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Abstract
Background Ghrelin is an important factor in the regulation of
intake. Most ghrelin is synthesized in the gastric fundus, but
this is not the only location. The aim of this experimental study
was to analyze the effect of sleeve gastrectomy (removing
fundus) on the volume of intake in four experimental models
and determine how this relates to changes in weight, plasmatic
levels of glycemia, ghrelin, GLP-1, and insulin.
Methods Sleeve gastrectomy was performed on four exper-
imental models: (1) non-obesity; (2) exogenous obesity
caused by excessive calorie intake; (3) genetically deter-
mined obesity (Zucker rats); and (4) genetically determined
obesity and type 2 diabetes mellitus (Zucker diabetic fatty;
ZDF rats). Model 2 had a control group on which sleeve
gastrectomy was not performed.
Results In the non-obese group, there were few changes after
intervention, but in model 2, sleeve gastrectomy led to
normalization of weight and endocrine–metabolic parameters
that were the same as those for non-obese rats. The exception
was for GLP-1, which has an anorexigenic effect: GLP-1
remained higher. In Zucker rats, sleeve gastrectomy had a
slight effect on all parameters. In ZDF rats, sleeve gastrectomy
led to a reduction in intake and a stabilization of weight.

Conclusions Sleeve gastrectomy is a very good option for
exogenous obesity. Normalization of hormonal levels led us
to find an extragastric ghrelin production.

Keywords Sleeve gastrectomy . Ghrelin . GLP-1 .

Bariatric surgery .Morbid obesity

Introduction

Obesity is the result of multifactorial changes involving
both genetic and environmental factors. The physiopathol-
ogy of obesity from the point of view of intake regulation
has led to numerous experimental studies aimed at
identifying new forms of regulation. These new forms of
regulation are not only found in the gastrointestinal system
but also in the adipose tissue (via the metabolism of leptin
and insulin) and the central nervous system to finally
produce the relevant orexigenic or anorexigenic effect.

The role of ghrelin In the context of gastrointestinal
regulation, it is important to point out the regulation carried
out by the gastric hormone ghrelin [1] as a regulator of
appetite and, therefore, of weight loss. Ghrelin is the only
gastrointestinal hormone with a known orexigenic effect
[2]. It is synthesized mainly in the X/A cells of the fundus
mucosa and the gastric body, but it has also been shown to
be produced, for example, in the intestine, testicles, liver,
placenta, and hypophysis [3]. Ghrelin induces an increase
in intake in humans and in rats. In the obese, its levels are
low, as it decreases as intake increases [4]. It stimulates the
secretion of the growth hormone and is high in conditions
of malnutrition or anorexia nervosa [5]. The lack of ghrelin
suppression after intake could play a part in the origin of
obesity [6].
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Glucagon-like peptide-1 (GLP-1) and its effects GLP-1 is
an intestinal-regulating peptide of 30 amino acids that se-
cretes at the L cells of the intestinal epithelium. It originates
from the family of peptides that are structurally analogous
to glucagon–secretin–VIP. The release of GLP-1 takes
place because of the arrival of nutrients to the small
intestine mediated by the cholinergic system [7]. At the
level of the plasma, it is inhibited by the enzyme dipeptidyl
dipeptidase IV, which degrades it in a few minutes to
inactive products [8]. It stimulates the secretion of insulin
by the beta cells in the pancreas with inhibition of glucagon
secretion [9] and reduces resistance to insulin and intestinal
motility [10]. This has led to several studies into determin-
ing its therapeutic possibilities in the field of diabetes
mellitus, although analogs of GLP-1 with a longer average
life span, such as exendin IV, and inhibitors of dipeptidyl
dipeptidase IV must be used [11]. GLP-1 has been seen to
have an appetite-inhibiting effect both in humans and in
experimental animals. Administration of GLP-1 at the pe-
ripheral level has also been seen to have anorexigenic
effects both in obese patients and in patients with type-2
diabetes mellitus [12].

Sleeve gastrectomy as a new surgical procedure Sleeve
gastrectomy consists of vertical gastric resection of 80%
capacity with exeresis of the fundus and body of the
stomach linearly from the Hiss angle to 3–4 cm from the
pylorus. This leaves a gastric residual volume ranging from
50 ml [13] to 200 ml [14]. However, as yet, there is no
agreement on the optimum residual volume. The operation
was created by Hess and Marceau as a restrictive
component of biliopancreatic diversion with duodenal
switch performed in one stage. Gagner’s [15] group was
the first to perform the operation laparoscopically. It has
subsequently been used as the first stage of an intervention
lasting a few months before full biliopancreatic bypass is
performed. It can therefore be considered a treatment of
choice as the first stage of malabsorptive surgery for
producing a good degree of weight loss for high-risk
patients and patients with extremely high levels of morbid
obesity. As sleeve gastrectomy is the restrictive technique
that leads to the greatest amount of weight loss, it has
therefore been reconsidered as another single-procedure
bariatric surgical technique. Moreover, as surgical time is
short, there are fewer complications, which greatly benefit
these patients who have many associated comorbidities.
Sleeve gastrectomy is the surgical procedure of choice for
super-obese patients with serious comorbidities that are
difficult to treat [16].

