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The mechanisms underlying the body weight and fat loss after the biliopancreatic diversion with
duodenal switch (BPD/DS) remain to be fully delineated. The aim of this study was to examine the
contributions of the two main components of BPD/DS, namely sleeve gastrectomy (SG) and duodenal switch (DS), on energy balance changes in rats rendered obese with a high-fat (HF) diet. Three
different bariatric procedures (BPD/DS, SG, and DS) and three sham surgeries were performed in
male Wistar rats. Sham-operated animals fed HF were either fed ad libitum (Sham HF) or pair
weighed (Sham HF PW) by food restriction to the BPD/DS rats. A group of sham-operated rats was
kept on standard chow and served as normal diet control (Sham Chow). All three bariatric surgeries
resulted in a transient reduction in food intake. SG per se induced a delay in body weight gain.
BPD/DS and DS led to a noticeable gut malabsorption and a reduction in body weight and fat gains
along with significant elevations in plasma levels of glucagon-like peptide-17–36 and peptide YY.
BPD/DS and DS elevated energy expenditure above that of Sham HF PW during the dark phase.
However, they reduced the volume, oxidative metabolism, and expression of thermogenic genes
in interscapular brown adipose tissue. Altogether the results of this study suggest that the DS
component of the BPD/DS, which led to a reduction in digestible energy intake while sustaining
energy expenditure, plays a key role in the improvement in the metabolic profile led by BPD/DS in
rats fed a HF diet. (Endocrinology 156: 1316 –1329, 2015)

T

he biliopancreatic diversion (BPD) with duodenal
switch (DS) is one of the most successful bariatric
procedures to treat severe obesity and to resolve type 2
diabetes. Long-term clinical studies have reported remarkable reductions in the percentage of excess weight
after BPD/DS (1, 2). This surgery leads to substantial
metabolic improvements including normalization of
plasma glucose, insulin, triglycerides, and free fatty ac-

ids (1, 3). Compared with other bariatric procedures
such as sleeve gastrectomy (SG) alone or Roux-en-Y
intestinal gastric bypass (RYGB), BPD/DS is performed
much less frequently (4). It, however, still remains a
highly effective surgery, presenting metabolic benefits,
which are more persistent than those of other bariatric
procedures (5). Recent meta-analyses revealed that
BPD/DS achieved greater weight loss and a higher dia-
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of the experimental period. The thermogenic activity of
the interscapular brown adipose tissue (iBAT) was estimated using the positron emission tomography (PET)
tracers 11C-acetate (oxidative activity) and 14-R,S-18Ffluoro-6-thiaheptadecanoic acid (18FTHA-free fatty acid
uptake). We also assessed the expression of genes encoding proteins involved in brown adipose tissue (BAT) thermogenesis and fatty acid oxidation.

Materials and Methods
Animals and diets
Animal care and handling were performed in accordance with
the Canadian Guide for the Care and Use of Laboratory Animals,
and all experimental procedures received approval of the Laval
University Animal Care Committee and the Animal Ethics Committee of the University of Sherbrooke (for the imaging study).
Male Wistar rats initially weighing between 250 and 275g
were purchased from Charles River Canada and were individually housed in plastic cages under controlled conditions (ambient temperature, 23°C ⫾ 1°C; 12 h light, 12 h dark cycle, lights
on 6:00 AM to 6:00 PM). For 6 weeks before surgery, rats were fed
a HF diet (D12492; Research Diets) or standard chow (2018
formula, Teklad diets; Harlan Laboratories). Details regarding
the energy content of the diets are provided in the Supplemental
Materials and Methods.
The HF-fed rats were randomly assigned to four types of
surgery (BPD/DS, SG, DS, and sham surgery). These groups presented comparable body weights on the day of their surgery. On
day 8 after surgery, HF-fed, sham-operated animals were further
randomly divided into two groups: ad libitum fed rats (Sham HF)
and food restricted, sham-operated rats [Sham HF pair weighed
(PW)]. Starting on day 9, Sham HF PW rats were allowed to eat
a restricted amount of food to maintain a body weight comparable with that of BPD/DS rats. The amount of food in Sham HF
PW rats was readjusted every day, and it was offered in two meals
(one third of the amount was given in the morning and the remaining two thirds were offered at dark onset), this to minimize
the meal-feeding effects. A chow-fed group was sham operated,
and it was used as a diet-control group (Sham Chow) to demonstrate the obesity-inducing effect of HF feeding.

