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Abstract
Background—The efficacy of Roux-en-Y gastric bypass surgery to produce weight loss has
been well documented, but few studies have measured the key components of energy balance,
food intake, and energy expenditure longitudinally.

Methods—Male Sprague-Dawley rats on a high-fat diet underwent either RYGB, sham
operation, or pair feeding, and were compared to chow-fed lean controls. Body weight and
composition, food intake and preference, energy expenditure, fecal output, and gastric emptying
were monitored before and up to 4 months after intervention.

Results—Despite recovery of initially decreased food intake to levels slightly higher than before
surgery and comparable to sham-operated rats after about 1 month, RYGB rats maintained a lower
level of body weight and fat mass for 4 months that was not different from chow-fed age-matched
controls. Energy expenditure corrected for lean body mass at 1 and 4 months after RYGB was not
different from pre-surgical levels and from all other groups. Fecal energy loss was significantly
increased at 6 and 16 weeks after RYGB compared to sham operation, and there was a progressive
decrease in fat preference after RYGB.

Conclusions—In this rat model of RYGB, sustained weight loss is achieved by a combination
of initial hypophagia and sustained increases in fecal energy loss, without change in energy
expenditure per lean mass. A shift away from high-fat towards low-fat/high-carbohydrate food
preference occurring in parallel suggests long term adaptive mechanisms related to fat absorption.
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Introduction
Roux-en-Y gastric bypass surgery (RYGB) is highly effective in the treatment of obesity
and remission of type-2 diabetes [1–5]. Unlike calorie restriction by dieting, the weight-
reduced state after RYGB does not appear to trigger the powerful metabolic adaptations
resulting in reduced energy expenditure and increased hunger [6, 7], thus resulting in
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sustained weight loss up to 16 years [8, 9]. A number of clinical studies concluded that
RYGB patients lost the preoccupation with thoughts about food and the desire to eat that
beleaguered them before surgery [10, 11]. Thus, understanding the mechanisms suppressing
these counter-regulatory adaptive processes that allow sustained weight loss over many
years should lead to powerful novel treatment strategies in the fight against obesity and
metabolic diseases.

A number of candidate mechanisms have been proposed for the beneficial effects of RYGB,
including elevated circulating levels of anorexigenic gut hormones GLP-1 and PYY as well
as reduced levels of the orexigenic hormone ghrelin [12–15]. However, given the
complexity of signaling from the gut to the brain and other organs, there is likely to be more
than one mechanism involved, and there may be a temporal evolution of signaling changes.
In addition to decreased food intake, increased energy expenditure also starts to emerge as a
contributing factor to the sustained weight loss after RYGB. Human studies have produced
conflicting data with either reduced [16–21], unchanged [22–25], or increased [26] total or
resting energy expenditure at various times after RYGB.

Recent studies in rodent models lean toward an increased energy expenditure after surgery
[27–29] or at least less of a decrease that could be expected from weight loss-induced
metabolic adaptation [30, 31] [32]. Differences in findings are likely due to the different
times of measurement relative to surgery and/or the use of different correction factors.

The aim of the present study was, therefore, to monitor changes in body composition, food
and water intake, energy expenditure, fecal production and energy loss, and gastric emptying
longitudinally, before and at various times after RYGB surgery. We carried out RYGB or
sham surgery on rats made obese on two-choice high- and low-fat diet to closely mimic the
human situation. Control groups on the same two-choice diet included sham-operated rats
and sham-operated rats pair-fed to the caloric intake of RYGB rats. An additional control
group consisted of age-matched chow-fed rats without any surgical intervention.