Metabolic–surgical nexus Reports that have shown ghre-
lin to be an important factor in the regulation of intake

have encouraged studies relating the levels of ghrelin
with the various bariatric surgical techniques [17, 18].
Bariatric surgery anatomically affects not only gastric
capacity and the area of absorption of the nutrients and
fats but also the pattern of secretion of all the peptides
regulating intake. The fact that ghrelin is mainly synthe-
sized in the gastric fundus and that it is a potent orexigenic
hormone has led to numerous studies to identify a possible
metabolic–surgical nexus. So far, there is no agreement
with regard to results on hormonal variations: results
depend on the series [19–21]. With sleeve gastrectomy,
almost the whole of the gastric fundus is surgically
removed, which suggests that after the operation, the
levels of ghrelin should, in theory, be low. The good levels
of weight loss reported after sleeve gastrectomy may partly
be caused by the sharp decline in the levels of ghrelin,
which would considerably reduce intake [22]. Increases in
the response of other gastrointestinal hormones such as
GLP-1 have been reported after biliopancreatic diversion
or Roux-en-Y gastrojejunal bypass [23]. This type of
response may be caused by the intestinal bolus reaching
the level of the small intestine quickly. There is no
agreement on GLP-1 ranges of normality in the various
physiopathological situations related to body composition.
Some authors have reported that in cases of obesity, the
levels of GLP-1 are low [24], but low levels are also found
in cases of anorexia nervosa [25]. The regulation of GLP-1
also depends on a dipeptidyl peptidase (DPP IV) enzyme,
which degrades to GLP-1, thus, reducing its average life
span by a few minutes. This enzyme has been shown to be
abnormally high in obese subjects [26], and it is recom-
mended that it should be inactivated via a specific protease
inhibitor during blood processing for GLP-1 analysis. If
this inhibitor is not used, false low levels of GLP-1 may be
obtained in obese subjects.

Objective

The general objective of this study was to evaluate the
effect on weight, intake, and metabolism (ghrelin, GLP-1,
insulin and plasma glycemia levels) of sleeve gastrectomy
applied in several physiopathological levels of obesity
(obesity caused by increased intake and genetically deter-
mined obesity with and without type 2 diabetes mellitus).

Methods

We defined four experimental models, each with ten
animals, on which sleeve gastrectomy was performed.
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Model 2 (cafeteria diet) also included a control group of ten
animals that were only administered the cafeteria diet. The
total number of cases in the study was therefore 50.

– Model 1: Non-obese Sprague–Dawley rats
– Model 2: Sprague–Dawley rats fed a cafeteria diet
– Model 3: Zucker obese rats (Zucker Fatty)
– Model 4: Zucker obese type 2 diabetic rats (Zucker

diabetic fatty; ZDF)

Chronology of the Procedure

Prior to intervention During the second week of stabling
before surgery, a blood sample (1.5 ml) was extracted from
each animal via the external jugular vein to determine the
pre-intervention reference parameters for glucose, GLP-1,
total ghrelin, and insulin. Each animal was weighed on each
of the 10 days before intervention. Volume of intake was
also measured on a daily basis by taking the quantity of
feed consumed.

Day of intervention The animals were weighed. The
animals fasted for 8 h. Water was available ad libitum until
1 h before intervention. The animals were 12 weeks old.

After intervention The animals were fed a liquid diet for
72 h after the surgery. Weight and intake were then measured
for the next 2 weeks. Glycemia levels were determined
1 week after intervention from a blood sample taken from
the coccygeal vein in the tail. The animals fasted for 6–8 h.
Two weeks after surgical intervention, new blood samples
were taken from the jugular vein colateral to the first
extraction to obtain a second analysis of the biochemical
parameters. The animals fasted for 6–8 h. From the day of
intervention onwards, in the model 2 control animals (no
surgery), the protocol was the same as for the model
2 animals which were intervened. The animals were
14 weeks old. The blood samples were extracted and
surgical interventions performed in the Experimental Surgery
Laboratory of the Faculty of Medicine and Health Sciences
of the Rovira i Virgili University in Tarragona, Spain.