Bariatric surgery procedures
All rats were operated under isoflurane anesthesia. BPD/DS
was performed as previously described (10) (Supplemental Figure 1). After a 3-cm midline laparotomy, the small intestine was
exposed and transected at 50 cm above the ileocecal junction.
The proximal part of the cut intestine was then end-to-side anastomosed to the distal part of the intestine (ileum) at 20 cm from
the ileocecal junction to create a 20-cm common limb, which
receives largely undigested nutrients together with the biliopancreatic juice. We then anastomosed the distal part of the cut
intestine to the duodenum at 1–1.5 cm from the pylorus to form
the alimentary limb. The duodenum was then ligated between
the duodenal anastomosis and the biliopancreatic duct to separate the biliopancreatic limb and ensure the channeling of food
only into the alimentary limb. Lengths of 50 and 20 cm were used
for the alimentary and common limbs to keep the proportions
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betes remission rate than RYGB, SG, and adjustable
gastric banding (6, 7).
The mechanisms whereby BPD/DS induces long-lasting
metabolic benefits are partially understood. The BPD/DS
developed by Marceau et al (3, 8) basically consists of the
association of vertical SG with DS. SG reduces the gastric
reservoir capacity, whereas the DS reengineers the intestine to divert the biliopancreatic secretion to the distal
ileum and creates a shorter passage of the nutriments in the
intestinal tract. As a consequence, the distal gut becomes
the main site for nutrient absorption. Our animal model of
BPD/DS reproduces the BPD/DS surgery that we perform
in humans (9, 10). We previously demonstrated that the
BPD/DS in chow-fed rats induced a marked reduction in
body weight and fat mass gain and resulted in a negative
energy balance compared with a sham operation (9, 10).
These effects were persistent up to 2 months after the surgery (9, 10).
The recent human and animal studies that have attempted to elucidate the mechanisms behind the metabolic
benefits of bariatric surgery have mainly focused on
RYGB and SG. Initially it was suggested that mechanical
restriction and nutrient malabsorption were responsible
for weight loss after bariatric surgery (11, 12). However,
the most recent literature suggests that additional mechanisms contribute to the body weight loss after SG and
RYGB. No consensus exists regarding the changes in
energy expenditure after bariatric procedures. Studies performed in humans and rodents have shown either increases (13–16) or decreases (17–19) in energy expenditure after RYGB. More consistent evidence exists
regarding the effects of bariatric surgeries on the eating
behavior and gut function. RYGB and SG reduce food
intake while increasing preference for diets of low caloric
density (20, 21), accelerating gastric emptying (22, 23)
and enhancing nutrient delivery in the contact of the enteroendocrine cells in the distal gut (24, 25). RYGB and SG
have also been associated with high postprandial plasma
levels of glucagon-like peptide 1 (GLP-1) and peptide YY
(PYY) (26 –28), which may play a role in the improving of
glucose tolerance and the resolution of type 2 diabetes (29,
30). Recent studies brought new hypothesis about the role
of bile acids and fibroblast growth factor-19 as well as gut
microbiota on incretin secretion after RYGB (31) and SG
(32).
The main objective of the present study was to delineate
the contributions of SG and DS to the metabolic improvements produced by the BPD/DS in rats fed a high-fat (HF)
diet to induce obesity. Energy balance measurements were
carried out in BPD/DS, DS, SG, and sham-operated rats
over 9 weeks after the surgery. Changes in plasma levels of
gastrointestinal (GI) hormones were evaluated at the end
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used in human BPD/DS surgery (33). A gastric sleeve was
achieved by excising the aglandular forestomach, estimated to be
two-thirds of the gastric capacity in the rat. A double suture was
performed to obtain a leak-proof tubular stomach.
SG rats were subjected to the SG procedure solely, whereas
the DS rats were assigned to the gut-reengineering procedure
only (Supplemental Figure 1). The sham surgery consisted in a
midline laparotomy, the handling of the intestines and stomach,
and the suture of the abdominal wall. The sham surgery was kept
simple to reduce the time of operation. However, we demonstrated in a series of experiments that this sham surgery produced
effects on the growth curve in the rat similar to those seen using
a more elaborated sham procedure involving sham gastrectomy
with suture and intestinal anastomoses (Supplemental Figure 2).
Further details regarding the surgery and cares associated with it
are found in the Supplemental Materials and Methods.
Only the rats that did not present any sign of postoperative
complications and that did stay in good health were included in
the statistical analyses. In BPD/DS and DS rats, the duodenal
closure was carefully verified at the time the animals were killed,
and only animals maintaining intact closure (integrity of the suture and absence of the food in biliopancreatic limb) were included in the analyses. Rats who died or were killed because of
postsurgical complications were excluded from the study. Eighty
percent of deaths were registered during the first 2 postoperative
days, whereas the other 20% were registered during the first 2
weeks. We operated with an overall success rate of 68.5%. Fortyeight rats were used for the metabolic assessments: BPD/DS (n ⫽
11), SG (n ⫽ 8), DS (n ⫽ 7), Sham HF fed ad libitum (n ⫽ 6), Sham
HF PW (pair weighted with BPD/DS) (n ⫽ 8), and Sham Chow
(n ⫽ 8). Additional groups of rats were used for the imaging
study: BPD/DS (n ⫽ 7), SG (n ⫽ 6), DS (n ⫽ 5), Sham HF (n ⫽
6), Sham HF PW (n ⫽ 6), and Sham Chow (n ⫽ 6).

