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a b s t r a c t

Background: Bariatric/metabolic surgery has become the most effective treatment against type 2 Diabetes 
mellitus (T2DM). The role of many gastrointestinal hormones in T2DM has been proposed, but the pa-
thophysiological models described vary greatly depending on the anatomical rearrangements after surgery. 
We focus on somatostatin as a common factor in two of the most commonly performed surgical procedures 
in a healthy rodent model. We performed sleeve gastrectomy (SG) and Roux-en-Y gastric bypass (RYGB) and 
also an experimental surgery without gastric involvement (intestinal resection of 50 % jejunum-ileum 
portion –IR50 %). Methods: We used five groups of Wistar rats: fasting control, sham-operated, SG-oper-
ated, RYGB-operated and IR50-operated. We analysed several parameters 4 and 23 weeks after surgery: 
plasma SST-14/28 fractions, plasma glucose, insulin release and SST-producing cell expression in the duo-
denum and pancreatic islets. Results: Numerous SST-producing cells in the duodenum but a low number in 
the pancreas and a long-term loss of glucose tolerance were observed in SG and RYGB animals. Additionally, 
a high plasma SST-28 fraction was found in animals after SG but not after RYGB. Finally, IR50 animals 
showed no differences versus controls. Conclusions: In our SG model the amplitude of insulin response after 
metabolic surgeries, is mediated by SST-28 plasma levels derived from the proportional compensatory 
effect of gastric SST-producing tissue ablation. In addition, a strong compensatory response to the surgical 
loss of gastric SST-producing cells, leads to long-term loss of insulin production after SG but not in the 
others.
© 2022 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND 

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Background

Currently, bariatric/metabolic surgeries are a powerful tool to 
treat type 2 diabetes mellitus (T2DM). This approach is even better 
than most pharmacological management strategies (Schauer et al., 

2017). Among these surgeries, two of the most effective and wide-
spread bariatric/metabolic surgeries are Roux-en-Y gastric bypass 
(RYGB) and sleeve gastrectomy (SG) (Alsumali et al., 2018). Sig-
nificant postsurgical anatomic rearrangements differentiate them. 
RYGB implies stomach division into a small upper pouch and a larger 
lower pouch. The small intestine is divided and rearranged into a Y- 
configuration and the connection of the "Roux limb" to the small 
upper stomach pouch (Mun et al., 2001). Alternatively, SG removes a 
part of the stomach along the major curvature involving the antrum 
and fundus without any intervention on the small intestine 
(Benaiges et al., 2015). Both methods lead to quick improvement in 
T2DM even after weight loss (Schauer et al., 2017). A handful of 
theories have been devised to explain this effect. Many authors have 
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proposed anatomical rearrangements after RYGB as responsible for 
the high incretin released due to the early arrival of food to the ileum 
and jejunum. In this sense, high glucagon-like peptide-1 (GLP-1) 
and/or peptide tyrosine-tyrosine (PYY) postprandial plasma levels 
have been analysed in patients and animal models (Camacho- 
Ramírez et al., 2020a, 2020b; Guida et al., 2018; Shah et al., 2019). 
Other studies have tried to explain T2DM improvement based on the 
beneficial effect of these incretins on the beta-cell population and its 
capacity for insulin secretion (Guida et al., 2019; Nauck, 2016). 
Nevertheless, the participation of some of these is doubtful, as de-
monstrated by (Mokadem et al., 2013), who achieved glucose level 
restoration in RYGB-operated GLP-1-deficient diabetic mice.

SG is another bariatric/metabolic surgery in which an important 
part of the stomach is eliminated, also removing the ghrelin-produ-
cing cell population and leading to a drop in circulating ghrelin. Many 
other studies have suggested the improvement of diabetes based on 
SG (Santiago-Fernández et al., 2017). However, the role of ghrelin after 
SG is not clear. A recent study proposed residual epsilon ghrelin- 
producing cell expansion in the pancreas as a response to antrum and 
fundus ghrelin-producing cell loss after SG with sustained plasma 
ghrelin levels in rats (Camacho-Ramírez et al., 2020a, 2020b).

In addition, both surgical outcomes display a high percentage of 
T2DM relapse five years after surgery: 33.1 % in RYGB and 41.6 % in 
SG (McTigue et al., 2020). Recent articles propose a long-term beta- 
cell population loss in healthy Wistar rats after SG and RYGB with an 
elevation in postprandial glucose levels (Bancalero-de los Reyes 
et al., 2021; Pérez-Arana et al., 2022a, 2022b).

