et al 

2015) and Resting Metabolic Rate (RMR) (Liu et al 2012), although human results are 

conflicting (Faria et al 2012, Schmidt et al 2015). Interestingly RYGB results on energy 

expenditure are highly variable and revealed significant species differences: resting 

energy expenditure is increased in mice (Nestoridi et al 2012) and rats (Stylopoulos et al 

2009) pointing to that caution needs to be exercised when inter-species conclusions are 

drawn. When rats were maintained on a high protein/high fat diet their Ingestion-related 

Energy Expenditure (IEE)  increased (chapter 2) which tendency was also seen when rats 

consumed one of the three diets of HF, HP or HC (chapter 3), Nevertheless, it seems that 

there is a metabolic adaptation after bariatric surgeries: the decreased energy demand is 

greater than expected for the degree of weight loss, suggesting that energy expenditure 

does not play a critical role in establishing negative energy balance. The only exception 

could be the increased IEE, which may support weight loss port surgically. 
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Diet 

 In both studies the highest pre-surgical food intake was observed with HF diet, 

supporting that HF diet (with high sugar content) has been reported to be highly palatable 

both for rats ((Sharma et al 2012) and humans (Johnson et al 2014), leading to weight 

gain as it was observed in our study as well (chapter 3, 6). HF diets were consumed in the 

least amount after surgeries, which is probably due to 1. lipids are strong triggers of the 

ileal brake (Maljaars et al 2012) causing reduction of food intake, 2. HF diets are known 

to cause low grade gastrointestinal inflammation in rats (Denver et al 2018, Gil-Cardoso 

et al 2017) and in humans (Pendyala et al 2012, Ruiz- Núñeza et al 2013) which can 

manifest as gastrointestinal malaise (De Punder et al 2015) which was probably the 

reason behind that HF rats had the longest recovery period in our IT study. Further 

supporting that RYGB probably has different pathways (at least partially) than does IT is 

that HF rats in the IT study did increase their food intake post-operatively so much so that 

they caught up with the other two groups, meanwhile RYGB rats consuming HF diet kept 

their food intake lower than that of controls.  The reasons behind this could be that 1. The 

greatly reduced visceral fat sustained long term in the case of RYGB may have 

compromised the endotoxemia barrier (De Punder et al 2015) leading to avoidance of the 

diet. 2. The well-known fact of altered taste leading to decreased fat and sugar intake 

following RYGB (Abdeen et al 2016, Johnson et al 2014), may have been present in these 

rats. 3. The bile secretion of the bypassed duodenum only gets into contact with the 

chyme at a much more distal location making fat digestion more challenging {Indeed, fat 

malabsorption has been reported in humans (O’Keefe et al 2017) and in rodents (Canales 

et al 2013) following RYGB.}4. The rapid delivery of undigested nutrients to the lower 

ileum probably triggers a strong ileal brake, which is the same in IT but with RYGB the 

much shorter functioning alimentary limb makes the ileal brake’s possible location of 

action much smaller and probably stronger. 5. Fats have been shown to elevate the 
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secretion of anorexic gut hormones, such as PYY (Batterham et al 2006, Essah et al 2007) 

and GLP-1 (Carr et al 2008, van der Klaauw et al 2013) which hormones’ levels are 

increased after both IT (Chelikani et al 2010, Ramzy et al 2013) and RYGB (Borg et al 

2006, Hutch et al 2017). High fat diets have been shown to be less effective in increasing 

Diet Induced Thermogenesis (DIT) (Westerterp 2004) and Total Energy Expenditure 

(TEE) (Jackman et al 2010) than the other macronutrients. The higher Resting Metabolic 

Rate (RMR) found in our HF rats on ad libitum day is in contrast with these findings, 

with the possible explanation of that the HF diet in the IT study contained mostly 

unsaturated fats, which have been shown to increase energy expenditure (Jones et al 

2008, Piers et al 2002). 

 A rather surprising observation was that HF diet with RYGB led to better short-

term coping with intestinal stress following RYGB: HF rats’ body temperatures and 

circadian activity was closely resembling that of controls, while LF rats has lower body 

temperatures and less circadian activity shortly after surgery (chapter 6). Similar stress 

responses were reported after social defeat stress (Buwalda et al 2001, Mondada et al 

2016) or intraperitoneal LPS infusion (Buwalda et al 2001, Queen et al 2016). Thus, it 

seems that high fat diet alleviates the behavioral and physiological stress responses in 

short term. One possible explanation could be that the RYGB HF diet contained saturated 

fatty acids (SFA) rather than polyunsaturated fatty acids (PUFA), and SFA is a significant 

constituent of bacterial cell membrane (as LPS/Lipopolisacharide is) but the cell 

membrane does not contain PUFAs (Boudjemaa et al 2018, Ruiz-Núñez et al 2016). 

