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ABSTRACT  

 
We aimed to determine the metabolic differences between male and female rats after ileal 

interposition surgery and determine whether the remission of insulin resistance after ileal 
interposition is dependent on melanocortin-4 receptor signaling in both male and female rats. All 
age-matched male and female rats were treated with either sham or ileal interposition surgery. 
Glucose tolerance tests and body composition analysis were then performed. Our results 
indicated a loss of Mc4r function in both male and female rats induced obesity; male knockout 
rats with sham surgery, not female knockout rats with sham surgery, showed impaired glucose 
tolerance; insulin resistance of both knockout sham rats and pairfeeding sham rats is significantly 
higher than that of knockout interposition rats and pairfeeding interposition rats respectively in 
both male and female rats; interposition surgery decreased both fat percentage and fat mass in 
female rats, not in male rats, in the long run. In conclusion, Melanocortin-4 Receptor signaling is 
not necessary for the underlying beneficial effects of ileal interposition on glucose metabolism 
and insulin resistance. Female rats might get more stable benefits than male rats after the 
surgery. 

 

INTRODUCTION 
 

Melanocortin-4 receptor  (MC4R) in the brain plays a critical role in regulating energy 
homeostasis 1-3. MC4R gene mutations have a prevalence of 1-2.5% in people with BMI of 
greater than 30 and are the most frequent monogenic cause of early-onset human obesity and 
insulin resistance 4-7. Obesity surgery (bariatric surgery) has been the most effective way to 
reduce body weight 8. One notable and particularly interesting effect is the rapid and durable 
remission of insulin resistance after bariatric surgery, an effect independent of body weight loss 
9. However, it is unclear whether bariatric surgery can resolve  insulin resistance caused by 
complete MC4R gene mutation in obese patients due to the limited number of the patients with 
this condition 10, 11. One study about Roux-en-Y gastric bypass (RYGB) surgery, the most 
commonly performed bariatric procedure in the United States, in Mc4r-deficient mice has found 
that the mice do not benefit from the surgery to the same degree as Mc4r-heterozygous mice, 
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thus suggesting that Mc4r is required for improved glucose or insulin sensitivity 12. However, 
another study of vertical sleeve gastrectomy (VSG), a different type of bariatric procedure, in 
Mc4r-deficient rats has found that VSG improves glucose metabolism in these rats, thus 
indicating that remission of insulin resistance is not mediated by alterations in Mc4r activity 13. 
Both RYGB and VSG cause body weight loss that might influence the level of insulin resistance 
and consequently lead to conflicting results. Therefore, our study chose ileal interposition (IT) 
surgery (which does not result in weight loss) in Mc4r-deficient rats to determine whether Mc4r 
signaling is required to increase insulin sensitivity after bariatric surgery. 

Ileal interposition surgery mainly improves insulin sensitivity without significant body 
weight loss14, 15, which provides insight into the effectiveness of bariatric surgery 16. 
Additionally, most studies use only male rats and little is known about the sexual differences 
between males and females after the surgeries. The sexual difference is very important because 
approximately 85% of the patients who have received bariatric surgery are female 17. Therefore, 
we performed IT surgery in both male and female rats with Mc4r deficiency to determine 
whether the Mc4r signaling is necessary in resolving insulin resistance and identify the sex-
specific differences after IT surgery. 
 

METHODS 
 

Animals 
Fifty-four age-matched rats (male, n = 25; female, n = 29) were the 7th littermates from 

rats with a Mc4r heterozygous mutation (Transposagen’s Mc4r TGEM® Rat Model from 
Transposagen Biopharmaceuticals, Lexington, KY, USA), an ENU-induced point mutation 
(K314X) that introduces a premature stop codon in the 8th helix of Mc4r 18. DNA isolation and 
genotyping of experimental rats were performed as previously described 19. In brief, DNA was 
processed from ear punches and genotyped to detect the ENU-induced single nucleotide 
polymorphism (SNP) in Mc4r (K314X) by using the KASPar SNP genotyping system 
(KBiosciences; Hoddesdon, UK). All experimental rats were weaned at postnatal day (PND) 21, 
group-housed (2/cage) until postnatal day (PND) 42, and subsequently housed individually. Rats 
were maintained on a 12:12-h light-dark cycle. All rats were given ad libitum access to water and 
a pelleted low-fat chow diet. All animal procedures and blood collection were approved by the 
Institutional Animal Care and Use Committee of Southern Illinois University-Carbondale; all 
experiments and methods in the study were performed in accordance with the guidelines and 
regulations approved by the Office of Sponsored Projects Administration of Southern Illinois 
University. 