There is a loss of somatostatin-secreting cells in the stomach in 
both surgeries. Somatostatin (SST) is an inhibitory hormone with 
two biologically active isoforms, SST-14 and SST-28. The latter iso-
form is predominant in the blood circulation after a meal, but both 
are mostly secreted by the stomach. Additionally, SST-14 delta cell 
secretion has been described in pancreatic islets (Francis et al., 1990). 
Delta cells have paracrine inhibitory activity on beta cell populations 
(Benso et al., 2003). But also SST-14, it is a paracrine inhibitor of 
glucagon secretion by alpha-cells within pancreatic islets (Xu 
et al., 2020).

In this sense, a recent study reported duodenal SST-producing 
cell expansion as a compensatory response to stomach SST-secreting 
tissue ablation after SG, triggering a loss of the delta cell population 
and paracrine SST-14 activity in the islet, leading to long-term 
postprandial plasma insulin depletion due to beta cell population 
exhaustion in rats (Perez et al., 2022a).

Taken together, these data raise the possibility that may be a 
different common element behind the improvement and relapse of 
diabetes after RYGB and SG surgery.

In the present study, we investigated the role of SST on the pa-
thophysiological basis of glucose metabolism improvement after 
RYGB compared with the proposed model for the SG using healthy 
Wistar rats. To complete the study, we introduce IR50, a malab-
sorptive experimental metabolic surgery, which involves 50 % small 
gut resection, including resection of the length of the jejunum and 
ileum, without anatomic rearrangement of the stomach.

2. Material and methods

All animal procedures were previously studied and approved by 
The Committee for ethical Use and Care of experimental animals at 
Cadiz University. Thirty Wistar male rats weighing 200–220 g at an 
age of 10–11 weeks were provided and kept at the Experimentation 
and Animal Production Service of University of Cadiz (SEPA).

2.1. Experimental protocol

The rats were randomly divided into five groups: n = 6 fasting 
control (FG) rats; n = 6 sham-operated (Sham) rats; n = 6 sleeve 

gastrectomy-operated (SG) rats; n = 6 Roux-en-Y gastric bypass- 
operated (RYGB) rats; and n = 6 50 % small gut resection-operated 
(IR50) rats. All animals were sacrificed twenty-four weeks after 
surgery.

The FG group animals (n = 6) underwent the same perioperative 
fasting periods, related to the surgical protocol. All animals com-
pleted 12 h presurgical and 12 h postsurgical fasting periods. An 
intake readaptation period followed surgery to normalize fasting 
and a weight measurement every three days from surgery to the fifth 
week of survival were performed.

2.2. Surgical procedures

The surgical procedures were always performed in anaesthetized 
animals using continuous infusion of Isofluorane 2–4 % V/V (Abbott 
Columbus, OH, USA).

The sham technique (Sham) (n = 6) reproduced the surgical ag-
gression over the stomach and gut, but the Sham maintained its 
integrity. Sham was performed by a laparotomy of 5 cm in the upper 
third of the abdomen and an incision of approximately 3 cm in the 
middle area of the abdomen, sectioning the gastrosplenic ligament 
and exposing the stomach. The jejunum was transected 40 cm distal 
to the angle of Treitz, and terminus-terminus anastomosis was 
performed. The abdominal muscular and skin layers were closed in 
one layer using a continuous suturing technique.

Sleeve gastrectomy (SG) (n = 6) was performed by a laparotomy 
of 5 cm in the upper third of the abdomen, starting sectioning at the 
gastrosplenic ligament and exposing the stomach too, but this time, 
curved forceps were applied from the angle of Hiss to antrum, per-
forming a cylindrical stomach of approximately 0.5 cm in diameter. 
The stomach sectioned resected the most fundus, stomach-corpus at 
greater curvature and antrum, preserving the pylorus. SG reduced 
the initial stomach volume by approximately 20 %. Reproducing the 
actual selective technique used in humans. Abdominal layers were 
closed as above.

In the RYGB group of rats (n = 6), a laparotomy of 3 cm was made 
in the midline of the abdomen, and a gastric pouch with a volume of 
approximately 30 % of the normal gastric volume was created. The 
remnant gastric fundus was anastomosed to the jejunum 14 cm 
distal from the ligament of Treitz. Abdominal layers were closed as 
above.