Thus, high SFA intake (in the RYGB/HF group) may trigger a similar defense pathway as 

it happens when bacterial LPS activates an immune response leading to protection against 

bacterial overgrowth/imbalance in the gastrointestinal tract,  

 High protein diet has been shown to have the strongest satiety effect among the 

macronutrients in humans (Batterham et al 2006, Dunlop et al 2014) and in rodents 
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(Bensaid et al 2004) thus this could be a reason behind the lowest pre-, and post-surgery 

food intake of the HP diet in the IT study (chapter 3). The other explanation could be that 

according to the protein leverage theory ((Simpson et al 2005) rats would stop eating, 

when they reach the required amount of protein from their diet, which could have been 

accomplished with a smaller amount of diet in the case of HF diet than with HF or HC. 

Consequently, HP diet led to reduced food intake and body weight with substantially less 

body fat than that of the other two diets. Additionally, HP diet may have activated an ileal 

brake (van Avesaat et al 2015) not as strong as the HF diet did but stronger than that of 

HC, also leading to reduced food intake and body weight. Protein content of luminal 

content has been shown to increase the secretion of anorexic gut hormones (Essah et al 

2010, van der Klaauw et al 2013) further strengthening the body weight reductive effect 

of HP diet. Beside these effects HP diet also resulted in the highest IEE (chapter 2, 4) 

which finding corroborates that high protein diet has been shown to increase energy 

expenditure in humans (Flint et al 2003) and in rodents (Petzke et al 2007 Westerterp 

2004). Thus, HP diet acts through several different pathways to reduce food intake and 

body weight, on its own and with bariatric surgery as well. 

 High carbohydrate diet, especially if it is high in simple sugars and void of fibers 

(high glycemic index) leads to increased food intake and weight gain both in rodents 

(Gomez-Smith et al 2016) and in humans (Ledikwe et al 2005), which was observed in 

our study as well (chapter 3, 6). Although HF diet was consumed in higher quantity pre-

surgically than HC diets, the intake of HC diet remained high throughout the post-

operative period both with IT and RYGB leading to quicker body weight gain/shorter 

recovery period with IT or stable body weight with RYGB. Indeed, attempts to reduce 

body weight through low fat, consequently high carbohydrate diets did not prove to be 

superior to other calorie restrictive methods (Soeliman et al 2014, Tobia et al 2015), 

except when they were high glycemic (Kahleova et al 2018, Sylvetsky et al 2017). 
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Additionally, the body fat mass of HC rats was significantly more than that of HP and 

non-significantly less than that of HF in the IT study. Rats on HC/LF diet with RYGB 

had less fat mass (non-significant) than did RYGB/HF rats. Putting together these 

observations suggest that HC diet supports weight gain through increased food intake, 

which may aid quick recovery of surgery but at the expense of weight gain.  

 

 Implications 

 The epidemic proportion of obesity and overweight propelled the research of  

finding the causes of this accelerated increase as well as effective weight loss methods. 

Today the only long term and sustainable weight loss therapy is bariatric surgery, which 

evolved from the purely mechanistic approach in the early 1960s to the present 

multifactorial point of view. Indeed, today research shows that the success of bariatric 

surgeries could stem from: 1) gastric restriction, 2) changes in gut hormone secretion 

caused by the altered gastrointestinal tract (foregut and hindgut hypothesis) leading to 

increased ileal brake and modifications in the gut-brain cross-talk resulting in a prolonged 

anorectic state, 3) changes in energy expenditure, 4) altered bile acid homeostasis, 5) 

greatly altered microbiota. In this thesis, IT and RYGB have been compared (Chelikani et 

al 2010) in rats and RYGB was found to cause greater weight loss via more pronounced 

food intake reduction and with higher levels of PYY. GLP-1 levels have been reported to 

be similarly increased (Pezeshki et al 2014) and glucose control equally improved (Wang 

et al 2008) by both surgeries. Our findings add to this that RYGB causes prolonged 

weight loss compared to IT via continuously decreased energy efficiency (and transient 

post-operative decrease following IT) in rats. But the picture is more complex than this 

statement because IT rats still maintained a lower body weight than controls did hinting to 

a new, lower body fat mass set point thus warranting IT as a beneficial bariatric therapy. 

Indeed, IT induced improved glucose control (Patriti et al 2005) and shorter recovery time 
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than bypass surgery (Wang et al 2008) did in non-obese diabetic rats. IT also has a few 

advantages which make this surgery a choice of treatment especially pairing it with other 

procedures such as Laparative Sleeve Gastrectomy combined with IT (LSG-IT or LSG-II) 

{also referred to as ileal interposition (II)}. This treatment resulted to comparable weight 

loss and resolution of associated diseases, especially the metabolic syndrome in morbidly 

obese (DePaula et al 2011) and overweight (DePaula et al 2008) patients. LSG-IT can fill 

a niche, because it is especially effective for diabetes remission in lean patients who have 

not responded to traditional therapies (Ersoz et al 2015, Gagner 2011). Thus, IT has been 

referred as “diabetes surgery” (Karra et al 2010). These findings show that IT is not only 

a good and practical model of lower gut stimulation in investigating the underlying 

mechanisms of bariatric surgery without the confounding factor of other aspects of 

bariatric surgeries (such as gastric restriction or bypassing the duodenum and upper 

jejunum) but also a valid treatment for obesity related comorbidities. 