Stabling Conditions and Characteristics

The animals were kept at the animal room of the Faculty of
Medicine and Health Sciences of the Rovira i Virgili
University in Reus (Tarragona, Spain). All rules regarding
temperature, light, diet, drink, etc. for the handling and
stabling of animals were followed in accordance with the
DOGC (official gazette) of the autonomous government of
Catalonia (no. 2.073 10/07/1995) covering the law on the

protection of animals for experimentation and other scien-
tific purposes).

Type of feed: Maintenance diet was type AO4 from
Panlab®; 3173 kcal/kg.

Water: chlorinated water ad libitum

Cafeteria diet The cafeteria diet was made up according
to the composition of each ingredient and the labels
on the products to achieve the desired proportion
of carbohydrates, proteins, and fats (45% lipids, 45%
carbohydrates, 10% proteins, which is similar to those of
other studies in the literature [27]). According to these
proportions, the calorie density of the cafeteria diet admin-
istered was 6,250 kcal/kg. The diet consisted of mad-
eleines, pork paté, salami, non-roasted peanuts, high-fat
cheese, bacon, energy bars, and corn cereals with honey
(18–20 g/day).

Liquid diet Animals were allowed to drink ad libitum for
the first 72 h after the intervention. Full oral diet: energy
(2 cal/ml) and protein (Resource 2.0®).

Variables Measured

Weight This was measured using digital scales (accurate to
a tenth of a gram) every week after arrival (at 8 weeks old)
and then everyday from 10 days before intervention.
Weight (in grams) was also measured everyday for 2 weeks
after intervention.

Volume of daily intake (g/day) This was measured every
week after arrival and then everyday from 10 days before
intervention.

Basal glycemia: Menarini® A glucometer. Glucocard
Memory 2. Units in mg/dl.

Basal insulinemia: Sensitive Rat Insulin RIA Kit (Linco®).
Processing for RIA.

Basal total ghrelin: Ghrelin (total) RIA Kit (Linco®).
Processing for RIA.

Basal active GLP-1: GLP-1 (Active) RIA kit (Linco®).
Processing for RIA.

Excess weight lost Change in weight observed/excess
weight [28]=(initial weight−current weight/initial weight−
ideal weight)×100.

Excess weight lost corrected for age Percentage of excess
weight lost taking into account the change in excess weight
because of age: (Initial excess weight−final excess weight/
initial excess weight)×100

OBES SURG (2008) 18:97–108 99



Information about the theoretical and ideal weights of
each rat model was kindly supplied by Charles River
Laboratories

kcal Consumed Amount of standard feed consumed in g/
day×3.173 (kcal/g of feed).

Cafeteria diet Amount of standard feed consumed in g/
day×3.173 (kcal/g of feed)+g of cafeteria diet consumed
per day×6.25 (kcal/g of cafeteria diet).

Protocol for Anesthesia and Killing

All surgical interventions were performed and blood
samples extracted under general anesthetic induced by
pharmaceuticals. Anesthesia was administered by intramus-
cular injection of 20 mg/kg of Zoletil 20® (tiletamine and
zolazepam) and 0.01 mg/kg of atropine. In the final stage,
the animal was killed by administration of an overdose of
Zoletil®.

Surgical Intervention

Sleeve gastrectomy (Fig. 1): 4 cm mid-laparotomy.
Farabeuf retractors were positioned and the structures were
identified. The stomach was carefully tractioned from the

body so that it could be released from the liver, the left lobe
of which largely covers it, and the gastrohepatic ligaments
sectioned. To dissect the greater curve, ligation with 6/0 silk
of the short vessels towards the spleen and of the gastro-
epiploic vessels in the region of the antrum was needed.
This arrangement defined the line of incision for the
longitudinal sleeve gastrectomy. This line covered the
entire rumen and much of the gastric fundus. Two bulldog
forceps were positioned to limit the flow of gastric content
during subsequent suturing. After exeresis, 5/0 polypropyl-
ene was used to stitch the wound from the fundus to the
antrum with a double line of continuous suture. The
tightness of the sealed wound was tested by pressure or
by injection of physiological serum using orogastric probe.

Post-surgical Care

During the first 72 h, the animals were given a liquid diet.
A total of 5 cc of glucosaline serum was injected subcuta-
neously every 24 h for the first 48 h, after which, they were
given standard animal feed.

Sample Processing

All blood samples were taken in cold conditions, as is
required for the total ghrelin and GLP-1 molecules, which
are highly thermolabile. They were centrifugated under

Fig. 1 Sleeve gastrectomy.
a Line of incision for the longi-
tudinal sleeve gastrectomy.
b Exeresis of fundus. c Contin-
uous suture from the fundus to
the antrum using 5/0 polypro-
pylene. d Sleeve gastrectomy
performed
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refrigeration conditions (2–4°C) and frozen at −70°C. The
samples were determined and processed by radioimmuno-
assay at the Obesity Unit Laboratory of the Department of
Endocrinology and Diabetes of the Hospital Clinic
Universitari in Barcelona. A total of 240 μl is needed to

detect insulin and ghrelin. To determine GLP-1, total blood
must first be treated with an inhibitor (dipeptidyl dipeptidase
DDP-IV) at the moment of extraction. Dipeptidyl dipeptidase
IV is a peptide in the serum that causes the degradation of
GLP-1. The amount of plasma needed is 320 μl.