During the sixth week after surgery, rats were subjected to a meal
test to evaluate the effects of the surgery on food intake during
a restricted amount of time. Rats were then allowed to eat freely
for 1 hour after an overnight fast and the amount of food consumed during the hour was measured.

Rats were weighted daily throughout the 9-week experimental period. On day 3 before surgery and on postoperative day 49,
all rats had their body composition estimated by whole-body
computed tomography (CT) scans (eXplore CT 120 Micro CT;
GE Healthcare Pre-Clinical) performed under isoflurane anesthesia. Clavicles (rostrally) and the fifth caudal vertebra (caudally) were used as anatomical reference points to demarcate the
scanned area used for the body composition analysis. The percentage of body fat was measured and the fat mass (FM) was
calculated. The fat-free mass was calculated by subtraction of
FM from total body weight.

Energy intake
Food and water intake were measured daily throughout the
experimental period. Food spillage was carefully collected and
accounted for in the intake measurements. Fecal energy loss was
evaluated before and after surgery. Feces were collected over a
24-hour period on day ⫺3 (prior to surgery) and on postoperative days 28 and 59. After collection, feces were dried and
weighed and their energy content was measured by bomb calorimetry (Parr 6100 calorimeter). The gross energy content of the
diet was also assessed by bomb calorimetry. Digestible energy
intake was calculated as the gross energy intake minus the fecal
energy content. Energy digestibility (percentage) was computed
as the ratio of digestible energy intake to gross energy intake.

During the postoperative week 8, energy expenditure was
measured using indirect calorimetry. Locomotor activity was
also monitored. Rats were individually housed in metabolic
chambers, under the same light and temperature conditions as
described above. Water and food were available ad libitum. The
metabolic chambers (AccuScan Instruments) consisted of rectangular, air-proof cages (30 ⫻ 30 ⫻ 20 cm) linked to an opencircuit flow-through calorimetric device connected to a computer-controlled system of data acquisition. A grid of infrared light
beams detected the animal’s position 16 times per second and
allowed monitoring of locomotor activity. Rats were housed into
the metabolic cages 24 hours prior to measurement to accustom
them to their new environment. Oxygen consumption (VO2) and
carbon dioxide production were recorded every 15 minutes over
24 hours. Hourly averages of values of VO2 and hourly sums of
distance traveled (locomotor activity) were calculated and used
into the statistical analyses. The respiratory quotient (the carbon
dioxide production to VO2 ratio) was also calculated.

Tissue sampling
At the end of the ninth postoperative week, after an overnight
fast, all rats were given ketamine (60 mg/kg)/xylazine (7.5 mg/
kg) ip. Rats were then intracardially perfused with ice-cold isotonic saline. The gut, pancreas, liver, heart, soleus and extensor
digitorum longus (EDL) muscles, iBAT, inguinal, retroperitoneal
and epididymal white adipose tissues (WAT) were quickly dissected out and weighed. iBAT samples were quickly frozen in
liquid nitrogen and stored at ⫺80°C, pending gene expression
measurements. In the BPD/DS- and DS-operated rats, specimens
of the alimentary, biliopancreatic, and common limbs were
taken from the proximal portion of each limb. In the sham- and
SG-operated rats, gut samples were obtained from corresponding levels of intestine. Gut specimens were cleaned in ice-cold
saline and then fixed in a sodium phosphate-buffered paraformaldehyde solution (4%) at 4°C for 1–2 weeks prior to being
embedded in paraffin. The gut segments were then cut into 5-m
transversal slices and mounted on slides for hematoxylin and
eosin staining to examine the histological structures and perform
morphological measurements.

Plasma variables
Plasma levels of the GI hormones, GLP-17–36, PYY, ghrelin,
and gastric inhibitory peptide (GIP), as well as insulin, C-peptide,
leptin, and plasma metabolites (glucose, triglycerides, nonesterified fatty acid (NEFA), and cholesterol) were measured on
week 9. At the time the animals were killed (from 9:00 to 11:00
AM), after an overnight fast, blood was collected by cardiac puncture using syringes containing EDTA 0.5 M. Further information
on blood processing and a description of the kits used for measuring different plasma parameters are provided in the Supplemental Materials and Methods.
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BAT gene expression