 It also seems probable that IT is less demanding post-surgically, since low 

mortality rate and very few side effects have been reported in rats (Chelikani et al 2010, 

Wang et al 2008) and in humans (DePaula et al 2011). Indeed, the gastrojejunal 

anastomosis in RYGB is often a concern for anastomotic stenosis (the most frequent 

complication after RYGB) (Fringeli et al 2015), meanwhile there is no such concern with 

IT. RYGB is performed almost exclusively laparoscopically, making it a less invasive 

therapy than IT which is still an open surgery. Thus, elucidating on the underlying 

hormonal and neuronal mechanisms could lead to novel, non-invasive methods, making 

basic research imperative. 

 IT in our study did not lead to increased energy expenditure nor does RYGB 

according to literature (Liu et al 2012, Rabl et al 2014, Schmidt et al 2015), although this 

point still needs more research because results are conflicting both in rodents (Nestoridi et 

al 2012, Stylopoulos et al 2009) and humans (Faria et al 2012, Schmidt et al 2015). 
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Although, it is worth noting that IT (with high protein/high fat diet) led to increased IEE, 

which may support the observed long-term weight/fat loss. Nevertheless, it seems 

probable neither IT nor RYGB creates negative energy balance via increased energy 

expenditure meaning that they reduce the energy-in side of the equation by creating and 

sustaining an anorexic state. But it is worth investigating the underlying mechanism of 

reduced energy expenditure and the lower body fat mass set point, because they can lead 

to new therapies. 

 Diet was an important factor of appetite and weight change with or without either 

IT or RYGB. Our findings further support that HF diet leads to overeating and weight 

gain (see before surgery intakes and body weight gain) but induces significant reduction 

of food intake and body weight after surgery, probably via several above-mentioned 

pathways. An interesting finding is that a HF diet containing saturated fatty acids can 

alleviate post-operative stress, leading to a quicker recovery than does LF diet after 

RYGB. Meanwhile HF diet, which has mostly unsaturated fatty acids, seems to induce a 

very strong anorexic state immediately after surgery, leading to greater weight loss than 

do either HP or HC diet after IT. Later post-operatively HF diet did not have this effect 

furthermore its orexigenic properties were exerted again. Further research is need to 

investigate this phenomenon. In sum, high fat diet with prominent percentage of saturated 

fatty acids can be beneficial after bariatric surgery on two counts: 1. Alleviating stress, 2. 

Causing greater weight loss. HP diet with or without bariatric surgery caused reduced 

food intake and body weight, which was so even more after surgery, leading to reduced 

body fat mass. Thus, high protein diets can be valid options of weight loss not just 

because of their higher satiating effects but also because they may lead to higher IEE. 

Although caution needs to be exercised with the interpretation of rodent studies since it 

seems that rodents have different energy balance controlling system than humans do, 

leading to opposing results. HC diet, especially if containing simple sugars and no fiber 
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can cause body fat gain with or without bariatric surgery, and do not induce anorectic 

state even after surgery. Thus, it seems HC diet is not the choice of post-operative diet. 

 

In summary 

The research described in this thesis can be summarized around three points 

 

1. Both IT and RYGB cause weight loss but this weight loss is greater and sustained 

after RYGB due at least partly to prolonged reduction of energy efficiency. 

2. Although high fat diet leads to fat gain, it is effective in further reducing body 

weight after IT and RYGB shortly after surgery probably by inducing a stronger 

ileal brake. 

3. HP diet is the most effective in long term to support weight loss after IT. 

 

This thesis presents two different types of bariatric surgery: IT (non-restrictive, 

non-exclusive) and RYGB (restrictive and exclusive) (chapter 1). In IT only a 10 cm ileal 

segment is overstimulated by nutrients, the intestinal tract with its blood supply and 

innervation remains intact, thus allowing to investigate purely the overstimulation effect 

of the ileum without other confounding factors such as gastric restriction of duodenal 

exclusion (chapter 2). The transient weight reducing effect of IT was due to the transient 

decrease of energy efficiency (chapter 3) and not to increased energy expenditure (chapter 