In the IR50 group of rats (n = 6), a small laparotomy of ap-
proximately 2–3 cm was performed at the abdominal midline. Once 
the small bowel was exposed, the distance between the Treitz angle 
and the ileum-caecal valve, was measured. Fifty percent of the in-
testine was resected, preserving 25 % of the small intestine distal to 
the Treitz angle and 25 % proximal to the ileocaecal valve. Finally, the 
abdominal layers were closed as described above.

2.3. Weight measurement

Weight gain was measured every 24 h for each animal from the 
FC, Sham, SG, RYGB and IR50 groups over twenty days after surgery 
and expressed as medium daily weight gain in grams.

2.4. Oral glucose tolerance test and insulin measurement

Twenty-seven and hundred sixty days after surgery, an oral 
glucose tolerance test (OGTT) was performed in FC, Sham, SG, RYGB 
and IR50 12-hour fasting rats. A 2 g/kg 20 % w/v D-glucose solution 
was administered using gavage. Glycaemia was measured by gluc-
ometer Glucocard G-Metre 1810 (Menarini Diagnostics, Italy) from 
blood samples obtained from rat tail veins 0, 30, 60, 90 and 120 min 
after glucose solution administration. The results obtained were 
expressed as glucose mg/plasma dl.
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Plasma insulin measurement was performed four and twenty- 
three weeks after surgery in blood samples obtained from rat tail 
veins every 15 min for 60 min after glucose solution administration. 
We used an ELISA kit (ALPCO Diagnostics, Salem, NH) according to 
the manufacturer’s instructions. The area under the curve (AUC) was 
calculated by the trapezoidal rule for plasma glucose and plasma 
insulin data in the study.

2.5. Somatostatin measurement

Twenty-three weeks after surgery, a 4 ml/kg, 13.9 KJ/ml mixed 
meal was administered to the 12-hour fasting rats from each group 
by oral gavage. Blood samples obtained from the FC, Sham, SG, RYGB 
and IR50 rat tail veins were added to EDTA, centrifuged at 4.000 G 
for 15 min at 4 °C, every 15 min for 120 min. Plasma was removed 
and stored at −80 °C. Total-SST, SST-14 and SST-28 plasma fractions 
were assessed by sandwich ELISA kits (MyBioSource Inc, San Diego 
CA, USA; BMA-Biomedicals, CH-4302, Augst, Switzerland) according 
to the manufacturer’s instructions. SST values obtained for plasma 
SST were expressed as pg/ml. The total SST area under the curve 
(AUC) was calculated by the trapezoidal rule in the study.

2.6. Sacrifice, tissue processing and immunohistochemistry

The animals were sacrificed twenty-four weeks after surgery by 
isoflurane inhalation overdose. A portion of the brain containing 
hypothalamus, duodenum and pancreas were immediately removed 
and fixed in Bouin’s solution overnight at 4 °C. The samples were 
dehydrated, embedded in paraffin and cut into serial 8 µm micro-
tome sections.

In these rehydrated sections of a portion of hypothalamus con-
taining periventricular nucleus, duodenum and pancreas, SST-pro-
ducing cell populations were analysed by immunostaining using 
rabbit anti-somatostatin IgG antibody (Abcam Cambridge, CB4 OFL, 
UK) and mouse anti-insulin IgG antibody (Sigma Aldrich, St Louis 
MO, USA). The fluorescent secondary antibodies were Alexa 488 and 
546 (Molecular Probes Inc. Eugene, OR, USA). DAPI was used to 
counterstain nuclei.

Beta-cell mass was evaluated by multiplying the positive islet 
area/total pancreatic area ratio by the total pancreatic weight (in-
sulin-positive islet area). The results were expressed as milli-
grams (mg).

The SST-positive cell number was measured in five slices of the 
hypothalamus or duodenum and 25 pancreatic islets per condition 
and expressed as the number of SST-positive cells/mm2 of tissue or 
islets in the case of the pancreas.

2.7. Statistical analysis

Data are presented as the mean ±  SEM. For secretion patterns, 
AUC and histological data analysis, one-way ANOVA followed by 
Tukey's/Bonferroni post hoc test was conducted using SPSS V24.0 
software. The correlation between SST-28 plasma values and pan-
creatic delta-cell expression was determined by Pearson´s coefficient 
value. Statistical significance was accepted at P  <  0.05 (*, #) or 
P  <  0.01 (**, ##).