Statistical Data Analysis

To calculate the number of cases (n), we use the formula for
comparing the means for paired data and analysis of
variance for each of the main variables. Variables were
analyzed using Sample Power 2.0. To compare means in
the same model, we used the Student’s–Fisher t test with n
−1 degrees of freedom under the assumption of normality
for the population of the difference variable. When this
assumption of normality did not hold, we used the non-
parametric Wilcoxon test for paired data. To compare the
means in two different models, we used the Student’s–
Fisher t and Wilcoxon test. To analyze the data, we used
SPSS-PC version 13.1 software.

Results

Changes in weight In model 1 (SD rats), a progressive loss
in weight is observed with maximal loss on the fourth day.
The weight loss observed in week 13 is statistically
significant (p<0.05), but was recovered in week 14. In
model 2 (cafeteria diet rats), and for up to 1 week post-
intervention, a progressive increase in weight is observed
that is much higher than the standard increase in weight for
this type of rat. After intervention, progressive loss in

Fig. 2 Changes in weight in Sprague–Dawley rats and differences
observed because of surgical intervention

Table 1 Evolution of medium weight loss before and after surgical intervention in all experimental models

Weight (g) X 8 Week 9 Week 10 Week 11 Week 12 Week
(surgery)

13 Week 14 Week

SD rats
(model 1)

318.9 357.9 381.6 402.5 420.5 392.4* 432.0

SD 9.49 8.25 10.21 12.96 9.77 17.87 16.60
Cafeteria SD rats
(model 2)

318.6 390.8 425.3 460.9 486.0* 415.4* 427.3*

SD 17.27 20.66 23.08 27.00 24.92 27.62 23.80
Caf. SD control
(model 2)

313.9 379.8 415.6 449.5 476.7 490.4 510.6

SD 4.55 14.05 15.66 20.32 22.63 22.50 22.5
Zucker (model 3) 286.7 332.2 352.7 374.8 415.3 401.5 433.1
SD 18.76 23.35 25.81 28.66 21.73 24.91 21.01
ZDF (model 4) 261.3 303.2 324.3 345.3 344.5 298.0* 341.5
SD 7.64 10.47 15.26 18.52 10.39 10.32 14.50

Values are in grams.
*p<0.05
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weight is observed, which reaches a maximum on the
fourth post-intervention day (p<0.05). The weights of the
rats in this group did not regain their pre-intervention
levels. The excess weight loss is 76.4%, and the excess
weight corrected for age is 116%. Model 2 (cafeteria
control rats) progressively increased in weight even after
their cafeteria diet was removed. Differences between these
two models are statistically significant (p<0.001; Fig. 2). In
model 3 (Zucker rats), a progressive loss in weight after
intervention is observed with a maximal weight loss on the
first post-intervention day. The loss in weight observed in
week 13 is not statistically significant, but the increase
observed in week 14 is (p<0.05). Unlike model 2, the
weight is recovered after the second post-intervention day.
In model 4 (ZDF rats), a progressive loss in weight is
observed, which peaks on the seventh post-intervention day
(p<0.05) and increases in week 14 (p<0.05). In this model,
the post-intervention weight is not only lower than the
theoretical weight; it also reaches its ideal level. Excess
weight loss in Zucker fatty rats was −18.8%, which means
that they did not decrease their weight but increased it.
When corrected for age, the excess weight loss in these rats
is 7.3%. In Zucker diabetic fatty rats, the loss in excess
weight is 12.1%. When corrected for age, this is 107.6%.
Table 1 shows the average weights in weeks 12, 13, and 14.