4). Meanwhile with RYGB the sustained weight loss was due to the prolonger reduction 

of energy efficiency (chapter 6). Different diets exerted their effects on weight changed 

after these surgeries. With IT, HP diet resulted in the most weight loss (chapter 3) 

probably due to its satiety effect and to stimulating the ileal brake. HC diet (high in 

simple sugars) led to significantly less weight loss and the shortest recovery period 

clearly showing that HC diet is obesogenic. HF diet (high in polyunsaturated fats) led to 
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over eating both before and long after surgery, but interestingly had the most weight 

reducing effect shortly after IT, suggesting a strong ileal brake. HF diet (high in saturated 

fat) also resulted in over eating before RYGB (chapter 6) but shortly after the surgery 

induced milder stress responses (body temperature, and circadian motor activity closer to 

that of control) than low fat diet, suggesting an alleviating effect of saturated fats after 

RYGB. In both IT and RYGB HF diet dramatically decreased food intake and body 

weight shortly after surgery, pointing to a strong over stimulation of the ileum and 

increased gut hormone secretion (chapter 5) establishing and anorectic state. Taken 

together it seems probable that both IT and RYGB leads to weight loss via 

overstimulation of the ileum, the locale of certain types of enteroendocrine cells, secreting 

anorectic gut hormones. In addition, ileal overstimulation may trigger a 

supraphysiological ileal brake leading to food reduction. These effects were more 

prolonged in RYGB probably because the additional features of RYGB such as gastric 

restriction and the exclusion of the duodenum, upper jejunum. 

 

Conclusions 

The accelerating obesity epidemic and that the only long-term weigh loss method 

is bariatric surgery makes it imperative to gain knowledge of the underlying mechanisms 

of these states. This thesis investigated a few possible aspects of two kinds of bariatric 

surgery: ileal transposition (IT) and Roux-en-Y gastric bypass (RYGB). The observed 

prolonged reduction in body weight and energy efficiency after RYGB compared to that 

of IT, which was less, suggest that the additional features of RYGB (such as gastric 

volume reduction and duodenal, upper jejunal exclusion) establishes new much lower 

body weight set point than IT does. This weight reduction stems not only from the above-

mentioned features but also from that the lower ileum is placed in a much more proximal 

position allowing the undigested nutrients a stronger overstimulation of the ileum. This 
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overstimulation then leads to a strong ileal brake (slower gastric emptying, longer transit 

time in the gastrointestinal tract) and increased anorexic hormone secretion, all pointing 

to decreased food intake. Investigating the other side of the energy balance equation, we 

found that energy expenditure did not increase, thus not contributing the observed weight 

loss. 

HF diet induced a longer recovery period accompanied by greater weight loss than 

other diets did, but this effect only lasted shortly after surgery and then the original over 

eating inducing feature of HF diet returned, which suggest that HF diet only supports 

weight reduction short-term following surgery, although it can alleviate post-operative 

stress. HC diet especially if it is rich in simple sugars led to weight gain in IT and greater 

stress after RYGB, which is in agreement with the altered food preference of RYGB 

patients who avoid high sugar foods. HP diet seemed to support the weight loss the most 

with or without IT. 
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Samenvatting voor Nederlandse vertaling 

Obesitas is een zware last voor het individu als ook voor de samenleving als 

geheel, met verregaande consequenties voor de gezondheidzorg en de economie. 

Bariatrische chirurgie is de meest effectieve behandelingsoptie, niet alleen voor langdurig 

gewichtsverlies, maar ook voor de behandeling van obesitas-gerelateerde aandoeningen. 

Ondanks het succes van deze ingrepen zijn de onderliggende mechanismen van 

bariatrische operaties nog steeds onduidelijk. 

Dit proefschrift werpt licht op een aantal aspecten van de mogelijke mechanismen. 

De focus ligt op energiebalansregulatie na ileale transpositie (IT) en Roux-en-Y 

maagomleiding (RYGB) bij ratten. De centrale vraag was of deze operaties veranderingen 

induceren in energie-efficiëntie, energiebudget, energieverbruik en de componenten 

ervan, wat het waargenomen gewichtsverlies op zijn minst gedeeltelijk kan verklaren. 

Daarnaast hebben we ook onderzocht of darmhormonen (na IT) of veranderingen in 

circadiane ritmes (na RYGB) kunnen bijdragen aan dit gewichtsverlies. Het andere 

aandachtspunt was of macronutriënten samenstelling van de voeding een rol speelt bij het 

induceren van verschillende patronen (of uitkomsten) van gewichtsverlies na deze 

operaties bij ratten. 

