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Abstract

Background: Although Roux-en-Y gastric bypass
(RYGRB) is an effective and widely used therapy for se-
vere obesity, the mechanisms by which it induces weight
loss are not well understood. Several studies have shown
that RYGB in human patients causes a decrease in cir-
culating levels of ghrelin, a gastric hormone that
strongly stimulates food intake. Substantial variation in
the effect of RYGB on serum ghrelin has been reported
in different studies and among individual patients, sug-
gesting that regulation of this hormone is complex and
subject to genetic and other patient-specific factors. To
control for these factors and to enable more detailed
study of physiologic mechanisms, we have recently
developed a clinically relevant rat model of RYGB. In
this study, we used this model to examine the effect of
RYGB on serum ghrelin levels.

Methods: Fifteen Sprague-Dawley rats that had received
a high-fat diet to induce moderate obesity underwent
RYGB. The operation closely resembled the procedure
in humans. Serum samples were collected 1 month be-
fore and 3 months after RYGB, and serum ghrelin levels
were measured. The primary outcomes of the study were
the changes in body weight, food intake, and circulating
ghrelin levels after RYGB. A multiple linear regression
model was developed to examine the relationship be-
tween ghrelin levels and weight change after RYGB.
Results: Three months after the procedure, RYGB-
treated rats weighed 20 + 5% less than they would
have, had they not undergone the procedure. Despite
the weight loss, serum ghrelin levels were 38 + 6%
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lower than before surgery. There was appreciable vari-
ation in the weight loss in individual animals, and pre-
operative weight and pre- and postoperative ghrelin
levels were the best predictors of postoperative weight
loss. Thus, the animals who had the greatest weight loss
were those that were heaviest before surgery. These rats
had the highest preoperative and lowest postoperative
ghrelin levels.

Conclusions: Using our recently developed rat model of
RYGB, we found that postoperative weight loss is cor-
related with the magnitude of the decrease in circulating
ghrelin levels. This correlation provides the strongest
evidence to date that altered ghrelin signaling contrib-
utes to weight loss after this operation. The lower level
of circulating ghrelin after RYGB likely blunts the
appetitive drive, leading to decreased food intake in
these animals.
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Following its introduction 50 years ago, gastrointestinal
weight loss surgery was shown to induce substantial
weight loss that is maintained over decades [4, 9, 18].
Among the several different weight loss operations that
have been developed, Roux-en-Y gastric bypass
(RYGB) is the most common and most effective pro-
cedure now performed in the United States [3, 18, 19].
After this operation, patients initially lose an average of
65-75% of their excess body weight, and most maintain
this loss over the long term [19].

Despite the proven effectiveness of RYGB, however,
the precise mechanisms of the resulting weight loss re-
main obscure. Understanding these mechanisms would
provide a clearer path toward the development of
effective but less invasive treatments for obesity. His-



torically, RYGB has been considered to induce weight
loss primarily as a result of mechanical restriction and
malabsorption [9]. However, recent evidence suggests
that the effects of RYGB are more physiological than
mechanical. Studies in human patients have shown that
RYGB leads to decreased intensity of hunger, increased
frequency of satiety, and an enhanced behavioral re-
sponse to hunger and satiety [2, 7]. These behavioral
changes themselves promote decreased food intake and
consequent weight loss, in contrast to a purely anatomic
model in which decreased food intake is imposed on the
patient by mechanical restriction. Recent data suggest
that even the decreased energy expenditure normally
observed after diet-induced weight loss may be absent
after RYGB and that this procedure may therefore
cause a relative increase in energy expenditure [10, 21].
Thus, it appears that RYGB leads to physiological
changes that differ fundamentally from the effects of
restrictive diets, which often induce counterregulatory
responses (increased hunger and decreased energy
expenditure) that serve to promote regain of the lost
weight.

To define the physiological and molecular mecha-
nisms of RYGB-induced weight loss, we have recently
developed a novel rat model of RYGB that does not
interfere with long-term health and survival [20]. In this
study, we examined the effect of RYGB on circulating
levels of ghrelin. Ghrelin is a 28-amino acid peptide se-
creted primarily by the stomach and is the most potent
appetite-stimulating hormone currently known [12, 13,
17]. In humans, circulating ghrelin levels increase before,
and decrease immediately after, each meal, suggesting
that ghrelin is a physiologically relevant regulator of
food intake [7, 23]. Recent studies suggest that ghrelin
also plays a significant role in the long-term regulation
of body weight [17]. There is a high concentration of
ghrelin receptors in orexigenic neuropeptide Y neurons
in the arcuate nucleus of the hypothalamus, and ghrelin
appears to stimulate food intake and promote weight
gain by activating these neuronal circuits [1, 17].
Blockade of ghrelin-signaling in this region has been
reported to decrease food intake, fat mass, and body
weight [1].