 
Surgery and Experimental Design 

On postnatal day (PND) 56, all fifty-four rats received either sham or IT surgery by the 
same group of surgeons and were divided into twelve groups in total (Figure 1. Illustration of 
experimental design). The six male groups included four wild type rats treated with sham surgery 
(WT Sham); five WT rats treated with IT surgery (WT IT); four Mc4r knockout rats treated with 
sham surgery (KO Sham); four KO rats treated with IT surgery (KO IT); four KO rats treated 
with sham surgery and pair feeding (PF Sham); four KO rats treated with IT and pair feeding (PF 
IT).  The six female groups included four wild type rats treated with sham surgery (WT Sham); 
five WT rats treated with IT surgery (WT IT); five Mc4r Knock-out rats treated with sham 
surgery (KO Sham); five KO rats treated with IT surgery (KO IT); five KO rats treated with 
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sham surgery and pair feeding (PF Sham); five KO rats treated with IT and pair feeding (PF IT). 
Body weight was measured daily until postoperative day (POD) 14 and then were monitored 
weekly until POD 161. On POD 28, an oral glucose tolerance test (OGTT) was completed and an 
EchoMRI was performed on both POD 30 and POD 161. The pair feeding ended on POD 35 and 
the rats were sacrificed on POD 161 after the second EchoMRI. 
 

 
Figure 1. Illustration of experimental design. 
 

Ileal Interposition Surgery 
Rats were treated with either sham or ileal interposition (IT) as previously described 15. 

Rats were anesthetized with isoflurane anesthesia (2%) during the procedure. Briefly, a midline 
abdominal incision was made and the caecum was externalized. Intestinal transections were 
made at 5 and 15 cm proximal to the ileocecal valve to isolate a 10-cm segment of ileum. A 
single anastomosis was made using a 7-0 silk suture (Ethicon, Cincinnati, OH, USA) at the site 
of the segment removal. The segment was laid aside and kept moist with warmed 0.9% saline 
while the remaining intestines were externalized to locate the ligament of Treitz. The jejunum 
was transected 5 cm distal to the ligament of Treitz and the segment was interposed using an 
anastomosis in an iso-peristaltic direction. The intestines were bathed in 0.9% saline and re-
inserted into the abdominal cavity. Sham-operated rats were treated with three transections in the 
same locations as the ileal interposition group, which were immediately re-joined by 
anastomosis.  
 

Oral Glucose Tolerance Test (OGTT) 
The rats were fasted overnight for a period of 16 hrs, then administered an oral gavage of 

glucose (20% D-glucose; 1g/kg; Sigma-Aldrich, St. Louis, MO, USA). Before administration of 
the glucose bolus, baseline blood samples were obtained from the tail vein for measurement of 
fasting glucose and insulin. Blood glucose was measured with handheld glucometers in duplicate 
(TheraSense Freestyle Glucometers, Abbott, Chicago, IL, USA) at 15, 30, 45, 60 and 120 
minutes from tail blood. Plasma was collected after centrifugation and stored at -80°C until use 
for measuring insulin level.  
 