 

Ileale transpostie 

IT werd een tijdlang beschouwd als slechts een experimentele techniek binnen de 

bariatrische chirurgie, omdat andere operaties suksesvoller waren en tot een groter 

gewichtsverlies leidden. Maar naarmate bariatrische chirurgie evolueerde (en het 

simplistische beeld van maagbeperking en / of malabsorptie als belangrijkste potentiële 

mechanismen voor de operaties veranderde in een verfijnder beeld) werd IT herontdekt 

als een waardevol hulpmiddel om te bestuderen wat er precies gebeurt na bariatrische 

chirurgie. Dus, het toepassen van IT zou kunnen bijdragen tot een beter begrip van de 
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“lage darm hypothese”, waarin nutriënt stimulatie van het lagere deel van de dunne darm 

gewichtsverlies induceert en diabetesbeheersing mogelijk maakt, via de afgifte van darm 

hormonen en andere fysiologische signalen (Rubino et al 2004).   

In hoofdstuk 2 wordt een gedetailleerde beschrijving gegeven van de chirurgische 

methodologie van IT, eerst om een duidelijk begrip van de techniek te geven, ten tweede 

om een basis te leggen voor zinvolle vergelijkingen tussen studieresultaten waarbij IT 

wordt gebruikt. Ten derde is dit hoofdstuk een eerbetoon aan wijlen professor H 

Koopmans, een pionier op het gebied van IT die al vroeg het potentieel zag van het effect 

van darmstimulatie op gewichtsverlies en diabetesbehandeling. Naast de IT-methodologie 

hebben we ook de uitkomsten ervan onderzocht op energiebalansparameters in ratten 

gevoed met dieet bestaande uit evenredig grote aandelen van koolhydraten, vetten, en 

eiwitten. Het energieverbruik werd gemeten middels indirecte calorimetrie tijdens een 

dag van vasten, een dag met een beperkte voedsel inname, en een dag met een ad libitum 

inname.  Noch het energiebudget (energie-inname - energieverbruik), noch energie-

efficiëntie (verandering in lichaamsgewicht / energie-inname) verschilde tussen ratten die 

IT (IT +) en controleoperaties (IT-) ondergingen. Het gewichtsverlies van IT + -ratten 

was te wijten aan verminderde energie-inname. Het waargenomen verhoogde energie-

verbruik gerelateerd aan de energie-inname (IGE) zou mogelijk kunnen voorkomen dat 

de dieren uiteindelijk dit gewichtsverlies compenseren door meer te gaan eten, aangezien 

dieet-geïnduceerde thermogenese (een onderdeel van IGE) ook een verzadigende werking 

heeft.  Het hoge verzadigende effect van een eiwit-rijk diëet in combinatie met het sterke 

effect van vet voedsel om maagdarm doorstroming te remmen (de zgn. “ileale rem”) zijn 

mogelijk de mechanismen achter het waargenomen verschil in gewichtstoename tussen IT 

+ en IT- ratten (Hamdy et al 2018, Wylie-Rosett et al 2013) . 

Om het effect van macronutriënten in het dieet op de energiebalans van ratten met 

of zonder IT beter te bestuderen vergeleken we drie diëten met verschillende 
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macronutriënt gehaltes; namelijk hoog koolhydraat (HC - 50% koolhydraten, 25% vet, 

25% eiwit), hoog eiwit (HP – 50% eiwit, 25% koolhydraten, 25% vet) en hoog vet (HF – 

50% vet, 25% koolhydraten, 25% eiwit), in onze volgende studie (hoofdstukken 3 en 4). 

Hier maten we de energie-inname, het lichaamsgewicht, en de dagelijkse energie-

efficiëntie van IT + en IT-ratten. We ontdekten dat het HP-dieet het meest effectief was in 

het verminderen van de voedselinname, zelfs vóór de operatie, en dit bleef zo tot het 

einde van de registratie, wat resulteerde in de meeste lichaamsvet afname en 

gewichtsverlies zowel met of zonder IT. Het HF dieet leidde pre-operatief tot een 

verhoogde voedselinname, het goed gedocumenteerde effect van een dieet met een hoog 

vet/suiker gehalte zowel bij ratten (Pickering et al 2009, Sharma et al 2012) als bij 

mensen (Hryhorczuk et al 2013, Singh 2014). Dit effect keerde echter om naar de minste 

inname direct na IT operatie, wat leidde tot de langste herstelperiode en het grootste 

verlies van lichaamsgewicht onder de verschillende dieet groepen. Dit effect kan mogelijk 

verklaard worden door de volgende mechanismen.   

1) Een sterke ileale remming door het HF dieet (Maljaars et al. 2012), welke 

gecombineerd met de IT procedure leidt tot een sterke verzadigende werking.  

2) Een gastro-intestinale ontsteking veroorzaakt door een vetrijk dieet (Denver et 

al. 2018, Ruiz-Núñeza et al. 2013), welke door het krimpen van het de vetlaag om de 

darmen (mesenterisch vet) door IT niet meer voldoende wordt geneutraliseerd en 

aanleiding geeft tot een gevoel van malaise.   