In 2002, Cummings et al. reported markedly sup-
pressed ghrelin levels in five patients who underwent
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Fig. 1. Roux-en-Y gastric bypass in
the rat. A Creation of the
gastrojejunostomy. Intraoperative
photography showing the gastric
pouch (GP), the Roux limb (RL),
and the side-to-end
gastrojejunostomy (G-J), which is
hand-sewn using a running 6-0 silk
suture. B Creation of the
jejunojejunal anastomosis.
Intraoperative view showing the
Roux limb (RL), the biliopancreatic
limb (BPL), and the end-to-side
jejunojejunostomy (J-J), which is
also hand-sewn using a running 6-0
silk suture.

RYGRB; they suggested that these low levels may have
contributed to the weight-reducing effect of the proce-
dure [7]. Since this first report, however, other investi-
gators have found that the effect of RYGB on
circulating ghrelin is highly variable, ranging from
postoperative ghrelin suppression, to stable values de-
spite massive weight loss, to increased ghrelin levels
similar to those observed after diet-induced weight loss
[5, 8, 12-8, 12]. Although the causes of these varied
findings are not fully understood, they may reflect dif-
ferences in the operative techniques, the characteristics
of the patients included in each study, the timing of the
ghrelin measurements relative to the operation and
postoperative weight loss, and other factors.

Because of the numerous methodological and ethical
limitations inherent in performing detailed physiologic
experiments in human subjects, we sought to examine
the effects of RYGB on ghrelin in our novel animal
model, which closely reproduces the effects of the hu-
man procedure as closely as possible and enables the
operated animals to live full, healthy lives. Studies in this
model avoid some of the heterogeneity in genetic
background, operative procedures, and postoperative
protocols that is inherent in human studies.

Materials and methods

We used a rat model of diet-induced obesity (DIO) because it has been
well studied and is considered to be closely related to most forms of
human obesity [22]. To create the DIO rat model, the nutrient envi-
ronment is manipulated by placing wild-type rats on highly palatable
diets that are enriched in fat.

Male Sprague-Dawley rats (Harlan Sprague Dawley, Indianapo-
lis, IN, USA) were obtained at weaning (postpartum day 21). The
animals were housed individually and maintained on a 12-h light-dark
cycle (lights on at 0700 h) in a facility with an ambient temperature of
19-22°C and 40-60% humidity. Sixty rats were placed on a high-fat
diet (HFD) that provides 60% of total energy as fat, 20% as carbo-
hydrate, and 20% as protein (Research Diets, New Brunswick, NJ,
USA). After 16 weeks on the HFD, the 40 rats with the highest body
weight gain were designated as DIO [16]. Fifteen of the DIO rats were
randomly selected to undergo RYGB. The operation in rats closely
resembles the human procedure. In the rodents, the stomach is tran-
sected distal to the ridge that separates the forestomach from the
glandular stomach. A Roux-en-Y gastrojejunostomy is then fashioned
with a 10-cm Roux limb and a biliopancreatic limb that extends 15-18
cm distal to the ligament of Treitz (Fig. 1).
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Fig. 2. Weight loss after Roux-en-Y gastric bypass (RYGB) in Spra-
gue-Dawley rats. Three months after the procedure, the RYGB-treated
rats weighed on average 9% less than their preoperative weight and
20% less than their expected weight had they not undergone the pro-
cedure. The dashed line represents the typical growth curve of Spra-
gue-Dawley rats on a high-fat diet; the curve reflects published data
[15, 16].

Rats were fasted for 24 h before the operation. An elevated wire
rack was placed on the bottom of each cage to prevent the animals
from ingesting cage bedding and excreted products during the imme-
diate postoperative period. Blood samples were collected 1 month
before and 3 months after RYGB. Blood was obtained from a tail vein.
The serum was stored in a —80°C freezer until assays were performed.
Serum ghrelin levels were measured using a commercially available
radioimmunoassay kit (Phoenix Pharmaceuticals, Belmont, CA, USA)
according to the manufacturer’s instructions. For each of the duplicate
assays, 10 pL of rat serum was used.

