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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) 

 

 

49



 

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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