3. Results

3.1. Weight gain

We measured the weight gain in the FC, Sham, SG, RYGB and IR50 
groups twenty days after surgery, as Fig. 1 indicates. There were no 
differences between the control groups from the first day to the 
twentieth day. However, significant differences were observed be-
tween the control groups and the RYGB group beginning on the 

seventeenth day (P  <  0.05) or between the SG and IR50 with respect 
to the control groups since the nineteenth day (P  <  0.05).

3.2. Oral glucose tolerance test (OGTT)

At the fourth and twenty-third weeks after surgery, an oral glu-
cose tolerance test (OGTT) was performed, and the area under the 
curve (AUC) was calculated in all groups. As shown in Fig. 2A, 2C, 2E 
and 2G, no differences appeared between glucose tolerance patterns 
and AUCs between the five groups of rats four weeks after surgery. 
However, a significantly higher plasma glucose level appeared after 
glucose challenge in the SG group than in the control group twenty- 
three weeks after surgery (Fig. 2B). The AUC was calculated in SG rats 
(P  <  0.05) (Fig. 2H). High plasma glucose levels were observed at 30 
and 60 min after glucose administration in RYGB rats versus controls 
(Fig. 2D), with increased AUC compared with controls twenty-three 
weeks after surgery (P  <  0.05) (Fig. 2H). Similar long-term glucose 

Fig. 1. Fig. 1A: Weight gain in n = 6 Fasting control rats (FC, green line with squares); 
n = 6 Sham-operated rats (blue line with triangles); n = 6 RYGB-operated rats (red line 
with circles). Fig. 1B: The FC and Sham groups are represented in Fig. 1A; n = 6 SG- 
operated mice are represented by red lines with circles. Fig. 1C: The FC and Sham 
groups are represented in Fig. 1A; n = 6 IR50-operated rat weights are represented by 
red lines with circles. Weight gain was expressed as grams on the Y axis, and time was 
expressed as days on the X axis. Values are represented as the mean ±  SEM. Sig-
nificant differences at P  <  0.05 are marked as (#).
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tolerance patterns were found in the IR50 group with respect to the 
controls (Fig. 2F and 2H).

3.3. Insulin Assay

At the fourth and twenty-third weeks after surgery, plasma in-
sulin measurements were performed after the oral glucose tolerance 
test (OGTT), and the insulin area under the curve (AUC) was calcu-
lated in the FC, Sham, SG, RYGB and IR50 groups. As Fig. 3C and 3E 
shows, an elevated insulin response appeared in RYGB and IR50 

animals four weeks after surgery. However, the plasma insulin re-
sponse pattern decreased from fifteen minutes to the end of the 
challenge in SG, RYGB and IR50 animals twenty-three weeks after 
surgery (P  <  0.05) (Fig. 3B, 3D and 3F).

The plasma insulin AUC observed four weeks after surgery was 
significantly higher in the SG, RYGB and IR50 groups than in the 
control groups (P  <  0.05) (Fig. 3G). Alternatively, at the end of the 
study, twenty-three weeks after surgery, low plasma insulin AUC 
values were detected in SG, RYGB and IR50 with respect to controls 
(P  <  0.05), as Fig. 3H shows.

Fig. 2. Fig. 2A: Oral glucose tolerance test (OGTT) at the fourth week in n = 6 fasting control rats (FC, green line with squares); n = 6 sham-operated rats (blue line with triangles); 
and n = 6 SG-operated rats (red line with circles). Fig. 2C: The FC and Sham groups are represented in Fig. 2A; the n = 6 RYGB-operated plasma glucose pattern is represented by a 
red line with circles. Fig. 2E: The FC and Sham groups are represented in Fig. 2A; n = 6 IR50-operated plasma glucose patterns are represented by red lines with circles. Fig. 2G: 
Glucose area under the corresponding curve (AUC) values 4 weeks after surgery are presented as mg/dl min-1 on the Y axis for each group on the X axis. Fig. 2B: Oral glucose 
tolerance test (OGTT) at twenty-third week in n = 6 fasting control rats (FC, green line with squares); n = 6 sham-operated rats (blue line with triangles); and n = 6 SG-operated rats 
(red line with circles). Fig. 2D: The FC and Sham groups are represented in Fig. 2B; the n = 6 RYGB-operated plasma glucose pattern is represented by a red line with circles. Fig. 2F: 
The FC and Sham groups are represented in Fig. 2B; n = 6 IR50-operated plasma glucose patterns are represented by red lines with circles. Fig. 2H: Plasma glucose area under the 
corresponding curve (AUC) values 23 weeks after surgery are presented as mg/dl min-1 on the Y axis for each group on the X axis. All values are expressed as the mean ±  SEM in 
each group. Significant differences at P  <  0.05 are marked as (#) or (*).
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3.4. Somatostatin analysis