The primary outcome examined in this study was the change in
serum ghrelin levels after RYGB. A multiple linear regression model
was developed to examine the relationship between ghrelin levels and
weight change after RYGB. All statistical analyses were performed
using the software SPSS Graduate Pack 11.0 for Windows (SPSS,
Chicago, IL, USA).

All interventions were performed in compliance with and were
approved by the Institutional Animal Care and Use Committee of the
Massachusetts General Hospital (MGH Subcommittee on Research
Animal Care).

Results

Three months after the procedure, the RYGB-treated
rats weighed 20 = 5% less than their predicted weight
had they not undergone the procedure [15, 16] (Fig. 2).
Unlike untreated male rats, which continue to gain
weight exponentially during adult life, the weight of
RYGB-treated animals remained completely stable after
transient fluctuations in the early postoperative period.
Three months after RYGB, their stable weight was
9 + 3% less than their preoperative weight and 20% less
than the weight of nonoperated controls. In the first
several weeks after surgery, RYGB-treated rats lost
~25% of their initial body weight. Immediately there-
after, they regained half of the lost weight, suggesting
that some of these early weight changes reflected the
catabolic effects of the operation and subsequent
recovery. Beginning at 10 weeks after the operation,
there was no significant change in body weight.

Three months after the operation, plasma ghrelin
levels in the RYGB-treated rats were 38 + 6% (range,
11-76%) lower than their preoperative levels. Ghrelin
levels were decreased in all but one rat (Fig. 3).
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Fig. 3. Serum ghrelin levels before and after Roux-en-Y gastric by-
pass. Lines represent the results from individual animals. The proce-
dure induced a substantial decrease in circulating ghrelin levels in all
but one rat (93%).

Using a linear regression model, we found that the
best predictors of weight loss in individual animals were
preoperative weight, time since the operation, and the
preoperative and postoperative ghrelin levels. Preoper-
ative weight and preoperative ghrelin levels were directly
correlated with weight loss, whereas postoperative
ghrelin and time after the operation were inversely
correlated. The linear regression model that best pre-
dicts the weight loss after surgery can be summarized as
follows:

Wpost

pre

100 — x 100 =13.138 4 0.109 X [W,]

—0.008 x [PostGhrelin]
—0.335 x [Time]

+ 0.003 x [PreGhrelin]
— 5.6 x 1077 x [Wp]
x [Time] x [PreGhrelin]

In this equation, W,,, is the weight before RYGB, W,
is the weight after RYGB, PreGhrelin and PostGhrelin
are the ghrelin levels before and after RYGB, respec-
tively, and Time is the time (in days) after RYGB.

The partial correlation coefficients that determine
the relative importance of the individual predictors were
-0.792 for W, 0.865 for PostGhrelin, 0.892 for Time, —
0.556 for PreGhrelin, and 0.767 for the variable [W,,] X
[Time] x [PreGhrelin].

The variable [W),.] X [Time] x [PreGhrelin] represents
a statistically significant, three-way interaction above
and beyond the individual contributions of these three
factors. Such interactions occur when the effect of one
variable differs depending on the levels of one or more
other variables. Here, for example, the effect of preop-
erative ghrelin level on postoperative weight loss is dif-
ferent depending on the preoperative weight and time
after surgery. This interaction is expressed by the fourth
variable [W,.] X [Time] x [PreGhrelin].

To illustrate the clinical significance of this interac-
tion variable, we plotted it against percent weight loss
(Fig. 4). The values commonly examined by investiga-
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Fig. 4. Predictors of weight loss after Roux-en-Y gastric bypass.
Ilustration of the relationships among predictors identified by linear
regression analysis. The relationship between postoperative weight loss
and preoperative serum ghrelin is modulated by two additional vari-
ables: preoperative weight and postoperative levels of serum ghrelin.
The heaviest animals with the highest preoperative ghrelin levels and
lowest postoperative serum ghrelin are predicted to have the greatest
weight loss after the gastric bypass procedure (/ine A), whereas the
lightest animals with the lowest preoperative ghrelin and highest pre-
operative ghrelin will have the least weight loss (/ine F).

tors are the mean of the variables, one SD below it, and
one SD above it. All combinations of these values are
used to plot the interaction among the variables, and six
lines are usually sufficient to illustrate the trends. As
shown in Fig. 4, the plot of the three-way interaction
variable suggests that the heaviest animals with the
highest preoperative and lowest postoperative ghrelin
levels had the greatest weight loss after RYGB.