Materials and Methods
Animals and housing

Male Sprague-Dawley rats initially weighing ~200 g (Harlan Industries, Indianapolis, IN)
were housed individually in wire-mesh cages at a constant temperature of 21–23° C with a
12h light-dark cycle (lights on 07:00, off at 19:00). Food and water were provided ad libitum
unless otherwise indicated. Animals were made obese by putting them on a two-choice diet
for 23–26 weeks consisting of normal laboratory chow (Kcal%: Carb, 58; Fat, 13.5; Prot,
28.5, # 5001, Purina LabDiet, Richmond IN) and high-sucrose, high-fat diet (sweet HF diet;
Kcal%: Carb, 35; Fat, 45; Prot, 20, D12451, Research Diets, New Brunswick, NJ), with
each of the diets containing sufficient minerals and vitamins. Liquid Ensure diet (Kcal%:
Carb, 64; Fat, 21.6; Prot, 14.4, Abbott Laboratories, Columbus, OH) was also provided
before the surgery for habituation to the diet. They were then randomly assigned to either
sham surgery, RYGB surgery, or sham surgery pair-fed to RYGB animals. After surgery,
only liquid Ensure was provided as a source of food for the first 10 days, and then regular
chow and sweet HF diet were made available thereafter. A lean control group without
surgery was placed on a regular chow diet throughout the experiment.

All protocols involved in this study were approved by the Institutional Animal Care and Use
Committee at the Pennington Biomedical Research Center in accordance with guidelines
established by the National Institutes of Health.
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Roux-en-Y gastric bypass surgery
Details of the RYGB surgical procedure have been reported earlier [15, 31]. Briefly, the
procedure connected a gastric pouch that was approximately 20% of the total gastric volume
to a Roux limb about 15 cm-long, a biliopancreatic limb about 40 cm-long, and a common
limb that was 25 cm-long.

Sham-surgery was similar to the RYGB procedure with the exceptions that there were
incisions in the jejunum about 25 cm from the ileocecal valve and another in the gastric
fundus both of which were closed with sutures, the transected jejunum was re-anastomosed,
and the stomach had the cutting stapler laid over it without firing. This process produced a
similar amount of surgical trauma in the sham-operated rats while preserving the normal
flow of nutrients.

To overcome potential deficits in iron absorption and development of anemia, rats were
administered a macromolecular dextran-iron complex (Iron Dextran injectable, catalog #
93963, 5 mg, sc; Town and Country, Ashland, OH) once a week for the first two weeks after
RYGB surgery. Additional doses were administered to individual anemic animals if
indicated.

Measurement of body composition and body weight
Body composition was initially measured 23 weeks before surgery before introducing the
high-fat diet, again at 3 weeks before surgery after 20 weeks of the high-fat diet, and then at
1, 3, 6, and 15 weeks post-surgery. A Minispec LF 90 NMR Analyzer (Bruker Corp., The
Woodlands, TX), which uses whole-body magnetic resonance relaxometry in non-
anesthetized rodents, was used to measure the body composition with excellent linearity and
reproducibility [35].

Body weight was measured daily for the first two weeks followed by weekly recording.
Body weight was monitored daily for the first two weeks, and then was recorded weekly.
Body composition was measured before introduction of the high-fat diet (23 weeks before
surgery), after 20 weeks of high-fat diet (3 weeks before surgery), and at 1, 3, 6, and 15
weeks after surgery, by using a Minispec LF 90 NMR Analyzer (Bruker Corporation, The
Woodlands, TX). This method uses whole body magnetic resonance relaxometry in
unanesthetized rodents with excellent linearity and reproducibility.

Measurement of food intake and high-fat preference
Food and water intake was measured for 3 weeks before surgery and throughout the
postoperative period. During days 2–10, Ensure intake was measured daily, and for later
time points, intake of each component of the two-choice diet, regular chow and high-fat diet
was measured by taking spillage into account. All intake is reported in kcal/day, and fat
preference was calculated as calories from high-fat diet/(calories from high-fat + regular
chow) × 100.

Measurement of energy expenditure
Energy expenditure was measured by indirect calorimetry (Comprehensive Lab Animal
Monitoring System [CLAMS]; Columbus Instruments, Columbus, OH), 4 weeks before
surgery as well as 5 and 17 weeks after surgery. The rats were habituated to the chambers
for 1–2 days before collecting data. Then VO2 consumption and respiratory exchange ratio
(RER) were measured for a three-day period with ad libitum access to food. Resting energy
expenditure (REE) was defined as the bottom 10% of the energy expenditure during the 3-
day period. Four months after surgery, the same measurements were taken when the animals
were subjected to fasting for 24h and re-feeding afterwards.
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Measurement of fecal output
Feces were collected over a period of 3 days at −20, 40, and 110 days relative to surgery.
Both wet weight and dry weight, after dried in a convection oven at 50 °C, were recorded.
Gross fecal energy content (kcal/g) was determined by bomb calorimetry in the Analytical
Laboratory of Kansas State University (Manhattan, KS).