Changes in intake In model 1 (non-obese rats), the levels of
intake are maintained, as the average daily intake before
and after intervention is the same. In the second week after
intervention, intake even increases and by week 14 goes
from 73 to 84.4 kcal/day. After intervention in model 2,
levels of intake decrease sharply from an average of
150.2 kcal/day to an average of 63.1 kcal/day in week 13

and to an average of 72 kcal/day in week 14 (after
intervention, the cafeteria diet was removed). Intake is
clearly lower in the obese group than in the model non-
obese group (p<0.05). When the hypercaloric (cafeteria)
diet was removed from the diet of Sprague–Dawley rats
(model 2 controls), intake dropped to much lower levels
than its initial value. If we analyze the means and standard
deviations for this group and their levels of intake per week,
we see that their levels of intake were the same as those of
the non-obese rats in model 1, which did undergo surgery.
The intake of the rats in model 3 (Zucker fatty) practically
did not change in the first week after intervention. In this
model, in the second week after intervention, intake
increased by 22% (p<0.05). As with the change in weight
after intervention, intake in this model of obesity was
unaffected by surgical intervention. In model 4 (Zucker
diabetic fatty), the pre-intervention level of intake was
much higher than with the other models (because of
diabetes). Average intake before intervention was
128.5 kcal/day. In the first week after intervention, average
intake dropped by 51% to 65.7 kcal/day, and in the second
week, it was 107.9 kcal/day, which is a 16.03% drop in
intake with respect to the initial level. This result is
statistically significant (p<0.05).

Changes in plasma glycemia levels In model 1 (non-obese
rats), there are no significant changes. In model 2 (obese
SD rats), there is a drop in glycemia levels in the first week
after intervention (p<0.05). These animals were hypergly-
cemic at the beginning of the study because of the
exogenous obesity produced by the cafeteria diet. In the
second week after intervention, the animals become
normoglycemic. However, in the control model 2 rats,

Table 2 Changes in biochemical parameters before and after intervention in all experimental groups

X Ghrelin
(ng/ml)
11 week

Ghrelin
(ng/ml)
14 week

GLP-1
(pmol/ml)
11 week

GLP-1
(pmol/ml)
14 week

Insulin
(pg/ml)
11 week

Insulin
(pg/ml)
14 week

Glycemia
(mg/dl)
11 week

Glycemia
(mg/dl)
14 week

SD rats (model 1) 3,268.7 3,339.3 3.36 2.21 0.99 0.87 125.5 137.5
SD 554.5 367.1 1.81 1.08 0.46 0.40 24.7 10.2
Cafeteria SD rats
(model 2)

2,806.4 3,337.1* 7.06 4.82* 2.03 0.85** 155.3 124.6*

SD 308 328.9 1.96 1.33 0.34 0.47 18.3 19.1
Caf. SD control
(model 2)

2,906.6 2,938.6 6.11 2.95* 2.3 1.61* 146.0 145.8

SD 420.5 369.9 0.95 0.91 0.50 0.34 17.8 17.8
Zucker (model 3) 1,963.1 2,399.1* 8.31 6.86 2.9 2.7 178.4 158.5
SD 386.0 277.5 1.95 1.35 0.29 0.36 29.8 39.6
ZDF (model 4) 1,632 2,401.1* 15.26 8.11* 1.82 1.96 510.8 525.2
SD 372.2 543.0 5.54 3.01 0.39 0.69 74.8 98.8

*p<0.05
**p<0.001
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plasma glycemia levels did not improve when the cafeteria
diet was removed. In model 3 (Zucker fatty), the levels of
glycemia were high, but normalized 1 week after interven-
tion. Two weeks after intervention, on the other hand, they
increased but still remained lower than pre-operational
levels. In model 4 (Zucker diabetic fatty), the initial
hyperglycemic levels were very high. There was a
considerable and highly significant improvement (p<
0.001) 1 week after intervention, although the values did
not reach normoglycemic levels. In week 14, the glycemia
levels were not significantly different from pre-intervention
levels. The changes in glycemic levels are represented in
Table 2.

Changes in plasma ghrelin levels In model 1 rats, ghrelin
levels increased after intervention, but not significantly.
However, there was a considerable and statistically signif-
icant increase in the ghrelin levels of model 2 rats.
Although the ghrelin levels of rats in model 2 were initially
much lower than those in model 1, after intervention, they

were practically identical in both models. On the other
hand, the ghrelin levels of model 2 control rats, which were
as low as those on which surgery was performed, did not
change (Fig. 3). In both models of Zucker rats (model 3:
Zucker fatty and model 4: Zucker diabetic fatty), the pre-
intervention levels were much lower than in the previous
models. After surgery, there was a statistically significant
increase (p<0.05) in ghrelin in both model 3 and model 4.
This increase was much higher in the rats of model 4,
whose initial values were much lower than those of model
3. After intervention, plasma ghrelin levels were very
similar in both groups (Fig. 4; Table 2).