iBAT metabolism and free fatty acid uptake
Experiments were performed in 12-hour-fasted rats anesthetized with 1.5% (vol/vol) isoflurane (Abbott Laboratories) delivered through a nose cone with an oxygen rate set at 0.75 L/min.
A catheter was placed into tail vein for iv infusions of the PET
tracers. The experiments were initiated 15 minutes after insertion of the catheter.
Imaging experiments were performed with the Triumph dualmodality PET/CT scanner having an 8-cm axial FOV (Gamma
Medica) at the Sherbrooke Molecular Imaging Centre (Sherbrooke, Canada). During imaging protocols, rats rested supine
on the scanner bed and were kept warm with a heating pad.
Boluses of each radiopharmaceutical (17–20 Mbq in 0.5 mL of
0.9% NaCl) were injected via the caudal vein over 30 seconds.
A 20-minute dynamic acquisition with 11C-acetate was done to
determine tissue oxidative metabolism. Ten minutes after the
first scan, a 30-minute dynamic acquisition with 18FTHA was
done to determine the active iBAT volume based on fatty acid
uptake, as previously described (34, 35). After the PET procedure, a CT scan was acquired with the detector-source assembly
rotating over 360° and 720 rotation steps image dynamic data
analysis was performed as described previously (34, 36, 37). The
iBAT was visualized on three-dimensional CT-PET coregistration images with the Amide software (version 1.0.5, amide.
sourceforge.net). To measure the volume of activated iBAT, a
region of interest (ROI) contour was delineated based on a
threshold equal to the maximum 18FTHA activity minus 1 SD of
all voxels within the primary visually defined ROI. The volume
of the newly ROI was used to report the active iBAT volume
within the fat content delineated by the CT images.

Statistical analysis
Results were expressed as mean values ⫾ SEM. Comparisons
between groups were analyzed using a one-way ANOVA followed by Bonferoni’s multiple comparison tests or least significance difference tests among preplanned comparisons (six of 15
comparisons). Between-group differences in the VO2, respiratory quotient (RQ), and locomotor activity over the respective
experimental periods were determined by repeated-measures
ANOVA (RM-ANOVA) using a mixed-model ANOVA followed by Bonferoni’s multiple comparison tests. Differences
were considered as being significant when the value was P ⬍ .05.
Statistical analyses were performed with GraphPad Prism version 6 (GraphPad Software).
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Results
Body weight and body composition
Bariatric surgery had marked effects on body weight of
rats (Figure 1A and Table 1). During the first 2 weeks after
the surgery, SG, DS, and BPD/DS rats gained significantly
less weight than sham rats fed ad libitum (Figure 1A). In
the BPD/DS and DS rats, but not in SG rats, the reducing
effect on body weight persisted until the end of the experimental period (Figure 1A and Table 1). At the end of the
study, the final body weight and total body weight gain
were markedly lower in BPD/DS and DS rats compared
with Sham HF and expectedly similar to that of Sham HF
PW animals (Figure 1B and Table 1). A trend toward a
reduced total body weight gain was observed in SG animals over the 9-week experimental period (P ⫽ .08 vs
Sham HF, Figure 1B). The complete time course of body
weight is indicated in Supplemental Figure 3.
Together with affecting weight gain, bariatric surgery
also influenced body composition as evaluated with CT.
BPD/DS and DS, but not SG, significantly reduced the fat
mass gain (Figure 1C). At the time of death, weight of
adipose tissue was lower in BPD/DS and DS rats than in the
Sham HF group (Table 1). The reducing effect of BPD/DS
and DS surgeries was seen in all adipose tissue depots.
BPD/DS and DS surgeries also reduced EDL muscle mass,
and lower liver and heart weights were observed at the
time the animals were killed in the BPD/DS, DS, and Sham
HF PW animals compared with the Sham HF rats. In contrast, a higher pancreas weight was seen in BPD/DS and DS
rats compared with the Sham HF and Sham HF PW animals (Table 1).
Energy intake
Bariatric surgery transiently lowered food intake (Figure 1D). During the first 2 postoperative weeks, all three
groups of operated rats (eg, SG, DS, and BPD/DS) showed
a gross energy intake significantly lower than that of Sham
HF animals. During the following weeks, SG, DS, and
BPD/DS rats progressively increased their food intake.
Thus, during the second part of the protocol, all groups fed
ad libitum showed similar levels of gross energy intake.
Because Sham HF PW animals were food restricted, their
cumulative energy intake was significantly lower than that
of the other groups throughout the whole experimental
period (P ⬍ .001 vs Sham HF and P ⬍ .05 vs BPD/DS). The
complete time course of body weight is indicated in Supplemental Figure 3.
BPD/DS and DS surgeries resulted in energy malabsorption (Figure 2). Higher fecal energy density content
was recorded in BPD/DS and DS rats as compared with
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iBAT mRNAs coding for uncoupling protein 1 (UCP1) and
for cytochrome c oxidase subunit IV (COX4), carnitine palmitoyl transferase I (CPT1), and peroxisome proliferator-activated
receptor-␥ coactivator 1␣ (PGC1␣) were quantified using realtime PCR analyses. Acidic ribosomal protein L27 was used as
reference gene as no significant difference in its expression was
observed between various groups. Target gene mRNA expression was evaluated as the ratio of amount of target template to
reference template. Details are provided in the Supplemental Materials and Methods.
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Figure 1. Effects of BPD, DS, SG, and sham operation on body weight, food intake, and body composition. Body weight gain (A) and gross
energy intake (D) over each of four 2-week postoperative periods are shown. Body weight gain (B) and fat mass gain (C) at the end of 9 weeks
after surgery also are shown. Data are means ⫾ SEM. *, P ⬍ .05 vs sham HF; †, P ⬍ .05 for BPD vs sham HF PW.