Measurement of gastric emptying
Animals were adapted to ingest a prepared pancake 3–5 days before testing. After an
overnight fast, rats were placed into 7 L Plexiglass chambers. Air flow rate into the chamber
was at 0.65 L/min. After stabilization of the baseline, rats received 1 g of pancake
containing 5 μl [13C]-octanoic acid. All animals finished the pancake within 5 min. [13C]- to
[12C]-carbon dioxide ratio was analyzed from the exhaled air in the chamber using the
nondispersive Infra Red Isotope Analyzer (IRIS; Wagner Analysen Technik, Bremen,
Germany) [36]. After initial 5 min sampling for 1h, air samples were taken at 15 min
intervals for a total duration of 6h. The time needed to reach 50% recovery of the
administered [13C] substrate was used to determine gastric half-emptying time (T1/2).
Latency to the peak in fractional dose per hour (Tmax) was also determined.

Statistical analyses
Body weight, body composition, food intake, fat preference, water intake, fecal energy
output, energy expenditure, and respiratory exchange rate across time were analyzed by two-
way repeated measures ANOVA, with treatment as a between-subject factor and days as a
repeated within-subject factor, followed by Bonferroni’s post-hoc multiple comparison test.
Food intake for food choice/acceptance was analyzed by a three-way repeated measures
ANOVA, with treatment and diet as a between-subject factor and days as a repeated within-
subject factor, followed by Bonferroni’s multiple comparison test. Gastric emptying was
analyzed by one-way ANOVA followed by Bonferroni’s post-hoc test. Data are presented as
mean ± SEM. Statistical significance was set at p < 0.05.

Results
Body weight and body composition

Our high-fat diet-exposed rats weighed ~550g, while the age-matched, chow-fed control rats
weighed ~450g at the time of surgery (Fig. 1a). The high-fat diet-induced weight gain was
due to both fat mass gain from 61g to 123g (+102%) and lean mass gain from 240g to 345g
(+44%), resulting in an increase in adiposity from 18.0% to 25.0% (+39%) and reduction in
leanness from 77% to 70% (−9%) (Fig. 2). The chow-fed control rats gained less fat mass
(+66%) and lean mass (+28%), and their adiposity increased only from 17.7 to 19.8 (+ 12%)
in the same period of time.

After RYGB surgery, body weight decreased steeply for the first 10 days and then after 20
days reached a plateau of around 110 g (−20%) below pre-surgical levels (Fig. 1b). Both fat
mass and lean mass significantly decreased after RYGB surgery, reaching levels exhibited
by the chow-fed controls by 3 weeks after surgery (Fig. 2), after sham surgery, body weight
decreased only transiently by about 25 g and then continued to steadily increase for the
remainder of the observation period to about 75g (+13%) above presurgical levels (Fig. 1).
This increase was mainly due to an increase in fat mass, as reflected by the further increase
in adiposity to 27.5 ± 1 % at 4 months post-surgery (Fig. 2). Sham-operated rats that were
pair-fed to the intake of RYGB rats lost weight more rapidly than ad libitum-fed sham-
operated rats and similarly to RYGB rats, but then gained weight back rapidly as pair-
feeding was no longer restricting their intake. By 6 weeks after surgery, sham-operated,
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pair-fed rats had caught up with sham-operated rats, and at the end of the observation period
their adiposity and percent lean mass were not significantly different from each other.

Food and water intake
Energy intake from Ensure was severely suppressed for the first few days after RYGB
compared with sham-operated rats, but recovered within about 2 – 3 weeks after surgery,
when they were given a choice between high-fat pellets and regular fat chow (Fig. 3a). Pair-
feeding was halted 6 weeks after surgery, when RYGB rats no longer exhibited hypophagia.

Water intake before surgery was similar for RYGB, Sham, and PF rats, significantly lower
than for chow-fed controls (Fig. 3b). At 6 – 9 weeks after surgery, RYGB rats consumed
significantly more water than sham and PF rats, an amount not significantly different from
chow-fed controls.