We measured the circulating plasma fraction of total SST, SST-28 
and SST-14 after oral mixed-meal administration in the five study 
groups at twenty-three weeks after surgery. An enhanced total SST 
secretion pattern appeared after mixed-meal administration in SG 

rats but not in RYGB or IR50 rats with respect to the control groups 
(P  <  0.05) (Fig. 4B and 4C). This situation was reflected in the AUC 
values with a significantly different and increased red bar with re-
spect to controls (P  <  0.05) (Fig. 4D).

Additionally, we assayed SST-28 and SST-14 plasma fractions. A 
significantly lower SST-14 plasma fraction was detected in SG rats 

Fig. 3. : Insulin measurement after glucose challenge at the fourth week in n = 6 Fasting control rats (green line with squares); n = 6 Sham-operated rats (blue line with triangles); 
and n = 6 SG-operated rats (red line with circles). Fig. 3C: The FC and Sham groups are represented in Fig. 3A; n = 6 RYGB-operated insulin release patterns are represented by red 
lines with circles. Fig. 3E: The FC and Sham groups are represented in Fig. 3A; n = 6 IR50-operated insulin release patterns are represented by red lines with circles. Fig. 3G: Insulin 
area under the corresponding curve (AUC) values 4 weeks after surgery are presented as μU/ml min-1 on the Y axis for each group on the X axis. Fig. 3B: Insulin measurement after 
glucose challenge at the twenty-third week in n = 6 Fasting control rats (green line with squares); n = 6 Sham-operated rats (blue line with triangles); and n = 6 SG-operated rats 
(red line with circles). Fig. 3D: The FC and Sham groups are represented in Fig. 3B, and the n = 6 RYGB-operated insulin release pattern is represented by a red line with circles. 
Fig. 3F: The FC and Sham groups are represented in Fig. 3B, and n = 6 IR50-operated insulin release patterns are represented by red lines with circles. Fig. 3H: Insulin area under the 
corresponding curve (AUC) values 23 weeks after surgery are presented as μU/ml min-1 on the Y axis for each group on the X axis. All values are expressed as the mean ±  SEM in 
each group. Significant differences at P  <  0.05 are marked as (#) or (*).
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but not in RYGB or IR50 groups or in controls groups (P  <  0.05) 
(Fig. 4E).

3.5. SST tissue expression

Twenty-four weeks after surgery, SST-producing cell expression 
was analysed by immunostaining in three tissue samples (hy-
pothalamus, duodenum and pancreatic islet) from each group. We 
expressed the values as the number of SST-positive cells/mm2 of 
each tissue area.

As Fig. 5A shows, no differences were found between hypotha-
lamic SST-producing cell expression in the control and surgical 
groups. However, Fig. 5B displays a high number of SST-positive cells 
in the duodenum from SG and RYGB-operated rats versus IR50-op-
erated rats or controls (P  <  0.01; P  <  0.05). Alternatively, a low SST- 
producing cell population was detected in pancreatic islets from the 
SG and RYGB groups but not in the IR50 and control groups 
(P  <  0.01; P  <  0.05), as shown in Fig. 5C.

AUCs of the SST-28 plasma fraction at twenty-three weeks post- 
surgery were correlated with SST-producing cell expression in the 
duodenum (number of SST-positive cells/mm2 of duodenum). We 
observed a strong direct correlation between the two parameters, as 
shown in Fig. 5D (R2 =0.868; P  <  0.05). Finally, the AUCs of SST-28 
plasma fraction weeks were correlated with SST-producing cell ex-
pression in the pancreas (delta-cell population). We showed an in-
verse correlation between the two parameters (R2 =0.571; P  <  0.05) 
(Fig. 5E).

4. Discussion

The role of SST in T2DM improvement after bariatric surgery has 
been understudied, likely due to the multiple places where the 

isoforms can be released. In this way, we analysed the three most 
important SST-secreting tissues after surgery in each group.