 

In een later stadium van de studie begonnen HF-ratten echter meer te eten, en 

namen daardoor snel in gewicht toe, wat uiteindelijk resulteerde in het hoogste 

lichaamsvetgehalte bij ratten onder verschillende dieet condities. De inname van HC-

voeding bleef gedurende de hele studie relatief hoog, waarbij het effect van IT 

onderscheidend bleef. Dit zou verklaard kunnen worden door de goed gedocumenteerde 
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effecten van een hoge smakelijkheid van een dieet bestaande uit enkelvoudige suiker 

(50%), gecombineerd met enig toegevoegd vet (25%) (Gomez-Smith et al 2016). Het feit 

dat nutriënten in vloeibare vorm werden aangeboden als vervanger van vast voedsel (Stull 

et al 2008, Cassady et al. 2012) zou mogelijk hebben kunnen bijgedragen aan een 

versneld herstel, aangezien vloeibare voeding de natuurlijke post-prandiale verzadiging 

verzwakt, de daaropvolgende voedselinname verhoogt en dit mogelijk een risico vormt 

voor een positieve energiebalans bij mensen en ratten (Rayner et al 2007). De energie-

efficiëntie daalde onmiddellijk na de IT-operatie, maar keerde terug naar het normale 

niveau, en droeg dus niet significant bij tot de gewichtsverandering van de dieren. 

Regressie analyse toonde aan dat alleen voedselinname de variatie in 30 dagen 

gewichtstoename met meer dan 80% in positieve richting verklaarde. 

Na onderzoek van het effect van IT op energie inname werd vervolgens de energie 

uitgifte kant van de energiebalans verkend (hoofdstuk 4), waarbij ratten wederom aan 

één van de drie hiervoor genoemde diëten werden blootgesteld.  Het doel was om de 

effecten van IT op energieverbruik te achterhalen, en of de macronutriënt samenstelling 

van het dieet hierop van invloed was. Net als in hoofdstuk 2 werd het energieverbruik 

van IT+ en IT- ratten gemeten zodra ze een stabiel lichaamsgewicht hadden  tijdens een 

dag van vasten, een dag van beperkte voedselinname en een dag van ad libitum inname.  

Op deze drie dagen werden verschillende componenten van energie verbruik bepaald 

(rustmetabolisme, voeding-gerelateerde energieverbuik, en energieverbruik gerelateerd 

aan beweging), en werd het energiebudget van de ratten berekend.  Onze gegevens tonen 

aan dat IT leidt tot een afname in diverse componenten van energieverbruik tijdens de 

drie verschillende dagen van metingen, en deze effecten waren maar beperkt afhankelijk 

van samenstelling van het dieet. Deze gegevens lijken niet in overeenstemming met de 

bevinden van hoofdstuk 2 (waar geen afname te zien was in de meeste componenten van 

energieverbruik) en diverse andere studies in proefdieren (Oh et al 2016, Hankir et al 
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2012). De gegevens in hoofdstuk 4 kunnen worden geënterpreteerd op een manier dat het 

gewichtsverlies geïnduceerd door IT mogelijk een factor is om het energieverbruik extra 

te verminderen, om zo een te groot verlies van lichaamsgewicht en afname van 

lichaamsvet te voorkomen. Deze interpretatie is in overeenstemming met een studie in 

muizen (Shin et al 2013) en mensen (Carrasco et al 2007, Lagoy et al 2021) onderworpen 

aan een RYGB operatie. We speculeren dat de verschillen in uitkomsten bij hoofdstuk 2 

en hoofdstuk 4 worden veroorzaakt wordt door verschillen in dieet compositie, waarbij 

een eiwit verhoging tot 33% in hoofdstuk 2 wellicht meest optimaal is voor herstel, i.t.t. 

de eiwit gehaltes gebruikt in hoofdstuk 4 (i.e., 25% of 50%), en daardoor leidde dit dieet 

niet tot een IT-geïnduceerde daling in energieverbruik.  

 Een uitzondering op de observatie dat de meesten componenten van 

energieverbruik waren verminderd bij ratten die IT ondergingen in hoofdstuk 4, was de 

bevinding dat energie-verbruik gerelateerd aan de energie-inname (IGE) niet was 

verminderd bij IT+ ratten.  Dus een overeenkomst tussen hoofdstuk 2 en hoofdstuk 4 

zou kunnen zijn dat IGE relatief verhoogd is in IT+ ratten op basis van wat zou worden 

verwacht aan de hand van de andere componenten van energie-verbruik. 