sham-operated animals throughout the second part of the
study (Figure 2A). Also, the amount of feces was greater in
BPD/DS and DS rats. Consequently, fecal energy loss was
significantly higher in BPD/DS and DS rats (Figure 2B).
Even though gross energy intake was not significantly
changed by bariatric surgery (Figure 2C), intestinal malabsorption led to a significant reduction in digestible energy intake in BPD/DS and DS rats during the second part
of the experimental period (Figure 2D). Energy digestibility of the ingested food was accordingly reduced in

BPD/DS and DS rats as compared with shams (Figure 2E).
Fecal energy density in Sham HF rats was higher than in
Sham Chow animals (Figure 2A). However, throughout
the study, the Sham Chow rats had higher fecal excreta
and higher fecal energy loss over 24 hours as compared
with Sham HF rats (Figure 2B).
The meal intake test revealed that SG caused a persistent restriction. Six weeks after surgery, SG and BPD/DS
rats consumed significantly less food during a meal than
Sham HF animals (2.74 ⫾ 0.24 g in SG and 3.06 ⫾ 0.41 g
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Body Weight and Tissue Weights in BPD/DS, DS, SG, and Sham-Operated Rats at 9 Weeks Postoperatively
Sham HF

615.2 ⫾ 20.5
0.70 ⫾ 0.05a
44.44 ⫾ 5.18a
0.315 ⫾ 0.018P ⫽ 0.06
0.286 ⫾ 0.013a
17.47 ⫾ 0.92
2.43 ⫾ 0.09
1.50 ⫾ 0.05

Sham HF
PW

SG

DS

648.4 ⫾ 29.6 462.6 ⫾ 16.9
1.07 ⫾ 0.08
0.40 ⫾ 0.03a
69.67 ⫾ 13.15 25.93 ⫾ 1.75a

614.8 ⫾ 19.3
0.85 ⫾ 0.06a
66.23 ⫾ 3.37

462.0 ⫾ 28.0
0.33 ⫾ 0.03a
20.21 ⫾ 3.90a

460.2 ⫾ 19.7a
0.37 ⫾ 0.04a
20.66 ⫾ 3.49a

0.271 ⫾ 0.018
0.242 ⫾ 0.008
16.33 ⫾ 0.58
2.03 ⫾ 0.10
1.49 ⫾ 0.10

0.298 ⫾ 0.009
0.257 ⫾ 0.009
14.78 ⫾ 0.57
2.18 ⫾ 0.13
1.55 ⫾ 0.06

0.245 ⫾ 0.013
0.197 ⫾ 0.014a
13.91 ⫾ 0.91a
2.71 ⫾ 0.25a
1.21 ⫾ 0.06a

0.247 ⫾ 0.012
0.204 ⫾ 0.009a,b
14.49 ⫾ 0.64a,b
2.97 ⫾ 0.16a,b
1.28 ⫾ 0.02a

a

0.272 ⫾ 0.017
0.239 ⫾ 0.010
10.27 ⫾ 0.47a
1.68 ⫾ 0.11
1.23 ⫾ 0.05a

BPD/DS
a

Data were collected after a 16-hour fasting period. Data are means ⫾ SEM.
a
P ⬍ .05 vs sham HF.
b
P ⬍ .05 for BPD/DS vs sham HF PW.

in BPD/DS vs 6.27 ⫾ 0.82 g in Sham HF, P ⬍ .05, one-way
ANOVA).
Gut morphology
Bariatric surgery resulted in changes in gut morphology
(Figure 3). The mucosal layer was significantly thicker in
the alimentary (Figure 3A) and common limbs (Figure 3B)
in BPD/DS and DS rats compared with Sham HF. In contrast, SG and sham surgery did not affect the morphology
of the proximal and distal ileum.
Energy expenditure and locomotor activity
The basal VO2 measured over a 22-hour period was
significantly lower in the BPD/DS, DS, and Sham HF PW
rats compared with the Sham HF rats (P ⬍ .05, RMANOVA for comparing curve profiles, Figure 4A). No
difference in this variable was observed between the SG
and the sham-operated groups or between BPD/DS and DS
animals. Sham HF PW rats even showed a lower VO2
consumption than that of BPD/DS rats during the dark
phase (P ⬍ .05, RM-ANOVA for comparing curve profiles, Figure 4A, and one-way ANOVA for areas under the
curve, Figure 4B) but not during the light phase (Figure 4,
A and C).
Basal RQ in the HF groups was lower than in chow-fed
animals throughout the 22-hour experimental period (Figure 4D and dark and light phase averages, Figure 4, E and
F). SG rats presented a RQ comparable with that of the
Sham HF animals, suggesting that SG did not significantly
affect substrate oxidation. During the dark phase, DS rats
showed higher RQ than sham HF rats, reflecting an increase in carbohydrate oxidation (Figure 3D and dark
phase averages, Figure 4E). A similar trend was observed
in BPD/DS rats compared with Sham HF animals (P ⫽ .07,
Figure 4E). During the dark phase, BPD/DS rats showed
higher RQ than Sham HF PW animals (Figure 4E).