As we observed in Fig. 5A to 5C, a significant increase in SST- 
positive cells appeared in duodenum samples after SG and RYGB but 
not after IR50. This finding leads us to think about a compensatory 
response after the stomach ablation of SST-producing cells, which 
correlates with the duodenal SST expression observed, which is 
proportional to the amount of gastric tissue removed; thus, the ex-
pression is greater in the SG versus IR50 group, where there is no 
gastric resection. These data are supported by previous work con-
firming this effect after SG (Pérez-Arana et al., 2022a,2022b). Also 
based on our supplementary data (accessory Fig. 2), glucagon se-
cretion does not seem to be affected in the medium or long term by 
changing somatostatin levels. In this way, there would be a sy-
nergistic effect between beta-cell population exhaustion due so-
matostatin brake loss, with a high initial insulin response and the 
inhibitory effect of sustained glucagon secretion in the final stage of 
the experiment.

In addition, high plasma levels of total SST and SST-28 were 
found in rats after SG but not after RYGB, IR50 or in controls (Fig. 4). 
Interestingly, the RYGB total-SST and SST-28 plasma fractions were 
lower than those found in SG rats. These data lead us to think about 
a proportional response to each type of surgery. This progressive and 
proportional response according to stomach surgical damage is 
consistent with the proposal by many authors who claim that SST-28 
is mainly secreted in the duodenum at the total postprandial SST 
plasma level (D´Alessio and Ensinck, 1990; Gutniak et al., 1987).

Alternatively, a decreased beta-cell mass was found twenty-four 
weeks after surgery in SG, RYGB and IR50 animals with respect to the 
fasting control and Sham groups (accessory Fig. 1). These data could 
explain the significant low insulin AUC values observed at twenty-three 
weeks in SG, RYGB and IR50 animals (Fig. 3B, 3D, 3F and 3H). This re-
duced insulin response could be the result of a beta-cell mass exhaustion 

Fig. 4. : Plasma somatostatin level analysis twenty-three weeks after surgery. Fig. 4A: Plasma total-SST secretion pattern after mixed meal administration. n = 6 Fasting control 
rats (green line with squares), n = 6 Sham-operated rats (blue line with triangles) and n = 6 SG-operated rats (red line with circles). Fig. 4B: The FC and Sham groups are 
represented in Fig. 4A; n = 6 RYGB-operated plasma total-somatostatin patterns are represented by the red line with circles. Fig. 4C: The FC and Sham groups are represented in 
Fig. 4A; n = 6 IR50-operated plasma total-somatostatin pattern is represented by the red line with circles. Fig. 4D: Plasma total-somatostatin area under the corresponding curve 
(AUC) values 23 weeks after surgery are presented as pg/ml min-1 on the Y axis for each group on the X axis. Fig. 4E: SST-14 and SST-28 fractions of plasma total SST in every group 
after mixed meal administration four and twenty-three weeks after every group on the X axis; the Y axis represents the average percentage of plasma SST-14 (blue striped bar) and 
SST-28 (red striped bar). Significant differences at P  <  0.05 are marked as (#) or (*).
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stage due to a previous period of hypersecretion. This situation has been 
described by previous works (Bancalero-de los Reyes et al., 2021; Pérez- 
Arana et al., 2022a,2022b).

Surprisingly, a strong decrease in pancreatic delta cells was ob-
served in animals after SG and to a lesser extent that was not sig-
nificant after RYGB and not in IR50 animals as Fig. 5C shows. This 
finding made us wonder about the relationship between the two 
phenomena. The high SST-28 plasma level and the depletion of the 
delta-cell population were observed after SG but not RYGB or IR50. 
To answer this question, we analysed the correlation between SST- 
28 plasma levels and delta-cell expression in the pancreas (accessory 
Fig. 2), and a low inversely proportional relationship appears be-
tween them. However, we cannot guarantee linearity. Regardless, 
these data are not reliable given the low number of animals studied 
(n = 6) in each group. Thus, slight plasma SST-28 variations might 
imply great pancreatic delta-cell expression variations beyond a 
certain threshold. This is an interesting issue and could be the 
subject of future studies.

Nevertheless, taking the entire dataset, these results could ex-
plain SG diabetes improvement by intrapancreatic SST-14 decrease 
and therefore loss of the SST-14 brake on the secretory capacity of 
beta-cells (Perez et al., 2022a). However, it does not appear to be 
valid to explain the diabetes improvement after RYGB as this tech-
nique cannot modify the delta-cell population, so this finding is 
likely due to the small portion of SST-28. The producing tissue is 
removed in RYGB, which is insufficient to trigger a strong compen-
satory response in the duodenum. Image 1 illustrates the physio-
pathological mechanism proposed to explain the hyperinsulinaemic 
response after each surgery.