Pair Feeding (PF) 
Wild type (WT) rats and knock-out (KO) rats were fed ad libitum with rodent chow. The 

food hoppers in the WT rat cages were weighed (to the nearest tenth of a gram) and were then 
subtracted from the previous day’s hopper weight to determine the amount of food (grams) 
consumed daily. The daily food intake from WT rats averaged and was used as the amount of 
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respective diet given to the pair-fed (PF) rats daily. Because the food given to the PF rats was 
based on that consumed by the WT rats, pair-feeding began one day later for the pair-fed groups. 
Because PF rats were also Mc4r deficient, they quickly consumed all of the allotted food that 
they were provided. There was no remaining food left in the bedding. Pair feeding was utilized to 
rule out the influence of body weight differences and to determine whether the improved glucose 
tolerance was a result of changes in weight. Pair feeding was discontinued at POD 35. 

 
Insulin ELISAs 

Insulin concentration were measured with an Ultra-Sensitive Rat Insulin ELISA Kit 
(Crystal Chem Inc, Downers Grove, IL, USA), and the assay was performed according to the 
manufacturer’s protocol. Briefly, plasma was thawed and divided into aliquots in duplicate for 
the measurements of plasma insulin. A total of 95 μl of sample diluent per well was dispensed 
into an antibody-coated microplate, and then 5 μl of the sample per well was added. The 
microplate was incubated for 2 hours at 4°C. After wells were washed five times with buffer 
solution, 100 μl of anti-insulin enzyme conjugate per well was added. After 30 minutes of 
incubation at room temperature, the microplate was washed seven times with wash buffer. A 
total of 100 μl of enzyme substrate solution per well was dispensed and the microplate was 
incubated at room temperature while avoiding exposure to light for 40 minutes. Then, 100 μl of 
enzyme reaction stop solution per well was added to stop the reaction, and measurements were 
collected at 450 nm and 620 nm using a Multiskan Plus plate reader (Thermo Electron 
Corporation, Waltham, MA, USA). The result with a correlation coefficient above 95% and a 
CV below 20% was accepted. 
 

EchoMRI 
Fat and lean mass and percentage were determined by nuclear magnetic resonance at both 

POD 30 and POD 161 (EchoMRI-900 3-in-1, Echo Medical Systems, Houston, TX, USA). Live 
conscious rats were inserted into an appropriate Plexiglas animal tube and placed into the 
EchoMRI machine.   
 

Homeostatic Model Assessment For Insulin Resistance 
Homeostasis model assessment for insulin resistance (HOMA-IR) was calculated for all 

rats using the HOMA formula: HOMA-IR = Fasting insulin (mU/L) × plasma glucose (mg/dL) ÷ 
405. The HOMA IR result correlated with hyperinsulinemic-euglycemic clamp results (r = 0.88) 
20. 
 

Statistics 
All statistics were performed in Prism 5 statistical software by GraphPad, and 

significance was set at * p < 0.05, ** p < 0.01, and *** p < 0.001. Body weight, glucose, insulin 
and body composition were analyzed by two-way ANOVA with repeated measures. HOMA 
insulin resistance was analyzed by one-way ANOVA. 
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RESULTS 
 

Loss of Mc4r function in rats induced obesity 
The body weight of KO Sham, KO IT, PF Sham and PF IT was significantly higher than that of 
WT Sham and WT IT from the 8th week in both male rats (Figure 2A) and from the 6th week in 
female rats respectively (Figure 2B) (***p<0.001, **p<0.01, and *p<0.05). On POD 30, the 
body weight of KO Sham and KO IT was significantly higher than that of WT Sham, WT IT, PF 
Sham and PF IT in both male (Figure 2C) and female rats (Figure 2D) (**p<0.01, and *p<0.05). 
After the discontinuation of pair feeding (POD 35), the body weight in both the PF Sham and PF 
IT groups increased gradually to the same weight as that of the KO Sham and KO IT groups in 
both male (Figure 2A) and female rats (Figure 2B) on POD 161. On POD 161, the body weight 
of KO Sham, KO IT, PF Sham and PF IT was significantly higher than that of WT Sham and 
WT IT in both male (Figure 2C) and female rats (Figure 2D) (***p<0.001). The body weight of  
WT Sham and WT IT, KO Sham and KO IT, PF Sham and PF IT groups in both male 
(Supplementary figure 1A~1C) and female rats (Supplementary figure 1D~1F) were not 
significantly different during the experiment period. Body weight was analyzed by two-way 

ANOVA with repeated measures. 
Figure 2. Loss of Mc4r function in the rat induced obesity. 
 