Changes in plasma GLP-1 levels The GLP-1 levels of the
non-obese rats in model 1 were initially much lower than
those of the obese Sprague–Dawley rats. After intervention,
the levels were slightly lower than their initial levels, but
this was not statistically significant. In model 2 rats, the

Fig. 3 Changes in ghrelin and GLP-1 in Sprague–Dawley rats and
differences observed because of surgical intervention

Fig. 4 Changes in ghrelin and GLP-1 in Zucker and ZDF rats and
differences observed because of surgical intervention
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base GLP-1 levels were higher than in the non-obese group
(p>0.05). After intervention, the levels of GLP-1 in model
2 also decreased, although considerably more than in model
1 (p<0.05). Model 2 control rats had initial levels that were
similar to those of the non-control group. These levels also
fell after the cafeteria diet had been suspended (p<0.05).
Importantly, the decrease in GLP-1 levels of rats in model 1
was similar to that of the non-control rats in model 2,
whereas the decrease in GLP-1 levels of rats in the control
group was much sharper. If we compare the initial and final
values of the two groups in model 2, we find that there are
no statistically significant differences in week 11, but that
there are statistically significant differences in week 14.
Rats on which surgery was not performed have significant-
ly lower GLP-1 levels (Fig. 3). In model 3 (Zucker fatty)
and model 4 (Zucker diabetic fatty), the initial levels in
both of these models were higher than in both of the
previous models. After intervention, the GLP-1 plasma
levels in model 4 decreased (p<0.05), but not in model 3
(Fig. 4; Table 2).

Changes in plasma insulin levels In non-obese rats, the
plasma insulin levels were practically unchanged after
intervention. In model 2 rats, however, the Insulin levels
were practically twice as high as those of the non-obese
model 1 rats (p<0.05). The situation was similar for the
pre-intervention plasma insulin levels of model 2 control
rats. After intervention, the plasma insulin levels of rats in
model 2 (non-controls) decreased considerably, reaching
the levels of rats in model 1 (p<0.001). On the other hand,
the levels of rats in the control group decreased less
considerably after the cafeteria diet was removed, doubling
the average insulin levels of model 2 rats on which surgery
was performed. Model 3 rats initially had hyperinsulin
levels, and after intervention, these levels decreased, but
were not statistically significant. The basal insulin levels of
model 4 rats were lower than those of model 3 rats. These
levels increased slightly after intervention, but the increase
was not statistically significant. This was the only model in
which plasma Insulin levels did not decrease after inter-
vention (Table 2).

Correlation between the variables Few correlations have
been observed between weight, calorie intake and ghrelin,
GLP-1, insulin, and glycemia levels in the four models. In
model 1, there is a negative correlation (r=−0.57; p<0.05)
between intake and pre-intervention plasma ghrelin levels.
This negative correlation disappeared after intervention and
even became positive (r=0.44), although this result is not
statistically significant. In model 1, we also observed a
strong negative correlation between pre-intervention ghrelin
and insulin levels (r=−0.78; p<0.01) that disappeared after
intervention. In model 2, before intervention, GLP-1 had a

strong negative correlation with insulin (r=−0.81; p<0.01)
that also disappeared after intervention. In the other models,
no other statistically significant results were found.

Post-intervention morbidity and mortality Three eventra-
tions (model 4; ZDF) and one dehiscence of the laparotomy
suture with wound infection (model 3; Zucker fatty) were
observed. Mortality depended on the type of model: five
rats (33%) in model 4 (ZDF), one rat (9.9%) in model 2
(Sprague–Dawley cafeteria diet), and one rat (9.9%) in
model 3 (Zucker fatty). None of the rats died during the
operation. In the group of ZDF rats, mortality occurred in
the first 24 h after the operation. In the other groups,
mortality occurred at the start of solid intake (72 h after
intervention). Necropsies determined dehiscence of the
suture of the stomach with free peritoneal fluid in rats in
models 2 and 3. No evidence of this was found by necropsy
performed on any of the five rats in model 4.

Discussion

Changes in weight When sleeve gastrectomy was per-
formed on non-obese rats, the initial loss of weight was
subsequently recovered. We should bear in mind that this
gastrectomy was performed on healthy rats that were not
carrying excess weight. Nor did they have any metabolic
history of changes in intake, which may explain why
weight after intervention returned to its initial values. Few
studies have been conducted into the effect of sleeve
gastrectomy on patients with low levels of obesity and its
effectiveness in the long term. Studies therefore need to be
made into the benefits of this type of surgery for this type
of patient [29]. When sleeve gastrectomy was performed on
exogenously obese rats (especially because of a high-fat
diet), the initial weight loss was only partly recovered, and
the curve was much more gradual. The initial weight was
not totally regained, and the loss in weight was quite
substantial. As with various series of humans, the loss in
excess weight was more than 50% [13], which indicates
that this type of intervention for this type of metabolic
condition is highly effective. This technique appears not to
be wholly effective for the type of obesity in experimental
model 3 (Zucker fatty). Nevertheless, there was a certain
degree of excess weight loss if corrected for age. These rats
appear not to be a reference model for this type of surgery.
Although the rats in model 4 also had genetic-type obesity,
the effect of intervention was good. All these suggest that
the genetic contribution to the obesity of a patient should be
evaluated before surgery is performed, as it may influence
the effectiveness of the surgery. An obesity risk index, which
has been described to quantify the genetic contribution to

104 OBES SURG (2008) 18:97–108



a patient’s morbid obesity, could be included as one of the
patient’s pre-intervention variables [30].