Fat preference
If given a choice between high-fat diet and regular (low-fat) chow, rats designated to
undergo RYGB surgery had a similar very high preference (>95%) for the high-fat diet (data
not shown). After surgery, sham-operated rats continued with this very high preference for
45% fat diet, and their chow intake remained very low (Fig. 4). In contrast, the RYGB rats
gradually increased chow intake and decreased high-fat intake, resulting in a significantly
lower fat preference by about 3 months after surgery.

Energy expenditure and substrate utilization
Energy expenditure and substrate utilization was assessed by indirect calorimetry under ad
libitum food intake conditions, 4 weeks before, as well as 5 and 17 weeks, after surgery.
Continuous 72-h records of energy expenditure corrected for lean body mass showed the
typical diurnal pattern in all groups, but no significant differences between groups at 5
weeks after surgery (Fig. 5a). There were also no significant differences in average daily
total and resting energy expenditure corrected for lean body mass between RYGB and any
other groups before surgery and at 5 and 17 weeks after surgery (Fig. 5b, d). To differentiate
diet-induced thermogenesis from REE, we compared ad libitum, fasting, and re-feeding
conditions at 17 weeks after surgery. As expected, 20-h fasting slightly decreased total
energy expenditure across all groups, but there were no significant differences between the
groups (Fig. 5e). Re-feeding the fasted rats brought energy expenditure back to higher
levels, but again, there were no significant differences between RYGB and any other groups.

If energy expenditure was corrected for total body mass (as in most previously published
RYGB studies), ANOVA showed significant treatment (F[3,42] = 11.4, p < 0.001) and time
effects (F[2,42] = 8.2, p = 0.001), and follow up comparisons showed that average total daily
energy expenditure was significantly higher in RYGB rats compared with sham (+17%) and
pair-fed rats (+20%) 5 weeks after surgery (not shown). At 17 weeks after surgery, there was
still a trend for increased energy expenditure in RYGB rats (+ 13%), compared to sham rats,
and a significant increase +(19%), compared to pair-fed rats. Finally, if expressed per kg0.75

body weight, only the difference between RYGB (618 ± 18.1) and pair-fed rats (534 ± 18.2
kJ/24h/kg0.75, p < 0.05) at 5 weeks after surgery remained significant.

The respiratory exchange ratio which increases with increasing carbohydrate utilization
showed the expected higher values in chow-fed lean control rats compared with the three
other groups mostly consuming high-fat diet throughout the observation period (Fig. 5c).
ANOVA showed significant treatment (F [3,42] = 21.9, p < 0.001) and time effects (F[2,42] =
23.3, p < 0.001), and a significant interaction (F[6,42] = 2.7, p = 0.025). Follow up
comparisons showed that, although there was a trend for increasing respiratory exchange
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ratios after RYGB and sham surgery, there were no significant differences between RYGB,
sham, and pair-fed rats either 5 or 17 weeks after surgery. As expected, the respiratory
exchange ratio of all groups gradually converged to a lower level of between 0.66 and 0.68
during the fast, indicating a shift toward fat utilization, and it increased again after re-
feeding (Fig. 5f). However, there were no significant differences observed between RYGB
and sham rats.

Fecal production and energy content
Before surgery, wet fecal output was similar in high-fat consuming RYGB, sham, and PF
rats, but significantly higher in chow-consuming controls (Fig. 6a). At 6 and 16 weeks after
surgery, both wet and dry fecal output significantly increased from pre-surgical levels in
RYGB rats, but not in any other group. At 16 weeks after surgery, dry fecal output of RYGB
rats was, however, similar to chow-fed lean rats (Fig. 6b). Fecal gross energy content was
significantly greater by about 2 kcal/g (+50%) in RYGB rats both 6 and 16 weeks after
surgery compared with all other groups (Fig. 6c). The combined effect of increased
production and energy content resulted in significantly increased total fecal energy output
both 6 and 16 weeks after RYGB compared with sham surgery and pair-feeding (Fig. 6d).
While at 6 weeks after surgery, the total energy output of RYGB and chow-fed control rats
was similar, around 15–20 kcal/day, it further increased to around 30 kcal/day in RYGB rats
at 16 weeks after surgery, significantly higher than chow-fed rats.