Male KO Sham, not female KO Sham, showed impaired glucose tolerance. 
Glucose excursions in response to oral glucose administration were significantly higher 

in male KO Sham rats at 15, 30, 45, and 60 minutes, as compared with the excursions in the 
other five male groups (***p<0.001; Figure 3A), while glucose levels in all six female groups 
were not significantly different during the OGTT (Figure 3B). The secretion of insulin in the KO 
Sham and PF Sham groups was significantly higher than that in the WT Sham, WT IT, KO IT 
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and PF IT groups at 0, 45 and 60 minutes in males (**p<0.01, Figure 3C); the secretion of 
insulin in the KO Sham, KO IT, PF Sham and PF IT groups was significantly higher than that in 
the WT Sham and WT IT groups at 45 minutes in females (*p<0.05; Figure 3D). Glucose and 

insulin were analyzed by two-way ANOVA with repeated measures. 
Figure 3. Male KO Sham, not female KO Sham, showed impaired glucose tolerance. 

 
IT surgery increased insulin sensitivity in both male and female rats independent of 

genotype 
For both male and female rats, the insulin resistance in the KO Sham group was 

significantly higher than that in the KO IT group; the insulin resistance in the PF Sham group 
was significantly higher than that in the PF IT group (**p<0.01, *p<0.05; Figure 4A and 4B) on 
POD 28. The insulin resistance of male KO Sham and PF Sham is higher than that of female KO 
Sham and PF Sham. HOMA insulin resistance was analyzed by one-way ANOVA.   
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Figure 4. The insulin resistance. 

IT surgery decreased both fat percentage and fat mass in  
female rats but not in male rats on POD 161 

For male rats, both fat percentage (Figure 5A) and fat mass (Figure 5B) of KO Sham 
were significantly higher than those of the other five groups on POD 30 (***p<0.001); on POD 
161, both fat percentage (Figure 5A) and fat mass (Figure 5B) of KO Sham, KO IT, PF Sham 
and PF IT groups were significantly higher than those of WT Sham and WT IT (***p<0.001). 
No significant difference in either fat percentage or fat mass was found between the WT Sham 
and WT IT, KO Sham and KO IT, and PF Sham and PF IT groups on POD 161.   

For female rats, both fat percentage (Figure 5C) and fat mass (Figure 5D) of KO Sham 
group were significantly higher than those of the other five groups on POD 30 (*p<0. 05); both 
fat percentage (Figure 5C) and fat mass (Figure 5D) of KO IT and PF Sham were significantly 
higher than those of WT Sham, WT IT and PF IT on POD 30 (@p<0.01; Figure 5C). On POD 
161, both fat percentage (Figure 5C) and fat mass (Figure 5D) of WT Sham and WT IT groups 
were significantly lower than those in the KO Sham, KO IT, PF Sham and PF IT groups 
(***p<0.001); both fat percentage (Figure 5C) and fat mass (Figure 5D) of WT IT, KO IT and 
PF IT groups were significantly lower than those of WT Sham, KO Sham and PF Sham groups, 
respectively ($p<0.05). Fat percentage and fat mass were analyzed by two-way ANOVA with 
repeated measures. 

 

 
Figure 5.  IT surgery decreased both fat percentage and fat mass in female rats, but not in 
male rats. 
 

IT surgery did not affect lean percentage or lean mass 
For male rats on POD 30, the lean percentage (Figure 6A) of WT Sham and WT IT was 

significantly higher than that in the KO Sham group (***p<0.001); on POD 161, the lean 
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percentage (Figure 6A) in WT Sham and WT IT was significantly higher than that of KO Sham, 
KO IT, PF Sham and PF IT groups (*p<0.05). The lean mass (Figure 6B) of KO Sham and KO 
IT was significantly higher than that of WT Sham, WT IT, PF Sham and PF IT on both POD 30 
and POD 161 (***p<0.001, *p<0. 05).  