 Vervolgens werd onderzocht of veranderingen in hormoonspiegels geïnduceerd 

door IT mogelijk een verklaring kon bieden voor het gewichtsverlies van de ratten die IT 

ondergingen (hoofdstuk 5) en of de diëten met verschillende macronutriënten 

composities verschillende effecten hadden op de spiegels van deze hormonen. Nadat de 

ratten gewichtsstabiliteit bereikten na IT + of IT- werden bloedmonsters genomen via 

daarvoor geïmplanteerde canules in de rechter halsader. In deze bloedmonsters hebben we 

de serumspiegels van GIP, GLP-1, PYY, neurotensine en insuline gemeten voorafgaand 

aan het voeden en 15, 30, 60 minuten en 17 uur na het voeden. Naast de reeds gemelde 

energie-inname en veranderingen in lichaamsgewicht, werden de niveaus van GLP-1, 

neurotensine en PYY duidelijk verhoogd door IT, vooral tijdens (0-60 min) en na 17 uur 
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na inname, met marginale dieeteffecten. Deze gegevens bevestigen de gegevens van 

anderen (Batterham et al. 2006, Chelikani et al. 2010, Gaitonde et al. 2012) waaruit blijkt 

dat ileale overstimulatie inderdaad leidt tot een verhoogde secretie van anorectische 

darmhormonen, wat op zijn beurt mogelijk resulteert in gewichtsverlies. Afgezien hiervan 

zagen we geen grote verschillen tussen dieetgroepen in deze darmhormoonreacties. Dit 

lijkt op het eerste gezicht haaks te staan op eerdere rapporten dat bepaalde 

macronutriënten specifiek verband hielden met de afgifte van bepaalde darmhormonen 

zoals PYY (Batterham et al 2006, Helou et al 2008) en GLP-1 (Carr et al 2008, van der 

Klaauw et al 2013 ). Het is wellicht een te simplistische benadering om te zeggen welke 

macronutriënt de krachtigste trigger is. Een ander punt is dat de diëten in de huidige 

studie slechts relatief hoger waren in percentage van één van de drie macronutriënten 

(50% versus 25%), wat zeker een andere situatie is dan het vergelijken van de effecten 

van pure macronutriënten. We concludeerden dat de PYY-, GLP-1- en neurotensine 

spiegels door IT worden opgereguleerd, waarvan PYY het meest specifiek verband houdt 

met verminderde inname en gewichtsverlies na IT. 

 

Roux-en-Y gastric Bypass operatie. 

De gouden standaard en meest toegepaste bariatrische chirurgische procedure 

vandaag de dag is RYGB (Welbourn et al 2018), omdat het superieur is aan andere 

soorten operaties zoals de verstelbare maagband (Arterburn et al 2014) of de mouw-

gastrectomie (Lee WJ et al 2011, Zhang et al. 2015). Desalniettemin leidt de recente 

verfijning van de mouw-gastrectomie tot een gewichtsverlies die overeenkomt met die na 

RYGB. Een grondig begrip van het onderliggende mechanisme van RYGB ontbreekt, en 

vooral hoe voeding met verschillende macronutriënten samenstellingen de uitkomsten 

van RYGB beïnvloeden. In hoofdstuk 6 hebben we onderzocht of een dieet met veel vet 

(HF) of een vetarm (LF) dieet gewichtsverlies verschillend beïnvloedt en eventueel 
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verschillende in circadiane ritmiek lieten zien na RYGB. Eerst werden telemetrische 

transmitters in de peritoneale holte van de ratten geplaatst, om ongestoord de 

lichaamstemperatuur en bewegingsactiviteit van ratten te kunnen volgen, waarna ze een 

RYGB-operatie ondergingen. Na de operatie bleven de dieren gehandhaafd op hun 

respectievelijke HF of LF dieet. Na operatie bleken de energie-inname en energie-

efficiëntie van HF-ratten lager dan die van LF-ratten, en de lichaamsgewicht afnames na 

RYGB waren groter in de HF-ratten dan in de LF-ratten, wat wellicht kon worden 

veroorzaakt doordat lipiden de eerder genoemde “ileale rem” sterk zou kunnen 

stimuleren. Hierdoor zou de maaglediging langzamere en de intestinale transitietijd langer 

zou worden, waarschijnlijk door de verhoogde secretie van darmhormonen, zoals GLP-1 

en PYY (Maljaars et al 2012, Sternini et al. 2008.) Lagere voedselefficiëntie in de HF-

dieetgroep is waarschijnlijk te wijten aan een verminderd absorptievermogen bij de HF-

gevoerde ratten (Shin et al. 2013). Het is ook mogelijk dat HF-gevoerde ratten meer 

malaise ondervonden door het hogere vetgehalte van het dieet dat leidt tot ontsteking 

(Denver et al 2018), zoals eerder genoemd bij IT.  Interessant is dat de circadiane 

schommelingen in lichaamstemperatuur en het fysieke activiteitsniveau van HF-ratten 

leken op dat van LF dieren die een controleoperatie ondergingen, wat tegen het argument 

pleit dat de ratten op een HF-dieet malaise ondervinden na RYGB. Deze “stress” reacties 