Changes in intake Sleeve gastrectomy seems to have had an
effect only on exogenously obese rats and not on normal
weight rats, which actually increase their intake after
intervention because of a catch-up phenomenon. This
phenomenon may be caused by the fact that the model is
not a pathological one, unlike other animal models with
associated pathologies for which this phenomenon has not
been observed [31]. Sleeve gastrectomy had no effect on the
calorie intake of rats in model 1 (non-obesity), which
suggests that the difference in the pre- and post-intervention
levels of intake of model 2 cafeteria rats on which surgery
was performed was basically caused by the surgery. In the
genetically obese rats, the influence of intake depended on
whether the rats were highly hyperglycemic or moderately
hyperglycemic. In model 3, there was no decrease in intake.
In the case of model 4, there was a clear decrease in intake
that was accompanied by a decrease in excess weight. In
Zucker diabetic fatty rats, stress caused by surgery under-
gone by rats with poor metabolic control may have had an
important effect on their intake. It is striking that 2 weeks
after intervention, weight had not been regained, that it had
reached its ideal values and that, as we will see later, this
was not associated with better metabolic control [32].

Changes in plasma glycemia levels In non-obese rats, no
clear hypoglycemic response was observed. In model 2, the
hyperglycemia caused by their exogenous obesity became
normoglycemia 2 weeks after intervention. In the control
group, suppression of the cafeteria diet did not improve
plasma glycemia levels. This suggests that sleeve gastrec-
tomy had an effect on the metabolic state of these animals,
although this may be caused only by the changes in weight
because of intervention [33]. In model 3 (Zucker fatty), the
glycemia levels were high, but normalized 1 week after
intervention and recovered in week 14. These rats were
genetically obese, and the recovery of their glycemia levels
may be related to the fact that the excess weight lost was
not very high. As the rats in model 4 (Zucker diabetic fatty)
were initially extremely hyperglycemic, they had a clear
dysfunction of their pancreatic β cells [34]. Although the
intervention led to a considerable and significant improve-
ment in their hyperglycemia in the first week after
intervention, the fact that the diabetes of these animals
was genetic means that the return to the high pre-
intervention levels of glycemia observed in week 14 is
partly unavoidable.

Changes in plasma ghrelin levels The most striking thing is
that contrary to what we expected, ghrelin levels increased in
all groups. This contradicts the hypothesis that this surgical

technique is able to affect the production of Ghrelin. Some
authors in the literature conclude that the significant
decreases in ghrelin levels after sleeve gastrectomy [22, 35]
are caused by the fundus. In our animal models, not only is
this result not observed but the opposite happens. We found
that the levels of ghrelin were significantly lower in obese
rats than in non-obese rats. After intervention, on the other
hand, we observed significant increases in ghrelin that, in the
case of the Sprague–Dawley obese rats, were at the same
level as non-obese rats. After intervention, ghrelin normal-
ized. This has an inverse parallelism with that observed in
anorectic subjects where ghrelin levels are higher but
decrease to normal levels once weight is normalized [36].
In the case of obese rats (all three models analyzed), the low
levels of intake produced by the surgical intervention may be
responsible for the increase in ghrelin, as happens in cases of
anorexia. However, this would require ghrelin to be
produced by other organs to compensate for the theoretical
lack of production by the fundus. Many studies in the
literature have reported a significant reduction in ghrelin in
morbidly obese patients after a Roux-en-Y gastrojejunal
bypass [17, 20, 37]. Also, in studies of Scopinaro’s
biliopancreatic diversion by Scopinaro’s own group, al-
though ghrelin levels decrease initially but tend to increase
subsequently and, in the long term, (12 months) tend to be
even higher than pre-intervention levels [38]. This seems to
support the hypothesis that the lack of contact between food
and the mucosa of the stomach is responsible for the
decrease in ghrelin levels [39]. Adami, a member of
Scopinaro’s group, suggests that ghrelin increases because
of the stimulus produced by the food in the stomach, which,
in this type of surgery, is not excluded (unlike the gastro-
jejunal bypass where it is excluded and the ghrelin level is
therefore low). However, this is contradictory, as several
authors have observed increases in ghrelin after a Roux-en-Y
gastrojejunal bypass [40]. This cannot be corroborated by
our animal models because ghrelin levels increased, although
sleeve gastrectomy involved the exeresis of almost the whole
fundus. Other studies with animal models in which the
stomach has neither been operated on nor excluded have
reported a decrease in ghrelin levels of as much as 30% after
a duodenojejunal bypass, which suggests that this hormone
is regulated by the small intestine [41].