For female rats on POD 30, the lean percentage (Figure 6C) of WT Sham and WT IT was 
significantly higher than that of KO Sham, KO IT and PF Sham (*p<0. 05); on POD 161, the 
lean percentage (Figure 6C) of WT Sham and WT IT was significantly higher than that of KO 
Sham, KO IT, PF Sham and PF IT (***p<0.001, *p<0.05). No significant differences were 
found in lean mass (Figure 6D) in all six groups on both POD 30 and POD 161. Lean percentage 
and lean mass were analyzed by two-way ANOVA with repeated measures. 

 

 
Figure 6. IT surgery did not affect lean percentage or lean mass. 
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DISCUSSION 
Patients with pathogenic MC4R mutation show early-onset obesity and hyperphagia21, 

22; We used rats, instead of mice, because the phenotype of Mc4r deficiency in mice, unlike 
MC4R deficiency in human and Mc4r deficiency in rats, is associated with hyperglycemia and 
hyperinsulinemia that precede the onset of obesity 4, 23.  

Our data indicated that glucose tolerance of male KO rats was improved after IT surgery 
and IT surgery also increased the insulin sensitivity in both the male and female rats on about 30 
days after the surgery, which suggests that Mc4r signaling might not be required for improved 
glucose tolerance or insulin sensitivity after IT surgery in both male and female KO rats. As we 
expected, the beneficial effect of glucose metabolism after IT surgery was independent of body 
weight loss15. Unlike the male KO Sham rats, female KO Sham rats did not show impaired 
glucose tolerance, which is consistent with the conclusion that males are more insulin resistant 
than females in both humans 24, 25 and different rodent models 26-29. In both women and 
female rats, the hormone estradiol (E2) has an anorexigenic function in the central nervous 
system through direct action in the hypothalamus and prevents the development of obesity and 
the onset of impaired glucose tolerance 30, 31. We also found that loss of Mc4r signaling led to 
insulin resistance in both male and female KO rats, which is also consistent with findings from 
previous studies 32, 33. Similar outcomes between PF and ad lib groups (Fig 4) suggested that IT 
surgery, but not the intermittent fasting (or meal feeding), may correct MC4R deficiency-induced 
insulin resistance.   

We further expanded our study by adding both male and female PF groups to examine 
whether body weight is a factor affecting insulin resistance and whether IT surgery might 
increase insulin sensitivity in PF groups. We found that Mc4r mutation caused increased insulin 
resistance in both male and female PF rats on postoperative day 28 when the body weight and 
glucose of PF groups were almost the same as those of WT rats, which indicates that Mc4r might 
control the insulin resistance independent of body weight and glucose level. Additionally, IT 
surgery decreased insulin resistance significantly in both male and female PF rats. It might be 
due to the increased level of glucagon-like peptide 1 (GLP-1), fibroblast growth factor (FGF) 
15/19 and FGF 21 after the IT surgery34, 35, 15, 36, 37. 

Our results are consistent with previous studies that Mc4r mutation increased fat mass 
and/or percentage in male rats 13, 38; the mutation caused the same effect in female rats. IT 
surgery maintained the decreased fat mass and percentage in female rats, not male rats, on 
postoperative day (POD) 161; POD 161 in rats is equivalent to 18 years post surgery in humans 
39. Therefore, the surgery has a lasting effect in female rats, not in male rats. This effect might 
be due to sexual dimorphism in fat accumulation; both human and rat females have a higher 
percentage of fat than age-matched males, but females accumulate more subcutaneous fat, 
whereas males accumulate more visceral fat 29. The mechanism by which IT surgery decreases 
the fat mass and percentage in only female rats needs further study.  

In conclusion, our data suggest that Mc4r signaling is not necessary for the effect of ileal 
interposition on glucose homeostasis and insulin resistance; female rats, not male rats, 
maintained decreased fat mass and percentage for the duration of the study after IT surgery. 
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