Moreover, RYGB is a more complex intervention than SG invol-
ving not only stomach affectation but also anatomical rearrange-
ments of the small intestine. In this way, the intervention of other 
gastrointestinal hormones, such as PYY and/or GLP-1, in the changes 
of the endocrine pancreas after surgery seems to make sense. As 
indirect probes, plasma levels of PYY and GLP-1 were tested in the 
three groups (Camacho-Ramírez et al., 2020a, 2020b). Significant 

Fig. 5. : Somatostatin tissue expression analysis. Fig. 5A, 5B and 5C: Hypothalamic, duodenal and islet somatostatin expression twenty-four weeks after surgery. On the X axis: 
n = 6 FC rats (white bar); n = 6 Sham rats (blue bar); n = 6 SG-operated rats (red bar); n = 6 RYGB-operated rats (green bar); and n = 6 IR50-operated rats (black striped bar). On the 
Y axis, the number of SST-positive cells per mm2 is expressed as the mean ±  SEM. Fig. 5D: SST expression in the duodenum and plasma SST-28 level correlation in each group; n = 6 
FC rats (withe squares), n = 6 Sham rats (blue triangles), n = 6 SG rats (red circles), n = 6 RYGB rats (yellow crosses) and n = 6 IR50 rats (green diamonds). Fig. 5E: SST expression in 
pancreatic islets and plasma SST-28 level correlation in each group; n = 6 FC rats (withe squares), n = 6 Sham rats (blue triangles), n = 6 SG rats (red circles), n = 6 RYGB rats (yellow 
crosses) and n = 6 IR50 rats (green diamonds). Significant differences at P  <  0.05 are marked as (*). Images 5a to 5e represent (20x) SST expression in the duodenum from FC, 
Sham, SG, RYGB and IR50 rats twenty-four weeks after surgery. SST expression was immunostained in green (Alexa 488), and DAPI was used to counterstain nuclei. Images 5 f to 5j 
represent (20x) SST expression in pancreatic islets from FC, Sham, SG, RYGB and IR50 rats twenty-four weeks after surgery. SST expression was immunostained green (Alexa 488), 
insulin was immunostained red (Alexa 546), and DAPI was used to counterstain nuclei.
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differences appeared between these surgical techniques (RYGB and 
SG), confirming considerably different mechanisms. Even with these 
different biological mechanisms, the last consequence reaches a 

common pancreatic point of aggression after a long-lasting period 
after surgery. The common final consequences are beta-cell popu-
lation exhaustion and long-term insulin response depletion. These 
are the basis of bariatric surgery failure after a long period of me-
tabolic improvement in patients.

In conclusion, we can say that in our model, the compensatory 
response to the loss of somatostatin-producing gastric tissue is the 
pathophysiological mechanism that leads to a strong insulin re-
sponse after SG but not in the other surgeries. On the other hand, the 
same long-term mechanism triggers the beta-cell population ex-
haustion and insulin response depletion.

Today, SG is a widely performed surgery. Therefore, as SST-28 
plasma level seems to be involved in these mechanisms, the re-
striction of the resected gastric tissue or the use of SST-28 agonists 
after surgery could improve long –term outcomes for SG surgery. 
Limiting the duodenal compensatory response to gastric SST-pro-
ducing cells ablation and preventing the long-term beta-cell popu-
lation exhaustion. However, maintaining the balance without losing 
the effect of surgery on glucose metabolism is difficult and needs 
further study, both in animals and in patients.

Image 1. Representative diagram of the effect of different bariatric/metabolic surgeries on SST expression in the duodenum and pancreas. There are at least two mechanisms. One 
is initiated by the ablation of SST-28-producing cells in the stomach and the consequent compensatory SST-28 hyperexpression in the duodenum. SST-28-producing cell resection 
was major after SG, partial after RYGB and unaffected after IR50 and controls. Another possibility could be mediated by different processes that do not affect the delta-cell 
population, but this would explain the effects of RYGB and IR50 on glucose metabolism. In any case, further understanding of both mechanisms is needed.

Accessory Figure 1. 

Accessory Figure 2. 
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