Gastric emptying
ANOVA showed a significant main effect of treatment condition for lag time (F[3,43] =
6.36, p<0.001) (Fig. 7a), and for half-emptying time (F[3,43] = 3.65, p = 0.02) (Fig. 7b).
Follow-up tests with Bonferroni correction revealed a significantly delayed lag time for
obese rats compared with all three other conditions (p<0.05), and a significantly slower half-
emptying time for obese rats compared with chow-fed lean control rats (p < 0.05). Follow-
up tests with Fisher’s LSD test additionally revealed significantly shorter half-emptying time
of RYGB compared with obese rats (p < 0.05).

Discussion
The results of this longitudinal study in a Sprague-Dawley rat model of RYGB show that
several mechanisms contribute to the surgery-induced sustained reduction in body weight
and fat mass. The initial hypophagia leads to rapid weight loss which is later defended by
reduced fat absorption but not enhanced energy expenditure if it is expressed per lean body
mass. These findings confirm some but not other earlier reports with various rat models of
RYGB [14, 27–29, 37]. The present study is also unique in that it systematically assessed
body composition and energy balance in the same animals before and at several time points
after surgery. Also, in addition to sham-operated controls, the study included sham-operated,
pair-fed rats and age-matched lean rats maintained exclusively on chow. Limitations of the
study include the relatively low number of RYGB rats included, the somewhat incomplete
measurements of total food intake, and the lack of any intervention approach towards
identifying the potential underlying mechanisms.

Clearly, the surgery was successful in completely reversing and preventing further obesity as
indicated by the flat body weight and composition from about 3 weeks after surgery to the
end of the 4 month observation period. We have also shown in a previous study that obesity-
induced elevated leptin levels are completely reversed by RYGB in this model [15].
Complete reversal of obesity is typically not observed in humans, where BMI often remains
in the overweight or even obese range around 30 kg/m2 [38]
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As in most other studies [14, 27, 28, 31, 37], food intake was initially greatly reduced, and
although some of this reduction was associated with the nonspecific trauma of surgery as
indicated by a sizable dip in sham-operated animals, the other part of this initial hypophagia
was likely due to the restrictive component of RYGB. A meal pattern analysis during this
period revealed a drastically reduced meal size and an unsuccessful attempt to compensate
by increased meal frequency [31]. This is the equivalent of early satiety, thus resorting to
snacking or grazing behavior seen in RYGB patients. In only one rat study there was no
apparent reduction in food intake, and this might be explained by the fact that the animals
were not obese and exclusively fed regular chow [29].

Not only did the hypophagia disappear after about 3–4 weeks, but RYGB rats started to
ingest more calories than sham controls. Therefore, pair-feeding was stopped at this time,
and pair-fed rats caught up with the body weight and body composition of sham-operated
rats quite rapidly. The presence of slight hyperphagia in the face of stable lower body weight
can either be explained by a reduction of nutrient absorption or an increase of energy
expenditure, or both.

In contrast to several other reports in rodent models of RYGB [27–29, 39], we do not find
energy expenditure to be increased in our rat model. However, this discrepancy is likely the
result of different normalization procedures, with most of these studies using normalization
per total body mass or a derivative of total body mass such as kg 0.75. If corrected for total
body mass, we also find significantly higher energy expenditure after RYGB compared with
sham-operated and pair-fed animals, but if corrected for lean body mass only, no significant
differences are observed. This latter conclusion is in agreement with at least two other
studies in rodents; no change in energy expenditure per rat was reported in obese Zucker
rats, 2 weeks after RYGB surgery [32], and energy expenditure per rat was initially
decreased after combination duodenal bypass-sleeve gastrectomy surgery in Wistar rats,
before normalizing after 6 weeks [30].

Cross-sectional studies in humans reported either increased [23], no change in [17], or even
decreased [40] energy expenditure, but in none of these studies was energy expenditure
normalized to lean mass.