Locomotor activity (distance traveled) was affected by
the different surgeries (Figure 4, G–I). Sham HF PW rats
showed a significantly higher locomotor activity than the
other groups, notwithstanding the phase of the day (Figure
4, G–I). During the dark phase, SG and Sham Chow rats
also showed higher locomotor activity than Sham HF animals (Figure 4H). No difference was observed in the locomotor activity between the DS, BPD/DS, and Sham HF
rats.
Thermogenic capacity and activity of iBAT
iBAT genes coding for UCP1 and proteins involved in
fatty acid oxidation were modulated by the bariatric surgery treatments (Figure 5). In Sham HF there was a marked
overexpression of CPT1 (Figure 5B) in parallel with trends
toward increases in UCP1 and PGC1␣ mRNA expressions
in iBAT (Figure 5, A and C). Chronic food deprivation
induced a significant decrease in iBAT UCP1 and CPT1
mRNA along with a trend toward a reduction in PGC1␣
mRNA expression, suggesting a lower iBAT thermogenic
in Sham HF PW rats compared with Sham HF rats (P ⬍
.05, Figure 5, A and B). The thermogenic capacity of iBAT
seemed to be even more decreased in BPD/DS and DS
groups, which showed reduced mRNA expressions of
UCP1 (Figure 5A), CPT1 (Figure 5B), and COX4 (Figure
5D), compared with Sham HF. Noteworthily, SG rats exhibited an increase in PGC1␣ mRNA expression in BAT
(Figure 5C). The two surgeries associated with body fat
loss (BPD/DS and DS) showed a diminution of iBAT oxidative activity and iBAT fatty acid uptake (active iBAT
volume) at 8 weeks after surgery (Figure 5, E–G). In contrast, SG resulted in a significant increase in active iBAT
volume and iBAT oxidative metabolism (Figure 5, E–G).
GI hormones
BPD/DS and DS produced significant increases (vs
Sham HF) in fasting plasma levels of GLP-1 and PYY
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Figure 2. Effects of BPD, DS, SG, and sham operation on fecal energy density (A), fecal energy loss (B), gross energy intake (C), digestible energy
intake (D) and energy digestibility (E). Measurements were taken over a 24-hour period prior to the surgery (day ⫺3) and on postoperative days 28
and 59. Data are means ⫾ SEM. *, P ⬍ .05 vs sham HF; †, P ⬍ .05 for BPD vs sham HF PW.

compared with the other groups (Figure 6, A and B). This
effect was strongly associated with DS because no effect on
plasma levels of these two gut hormones was observed
after SG or sham operation. GIP plasma levels were also
elevated in BPD/DS rats compared with Sham HF (Figure
6C). GLP-1, PYY, and GIP plasma levels were not affected
by chronic food deprivation per se because no significant
difference was observed between the Sham HF PW rats
and the other sham-operated groups of animals (Figure 6,
A–C). An increase in fasting acylated ghrelin was observed
in Sham HF PW animals (Figure 6D). The HF-induced

inhibitory effect (vs Sham Chow) on plasma levels of acylated ghrelin (Figure 6D) was reversed by the BPD/DS procedure (Figure 6D).
Glucose and lipid metabolism
As reflected by plasma insulin and C-peptide levels, the
increase in insulin secretion in response to HF was maintained in Sham HF animals (vs Sham Chow) at 9 weeks
after the surgery (Table 2). DS reversed this effect. At the
time the animlas were killed, BPD/DS and DS animals
showed levels of insulin and C-peptide similar to that of

Downloaded from https://academic.oup.com/endo/article-abstract/156/4/1316/2803478 by guest on 31 May 2020

0

24-h gross energy intake (kJ)

†
*

300

24-h fecal energy loss (kj)

Fecal energy density (kj/g)

40

doi: 10.1210/en.2014-1785

endo.endojournals.org

S ham C how
S ham HF
S ham HF P W

SG
DS
B P D/DS

A

15

*

*

10

5

0

Common limb
mucosal area (mm2)

B

10
8

*
*

6
4
2
0

Figure 3. Effects of BPD, DS, SG, and sham operation on gut mucosal
surface. Mucosal area of the alimentary (A) and common (B) limbs in
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operated rats was measured on gut transversal sections. Data
represent means ⫾ SEM. *, P ⬍ .05 vs sham HF.