(i.e., verminderde circadiane schommelingen) waren juist meer uitgesproken bij dieren 

die een LF-dieet aten. Deze schijnbaar beschermende effecten van het HF-dieet op 

lichaamstemperatuur en bewegingsschommelingen doen denken aan eerdere gegevens 

van onze groep die aantonen dat een HF-dieet ook bescherming biedt tegen door sociale 

stress veroorzaakte verstoringen in circadiane schommelingen van lichaamstemperatuur 

en bewegingsactiviteit (Buwalda et al. 2001). Er werd gespeculeerd dat HF-dieet de 

emotionele veerkracht verbetert (van Dijk et al, 2008), gebaseerd op het feit dat een HF-

dieet verlies van 5HT-1A-gevoeligheid voor autoreceptoren voorkomt na sociale verlies 
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stress (Buwalda 2001). Het lijkt er dus op dat het HF-dieet de stress na een RYGB-

operatie vermindert door een nog onbekend mechanisme maar tegelijkertijd meer 

gewichtsverlies veroorzaakt dan een LF-dieet. Deze bevinding kan in de klinische 

praktijk worden gebruikt als deze grondig wordt getest, omdat mensen die een RYGB-

operatie ondergaan, vaak de stemming hebben verbeterd vanwege het feit dat ze afvallen 

(Polovina et al 2019), maar een hoger gewichtsverlies en een verbeterd circadiaans 

functioneren kunnen worden gemedieerd bij niet-compliante personen wanneer ze 

worden onderworpen aan een dieet met een hoger vetgehalte. 

Bij het vergelijken van IT en RYGB (hoofdstuk 7) vinden we dat RYGB leidt tot 

aanhoudend gewichtsverslies en een sterk dalende voedsel efficiëntie, terwijl het 

gewichtsverlies door IT minder sterk is en korter aanhoudt, met slechts een korte daling 

in de voedsel efficiëntie. De overmatige stimulatie van het distale ileum door het snelle 

transport van voedingsstoffen is waarschijnlijk een belangrijke factor bij het verminderen 

van het lichaamsgewicht, zowel na IT als RYGB. Inderdaad stijgen de niveaus van 

anorexigene hormonen zoals GLP-1, PYY en neurotensine zoals genoemd in onze IT-

studie en bij talrijke RYGB-experimenten zowel bij knaagdieren (Mu et al 2017) als bij 

mensen (Hutch et al 2017 ).  

In de vergelijking van IT en RYGB kwam naar voren dat het eten van een HF-

dieet bij beide operaties een meer uitgesproken gewichtsverlies bleek te veroorzaken. Het 

enige verschil was dat ratten op het HF-ratten in de IT-studie hun voedselinname 

postoperatief uiteindelijk weer verhoogden waarbij ze de andere twee dieet groepen 

inhaalden, terwijl RYGB-ratten die het HF dieet hun voedselinname lager hielden dan die 

van de LF ratten. De volgende mechanismen kunnen hiervoor een verklaring bieden: 

1) Het bekende feit van een veranderde smaak die leidt tot een verminderde vet- 

en suikerinname na RYGB, is mogelijk aanwezig geweest bij deze ratten.  
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2) De galafscheiding van de omgeleide twaalfvingerige darm komt bij RYGB op 

een veel meer distale locatie in contact met de darminhoud, wat de vertering van vet 

moeilijker maakt, 

3) Ratten in de RYGB studie die het HF dieet aten bereikten als gevolg van dit 

dieet een veel hoger lichaamsgewicht dan de ratten die het LF dieet aten voorafgaand aan 

de RYGB operatie. Indien RYGB gewichtsverlies induceert in de richting van een 

gemeenschappelijke “set-point”, dan is het logisch dat de ratten op het HF dieet een 

sterkere onderdrukking van hun voedselopname hebben dan de ratten op het LF dieet.  

Samenvattend lijkt IT te resulteren in een tijdelijk gewichtsverlies en een tijdelijke 

vermindering van de voedsel-efficiëntie in vergelijking met het aanhoudende 

gewichtsverlies en de vermindering van de energie-efficiëntie na RYGB.  IT in onze 

studie verhoogde het energieverbruik niet en RYGB ook niet volgens de literatuur, 

hoewel IT de neiging had om te leiden tot een hogere energie-verbruik gerelateerd aan de 

energie-inname (IGE), vooral bij een dieet met een eiwit gehalte van 33%.  Het HP dieet 

op zich zelf leidde ook tot meer gewichtsverlies, waardoor het een dieetkeuze zou kunnen 

zijn zowel voor, als na bariatrische chirurgie. Het HF dieet zou een dieet aanbeveling 

kunnen zijn op de korte termijn na bariatrische chirurgie, om postoperatief  

gewichtsverlies verder te ondersteunen en chirurgie-gerelateerde stressreacties te 

verlichten. 
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