The caveats of reporting energy expenditure in rodents with large differences in fat mass
have been discussed [41, 42], and although there is no perfect way to do it, it is clear that
correction for lean body mass is superior to correction for total body mass or body mass to
any power. This is because metabolic activity of fat tissue, although not negligible, is much
less than metabolic activity of lean tissue. Thus, it is likely that the increased energy
expenditure of RYGB compared with sham-operated rats in the Bueter et al.[28] and
Stylopoulos et al. [27] studies was due to normalization to either total body weight or total
body weight 0.75. In a recent study in mice, Nestoridi et al. also concluded that energy
expenditure is significantly higher 2–8 weeks after RYGB compared to sham surgery, even
though it was not different on an uncorrected per mouse basis [39]. However, a careful
energy expenditure component analysis taking into account not only energy intake and
expenditure, but also fecal energy loss, body energy gain, and energy cost for storage,
suggests that “apparent energy expenditure” was significantly higher by about 10% after
RYGB than after control surgery.

Taken together, it is clear that if correcting for lean body mass, no rodent or human study
has unambiguously demonstrated significantly increased energy expenditure after RYGB
compared with sham-operation. However, the many methodological differences including
species, surgery, postsurgical time, and diet, as well as the fact that fat tissue is not
completely metabolically inert, make it impossible to rule out a role of for energy
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expenditure in RYGB-induced weight loss. Future studies using more detailed energy
expenditure component analysis in rodents [39], and comprehensive human studies using
doubly-labeled water will be necessary to obtain definitive answers.

Fecal output and energy loss were clearly increased in our rat RYGB model. In RYGB rats,
but not the other groups, dry fecal production significantly increased from a low level ~1.5 g
before surgery, to ~3 g at 6 weeks and ~5 g at 16 weeks after surgery, and it was similar in
weight to the considerable dry fecal production of chow-fed control rats. Although we have
not measured macronutrient composition of fecal output, we speculate that RYGB rats lost
mainly fat in the feces, while chow-fed rats lost mainly non-metabolizable fiber. This
assumption is supported by the significantly increased fecal energy density in RYGB rats
compared to all other groups, and findings in other rat models of RYGB using non-obese,
chow-fed rats, in which no differences in fecal output and energy density were found
between gastric bypass and sham-operated rats [14, 28, 29]. Consistent with our
observations of increased fecal energy loss in high-fat fed rats after RYGB, Guijarro et al.
[37] reported that in their rat model fat absorption was significantly reduced by ~ 30% after
RYGB. Furthermore, a recent study in mice reported a more than three-fold higher fecal
energy loss after RYGB compared with sham-operation [39]. In contrast, Stylopoulos et al.
[27] reported a relatively small fecal energy loss of ~ 4% in yet another rat model of RYGB
surgery. The smaller fecal energy loss in this latter study appears to be accounted for by the
considerably longer common limb (~70% of total intestinal length) compared to our model
and the model of Guijarro (~30%). Although fecal energy loss is not considered a major
factor in humans, it can contribute up to 170 kcal/d to the total energy deficit at 14 months
after long-limb RYGB [43], which is comparable to the relatively long biliopancreatic limb
in our rat model.

Gastrointestinal transit time could play an important role in the efficiency of nutrient
absorption. Delayed gastric emptying has been reported in obese subjects [44], and this
could be reversed by RYGB. Accelerated delivery of undigested nutrients, particularly fat,
to the Roux and common limbs could contribute to malabsorption. In agreement with the
observation in obese subjects [44], gastric emptying of a mixed meal tended to be delayed in
sham-operated obese rats, and this effect was reversed 4 weeks after RYGB. However, it is
not clear why the equally obese pair-fed rats also showed this accelerated emptying trend,
and the interpretation of the results is limited by the fact that measuring emptying of high-fat
diet would have been more revealing. Furthermore, exactly the opposite was observed in a
human study with accelerated gastric emptying in obese subjects compared to normal weight
control subjects and reversal to slower gastric emptying 9 months after jejunoileal bypass
[45]. Therefore, additional studies will be necessary to determine changes in gastric
emptying after RYGB and its potential role in malabsorption and the control of food intake.