Sham Chow rats (Table 2). As reflected by the homeostasis
model assessment index of insulin resistance index at 8 weeks
after the surgery, BPD/DS and DS rats showed similar levels
of insulin sensitivity to the Sham HF PW and Sham Chow
animals (Supplemental Figure 4). Consistent with the body
fat content, plasma leptin levels were lowered by BPD/DS, DS
and food restriction at the levels of Sham Chow animals
(Table 2). A slight reduction (vs Sham HF) in plasma leptin
was also observed in SG rats (Table 2). At the time the animals were killed, no difference in plasma glucose, cholesterol,
and NEFA levels was observed between groups. Regarding
plasma triglycerides, only sham HF PW animals showed
lower levels compared with the BPD/DS (Table 2).

Discussion
The present study was designed to assess the contribution
of DS and SG to the metabolic and homeostatic effects of

BPD/DS in HF-fed rats. BPD/DS and DS, but not SG, led
to persistent reductions in body weight gain and body fat,
which were accompanied by a significant decrease in digestible energy intake. BPD/DS and DS also exhibited a
reduction in energy expenditure, which was largely but
not totally accounted for by the reduction in body weight
led to by the surgeries; energy expenditure was slightly
higher in BPD/DS rats than in Sham HF PW animals. It is
noteworthy that BPD/DS and DS reduced iBAT oxidative
activity (estimated from 11C-acetate) to the level seen in
Sham HF PW. BPD/DS and DS led to significant elevations
in GLP-1 and PYY levels. Altogether the present results
emphasize the importance of the DS component of
BPD/DS in creating a negative energy balance through
reducing digestible energy intake. The DS component is
unique to the BPD/DS and likely behind the established
efficacy of the procedure to treat obesity and resolve type
2 diabetes (38, 39). The significance of DS was recently
acknowledged by Pata et al (40), who demonstrated that
a bariatric intervention, which consisted of a permanent
DS and transient (for 6 – 8 mo) gastroplasty, could produce a reduced body mass index after 10 –15 years. A
recent report from our group also emphasized the importance of the DS component in humans, in particular on the
long-term effects of the surgery (41).
The present results demonstrate that BPD/DS and DS
create a negative energy balance through reducing the digestibility of food. Digestible energy intake was indeed
lower in BPD/DS and DS rats than in Sham HF animals.
The observation that BPD/DS rats ate more than Sham HF
PW animals to maintain the same body weight and fat
mass demonstrates the ability of BPD/DS to also stimulate
energy expenditure. In line with this, dark-phase VO2 and
RQ were in fact higher in BPD/DS than in Sham HF PW.
However, BPD/DS did not apparently sustain energy expenditure through increasing iBAT thermogenesis. iBAT
thermogenic activity determined with 11C-acetate, and
free fatty acid uptake measured with 18FTHA, were noticeably reduced in BPD/DS rats. Consonantly, levels of
expression of iBAT genes encoding UCP1, CPT1b, and
COX4 in BPD/DS and DS rats were below those of Sham
HF PW rats. Other investigators (42) have similarly denied
the role of BAT in the increase in energy expenditure led
to by RYGB. BAT is a heat-producing tissue whose activity
is mainly controlled by the sympathetic nervous system
(43), and RYGB has been demonstrated to reduce sympathetic nervous system activity (44). The mechanisms
whereby BPD/DS stimulated energy expenditure while reducing BAT thermogenesis remain to be determined. They
are apparently related to the DS component as SG alone
neither changed expenditure nor reduced energy expenditure in the present study. The DS-mediated increase in

Downloaded from https://academic.oup.com/endo/article-abstract/156/4/1316/2803478 by guest on 31 May 2020

Alimentary limb
mucosal area (mm2)

20

1323

Baraboi et al

Energy Balance in BPD/DS High-Fat-Fed Rats

Sham Chow
S h a m HF
S h a m HF P W

A

Endocrinology, April 2015, 156(4):1316 –1329

SG
DS
B P D/DS

S ham C how
S ham HF
S ham HF P W

B

18

15

10

*

†

*

*

*

*

5
0

12

*

**

C

†

†
6
17:00

21:00

1:00

5:00

9:00

13:00

8
6

2

17:00

D

*

4

0

E

1.0

1.0

Dark phase
average RQ

Dark phas e

0.9

*

*

0.8

0.9

*

*

* p=.07

†

0.8
0.7
0.6

F
1.0

Light phase
average RQ

†

†

0.7

0.6
17:00

21:00

1:00

5:00

9:00

13:00

17:00

*

0.8
0.7
0.6

G
H
Dark phase
locomotor activity (m)

D a rk p h a se

3000

2000

†

1000

0
17:00

21:00

1:00

5:00

9:00

Time

13:00

I
*

17:00

Light phase
locomotor activity (m)

4000

L o c om o tor a ctivity (cm )