Discussion

In this study using a novel rat model of RYGB recently
developed in our laboratory, we found that RYGB in-
duces substantial weight loss, followed by a long-term
stable weight that is atypical for untreated animals.
Three months after surgery, RYGB-treated rats weighed
20-30% less than untreated animals of comparable age
and initial body weight. Thus, weight changes in this rat
model are comparable to the well-described effect of
RYGB in human patients [20]. In addition, we found
that weight loss after operation is associated with a
substantial decrease in circulating ghrelin levels. It is
important to note that we examined the ghrelin levels 3
months after the operation, when the body weight of the
treated rats had stabilized and no further weight change
was likely to occur.

Several authors have suggested that the effect of
RYGB on circulating ghrelin levels depends on the dy-
namic status of weight loss [5-8, 12]. In several human
studies, post-RYGB ghrelin levels were decreased in
patients whose weights had leveled off, whereas patients
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who were still losing weight had higher levels (either
equal to or higher than preoperative levels). One inter-
pretation consistent with the observed findings is that
weight loss (from any cause) increases serum ghrelin
levels whereas RYGB reduces them. The overall effect of
RYGB on circulating ghrelin concentration in individ-
ual patients, and the size of this effect, varies depending
on the patient’s genetic background and other unknown
factors. In our inbred population of rats, the effect of
variable genetic influences was minimized by the
homogeneity of the animal population.

The heaviest animals with the highest preoperative
and lowest postoperative ghrelin levels had the greatest
weight loss after RYGB. Thus, the magnitude of the
decrease in circulating ghrelin levels predicts postoper-
ative weight loss. This finding suggests that ghrelin sig-
naling is directly involved in the physiological effects of
RYGB and provides further support for the hypothesis
that weight loss results more from the physiological ef-
fects of this operation than from mechanical effects.
Although it has often been assumed that food intake
after RYGB is reduced because of physical restriction of
the gastric reservoir, these observations support the
conclusions from human studies that the decrease in
food intake likely results from diminished hunger, in
part as a consequence of lower levels of circulating
ghrelin, leading to diminished stimulation of orexigenic
neurons in the arcuate nucleus [2, 7, 9].

> Because ghrelin represents only one means of
communication between the gastrointestinal (GI) tract
and central nervous system (CNS), a reduced ghrelin
level is unlikely to be the sole mechanism by which
RYGB induces weight loss. Communication between
the GI tract and the CNS is complex, and several other
signaling molecules and pathways are likely to be in-
volved in RYGB-induced weight loss. Because weight
loss after purely restrictive procedures, such as adjust-
able gastric banding (AGB) and vertical banded ga-
stroplasty (VBG), is associated with elevated circulating
ghrelin levels, non—ghrelin-related mechanisms must be
invoked to explain their effects [11, 14]. Because RYGB
includes a gastric restrictive component, it is likely that
one or more of the mechanisms used by AGB and VBG
contribute to weight loss after RYGB as well. The
availability of this rat model should facilitate the iden-
tification of these additional pathways.

In conclusion, we have developed a novel rat model
for RYGB and have begun to explore the mechanisms
by which RYGB induces weight loss. Despite the known
differences between humans and rats in gastrointestinal
anatomy and food intake patterns, the similar responses
of body weight and ghrelin levels to RYGB in the two
species suggests strong conservation of the relevant
weight regulatory mechanisms. These observations
support usefulness of this animal model for exploring
the physiological mechanisms of weight loss after
RYGB in more detail.

Using the rat RYGB model, we have shown that
RYGB is associated with a decrease in circulating
ghrelin levels, the magnitude of which predicts postop-
erative weight loss. The close relationship between
postoperative decrease in ghrelin levels and weight loss
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provides the strongest evidence to date that altered
ghrelin signaling contributes to gastric bypass—induced
weight loss. It is virtually certain that other weight
regulatory pathways are also affected by this operation,
and this rat model provides a valuable tool for their
discovery and characterization.
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