Conclusions
In this longitudinal study, we confirm the sustained effectiveness of RYGB in high-fat diet-
induced obese rats to reduce body weight and adiposity. Reduced food intake appears to be
responsible only for the initial rapid weight loss, but additive effects of fecal energy loss and
perhaps slightly elevated energy expenditure keep the body weight at these lower levels for
an extended period of time. The mechanisms responsible for each of these three components
remain to be determined.
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Fig. 1. Body weight
and body weight change of rats with Roux-en-Y gastric bypass surgery (RYGB, filled
circles, n = 6), sham surgery (Sham, open circles, n = 7), sham surgery, pair-fed to RYGB
(PF, open squares, n = 6), all fed a high-fat diet, and lean control rats fed a regular chow diet
(Chow, open triangles, n = 6).
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Fig. 2. Body composition
(Means ± SEM of total and relative fat and lean mass) of rats with Roux-en-Y gastric bypass
surgery (RYGB, filled circles, n = 6), sham surgery (Sham, open circles, n = 7), sham
surgery, pair-fed to RYGB (PF, open squares, n = 6), all fed a high-fat diet, and lean control
rats fed a regular chow diet (Chow, open triangles, n = 6). * p < 0.05, RYGB vs. Sham; # p <
0.05, RYGB vs. PF; ^ p < 0.05, chow vs. all other groups; based on ANOVA, followed by
Bonferroni-corrected multiple comparisons.
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Fig. 3. Food and water intake of
rats with Roux-en-Y gastric bypass surgery (RYGB, filled circles or medium gray bars, n =
6), sham surgery (Sham, open circles or light gray bars, n = 7), sham surgery, pair-fed to
RYGB (Sham-PF, dark gray bars, n = 6), all fed a high-fat diet, and lean control rats fed a
regular chow diet (Chow-fed lean, white bars, n = 6). * in a, p < 0.05. Bars in b that do not
share the same letters are significantly different from each other, based on ANOVA,
followed by Bonferroni-corrected multiple comparisons.
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Fig. 4.
Fat preference of rats with Roux-en-Y gastric bypass surgery (RYGB, filled circles, n = 6),
or sham surgery (Sham, open circles, n = 7), on a two-choice high-fat/regular chow
maintenance diet. (a) intake of high fat diet (top) and chow (bottom) expressed in calories.
(b) Preference ratio for high-fat diet intake. * p < 0.05, based on ANOVA, followed by
Bonferroni-corrected multiple comparisons.

Shin et al. Page 15

Obes Surg. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Energy expenditure and RER
of rats with Roux-en-Y gastric bypass surgery (RYGB, filled circles or medium gray bars, n
= 6), sham surgery (Sham, open circles or light gray bars, n = 7), sham surgery, pair-fed to
RYGB (Sham-PF, open squares or dark gray bars, n = 6), all fed a high-fat diet, and lean
control rats fed a regular chow diet (Chow, open triangles or white bars, n = 6). (a) Energy
expenditure during 3 successive day-night cycles, averaged over 4 h periods. (b) Total
energy expenditure for the 4 groups before and after surgery. (c) Respiratory exchange ratio
(RER) before and after surgery. Bars that do not share the same letters are significantly
different from each other, based on ANOVA, followed by Bonferroni-corrected multiple
comparisons. (d) Resting energy expenditure before and after surgery. (e) Effect of fasting
and re-feeding on total energy expenditure 17 weeks after surgery. (f) Effect of fasting and
re-feeding on RER, 17 weeks after surgery.
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Fig. 6. Fecal production and energy output
of rats with Roux-en-Y gastric bypass surgery (RYGB, medium gray bars, n = 6), sham
surgery (Sham, light gray bars, n = 7), sham surgery, pair-fed to RYGB (Sham-PF, dark
gray bars, n = 6), all fed a high-fat diet, and lean control rats fed a regular chow diet (Chow,
white bars, n = 6). Bars that do not share the same letters are significantly different from
each other, based on ANOVA, followed by Bonferroni-corrected multiple comparisons.
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Fig. 7. Gastric emptying
of rats with Roux-en-Y gastric bypass surgery (RYGB, medium gray bars, n = 6), sham
surgery (Sham/obese, light gray bars, n = 13), sham surgery, pair-fed to RYGB (PF, dark
gray bars, n = 6), all fed a high-fat diet, and lean control rats fed a regular chow diet (Chow,
white bars, n = 19). Time to reach maximal emptying rate (lag time, a) and time to empty
half of the food ingested (half-emptying time, b) are shown. Bars that do not share the same
letters are significantly different from each other, based on ANOVA, followed by
Bonferroni-corrected multiple comparisons.
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