Changes in plasma GLP-1 levels The first striking thing
about the pre-intervention levels of GLP-1 is that the values
in non-obese rats are lower than those in obese rats. Some
authors report that GLP-1 levels are low in cases of obesity
[24]. However, levels are also observed to be low in cases
of anorexia nervosa. It has been suggested that this is
caused by a lack of adaptation in a state of hyperintake that
would make obese subjects maintain inappropriately low
levels of GLP-124. The regulation of GLP-1 also depends
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on the enzyme, dipeptidyl peptidase (DPP IV), which
degrades to GLP-1 in a few minutes [8]. This enzyme is
high in obese subjects and, when blood is processed to
analyze GLP-1, it is recommended that it be inactivated by
a specific protease inhibitor. However, in some studies, this
inhibitor is not administered [42], and it is in these cases
that base GLP-1 values have been similar for obese and
non-obese subjects. In our study, not only are the values not
lower but they are clearly higher. However, our values are
similar to those of other studies that used animal models
[43]. The key to this apparent contradiction may lie in the
levels of DPP-IV, which, as we have seen, are higher in
obese subjects. If the inhibitor is not applied quickly after
the blood is extracted, there may be a rapid degradation of
GLP-1 that wrongly produces low results, as some authors
have concluded [26]. On the other hand, the higher GLP-1
values in obese subjects could explain the contradiction of
finding low GLP-1 values in both anorectic and obese
subjects (in theory, these levels could be high to counter-
regulate the hyperintake), as is demonstrated in our study
and confirmed by others [43]. Our results show that the
post-intervention levels of GLP-1 tend to be lower than pre-
intervention levels. We have not found this result in the
literature on bariatric surgery, but we have in studies in
which weight loss is caused by a hypocaloric diet [44]. The
responses found after a Roux-en-Y gastrojejunal bypass
show an increase in both basal GLP-1 and GLP-1 after
stimulation by intake [23, 45]. The same occurs in studies
on biliopancreatic diversion [46]. This result could be
expected because the mucosa of the small intestine is
hyperstimulated by the food caused by a topographical
change in certain segments when the surgical procedure is
performed [47]. In the case of restrictive surgery, studies on
the levels of GLP-1 in patients who underwent vertical
banded gastroplasty found no significant differences be-
tween pre- and post-intervention levels [48]. The fact that
our post-intervention levels were lower than pre-interven-
tion levels may be caused by a reduction in the volume of
intake (the surgical operation is restrictive) but with no
malabsorption, which would lead to a reduction in the
signal that stimulates the secretion of GLP-1 by the small
intestine. Nevertheless, we found that the group of rats that
experienced the greatest reduction was the control group on
which surgery was not performed. This group, then, also
presents a sharp reduction in calorie intake, so we can
attribute the fact that GLP-1 did not decrease more in the
other experimental groups to the surgical intervention.

Changes in plasma insulin levels Sleeve gastrectomy had
no significant effect on the insulin levels of non-obese rats
(we may consider these rats to be healthy). On the other
hand, the pre-intervention insulin levels of rats fed the

cafeteria diet were significantly higher than the post-
intervention levels. This suggests that in this group, the
metabolic effect of the cafeteria diet was sufficient to
reproduce a resistance to insulin and hyperglycemia that is
equivalent to the metabolic syndrome [49]. The response of
this group after surgical intervention means that the levels
of insulin were similar to those of the non-obese group (i.e.,
to the group of healthy rats). This contrasts especially with
the response of model 2 control rats on which surgery was
not performed. In model 3 (Zucker fatty), surgical inter-
vention had little effect on the levels of plasma insulin,
although there was a non-significant tendency for the levels
to decrease. We should point out that the insulin levels in
this group were higher than those in model 4 because in this
latter model, the production of insulin was exhausted,
which led to diabetes. It appears that sleeve gastrectomy led
to a re-equilibrium of metabolism, which improved the state
of hyperinsulinism and increased the insulin levels of
diabetic rats (model 4 ZDF) whose reduced insulin reserves
were responsible for their metabolic decompensation.

Conclusions

Sleeve gastrectomy is an excellent option for exogenous
morbid obesity and can lead to weights, intakes, and
hormonal parameters that are the same as those of non-
obese rats. It also seems that it is a good option to control
weight despite a genetic basis. The levels of ghrelin and
GLP-1 can be explained as an attempt to compensate the
loss of weight via an orexigenic or anorexigenic effect.
Further studies are needed to determine if the normalization
of ghrelin levels could be explained by a hypothetical
extragastric synthesis.
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