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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, 

104



 

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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