0.9

200

*

*

*

150
100
50
0
200
150

*

100
50
0

Figure 4. Effects of BPD, DS, SG, and sham operation on basal energy expenditure. VO2, RQ, and locomotor activity were measured every 15
minutes over a 22-hour dark/light period at 8 weeks postoperatively. VO2 is presented as hourly averages of measurements taken over a 22-hour
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BPD/DS-induced GLP-1 and PYY does not appear as a
likely mechanism because the elevation of these GI hormones is more stimulatory than inhibitory on BAT thermogenesis (45, 46).
One aspect that deserves consideration in explaining
the increase in metabolic rate and the decrease in iBAT

activity/capacity in BPD/DS compared with Sham HF PW
is the effect of the surgery on the morphology of the intestine. One can arguably predict that an increase in gut
wall thickness in both the alimentary and common limbs
can increase the capacity of the intestine to produce heat
and consequently to suppress iBAT activity. This hypoth-
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esis, however, needs to be verified. The gut is a very metabolically active tissue that accounts for 15%–22% total
oxygen consumption (42).
SG alone resulted in a transient reduction in food intake
and delayed body weight gain, but it did not significantly
altered body composition on the long term. These results
are consistent with our previous data from a study conducted in chow-fed animals (9), but they contrast with
results obtained in rats by other investigators who demonstrated weight reduction, even after 2 years following
(47). The body weight reducing effect seems to be related

to the amount of the stomach tissue that is removed in the
SG (48). For instance, Stefater et al (49) excised 80% of
the stomach, whereas we removed approximately 60% of
the organ. Our results nonetheless indicate that SG exerts
a reducing acute effect on meal intake but did not prevent
HF-induced excess weight gain in the long term in rats. In
this study as well as in our preceding one carried out in
chow-fed rats, SG rats appeared capable to compensate
the restricting effects of the gastrectomy. In terms of practicability, SG has certainly advantages over BPD/DS, and
it has proved to be effective at inducing weight loss in
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humans (50) and even has been described as the ideal
weight-loss surgery (51). Additionally, SG has been successfully used as a first stage of the BPD/DS procedure in
severely obese people, in whom it reduces body weight and
thereby facilitates the derivation step of the BPD/DS (52).
However, whether SG can produce in humans long-lasting
effect (⬎5 y) on body weight still needs to be substantiated
(53). Although this work was in progress, it was reported

by Marceau et al that SG patients regain weight much
faster than those with DS (41).
BPD/DS and DS resulted in increased plasma levels of
the gut hormones GLP-1 and PYY. Elevations of GLP-1
and PYY have been previously observed in human (54 –
57) and animal (58, 59) studies after bariatric surgery.
GLP-1 and PYY are satiating hormones cosecreted by the
intestinal L cells located in the distal gut (60 – 62). After the

Table 2. Plasma Metabolites and Hormones in BPD/DS, DS, SG, and Sham-Operated Rats at 9 Weeks
Postoperatively

Glucose, mM
Insulin, pM
C-peptide, nM
Leptin, g/mL
Cholesterol, mM
Triglycerides, mM
NEFA, mM

Sham Chow

Sham HF

Sham HF
PW

SG

DS

BPD/DS

9.85 ⫾ 0.60
67.29 ⫾ 3.23a
0.49 ⫾ 0.05a
0.71 ⫾ 0.01a
4.01 ⫾ 0.34
0.49 ⫾ 0.06
0.39 ⫾ 0.05

9.51 ⫾ 0.82
98.52 ⫾ 13.10
1.05 ⫾ 0.15
2.18 ⫾ 0.60
3.68 ⫾ 0.42
0.48 ⫾ 0.06
0.32 ⫾ 0.01

9.34 ⫾ 0.41
61.52 ⫾ 3.12a
0.30 ⫾ 0.04a
0.32 ⫾ 0.05a
3.10 ⫾ 0.35
0.24 ⫾ 0.03
0.33 ⫾ 0.04

9.59 ⫾ 0.67
96.21 ⫾ 7.63
0.75 ⫾ 0.07
1.12 ⫾ 0.09a
3.07 ⫾ 0.29
0.37 ⫾ 0.04
0.31 ⫾ 0.03

8.37 ⫾ 0.70
56.50 ⫾ 2.33a
0.25 ⫾ 0.06a
0.20 ⫾ 0.05a
3.21 ⫾ 0.51
0.48 ⫾ 0.06
0.32 ⫾ 0.04

7.77 ⫾ 0.38
63.90 ⫾ 5.90a
0.27 ⫾ 0.05a
0.27 ⫾ 0.08a
2.77 ⫾ 0.32
0.50 ⫾ 0.07b
0.39 ⫾ 0.04

Data were collected after a 16-hour fasting period. Data represent means ⫾ SEM.
a
P ⬍ .05 vs sham HF ad libitum.
b
P ⬍ .05 for BPD vs sham HF PW.
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elevation in satiating gut hormones such as GLP-1 and
PYY.
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