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Background: The role of the ileum and Glucagon Like Peptide-1 (GLP-1) secretion in the pathophysiological
processes underlying the effects of Roux-en-Y gastric bypass (RYGB) on type 2 Diabetes mellitus (T2DM)
improvement has been previously determined. However, the roles of duodenal exclusion and Glucose
Insulinotropic Peptide (GIP) secretion change is not clear. To clarify this aspect, we compared the patho-
physiological mechanisms triggered by RYGB, which implies the early arrival of food to the ileum with
duodenal exclusion, and through pre-duodenal ileal transposition (PdIT), with early arrival of food to the
ileum but without duodenal exclusion, in a nondiabetic rodent model. Methods: We compared plasma and
insulin, glucose (OGTT), GIP and GLP-1 plasma levels, ileal and duodenal GIP and GLP-1 tissue expression
Type 2 Diabetes mellitus and beta-cell mass for n = 12 Sham-operated, n = 6 RYGB-operated, and n = 6 PdIT-operated Wistar rats.
Bariatric surgeries Results: No surgery induced changes in blood glucose levels after the OGTT. However, RYGB induced a
GLP-1 significant and strong insulin response that increased less in PdIT animals. Increased beta-cell mass was
found in RYGB and PdIT animals as well as similar GLP-1 secretion and GLP-1 intestinal expression.
However, differential GIP secretion and GIP duodenal expression were found between RYGB and PdIT.
Conclusion: The RYGB effect on glucose metabolism is mostly due to early ileal stimulation; however,
duodenal exclusion potentiates the ileal response within RYGB effects through enhanced GIP secretion.
© 2023 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/).
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1. Background of the small intestine) and shows the highest T2DM resolution rates

(Kalinowski et al., 2017). To explain the pathophysiologic mechanism

Bariatric/metabolic surgery has become one of the most pow-
erful tools against type 2 Diabetes mellitus (T2DM) (Schauer et al.,
2017) and permits high rates of disease remission with high levels of
patient safety (Arterburn et al., 2020). Since the first interventions
were conducted, many technical variants involving different ele-
ments of the digestive system have been developed (Rahman and
Azagury, 2017). One of the most performed procedures is Roux-en-Y
gastric bypass (RYGB), which affects the ileum (the terminal portion

* Corresponding authors at: Department of Human Anatomy and Embryology,
University of Cadiz, Spain.
E-mail addresses: gonzalo.perez@uca.es (G.-M. Pérez-Arana),
arturo.prada@uca.es (J.-A. Prada-Oliveira).

https://doi.org/10.1016/j.aanat.2023.152094

underlying this phenomenon, many theories have been proposed
regarding the key role in Glucagon Like Peptide-1 (GLP-1) secretion
by ileal L-cells (Liu et al., 2011) derived from the early arrival of
nutrients to the ileum and the anatomical rearrangement after the
surgical procedure (Camacho-Ramirez et al., 2020). However, these
theories become controversial if we attempt to achieve glucose-level
restoration in RYGB-operated GLP-1-deficient diabetic mice
(Mokadem et al., 2013).

Additionally, duodenal exclusion of the nutrient flow after RYGB
appears to increase the circulating levels of Glucose Insulinotropic
Peptide (GIP) in diabetic GK rats (Miskelly et al., 2021). This is an
interesting point if we consider the GIP synergistic insulinotropic
effects established with GLP-1 in cultured diabetic and nondiabetic
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Fig. 1. Schematic drawing of RYGB (Fig. 1A) and PdIT (Fig. 1B) In Fig. 1A we observe the secretory limb formed by the duodenum and the first portion of the jejunum (14 cm from
the angle of Treitz) Also the alimentary limb formed by the portion of the jejunum transposed from the junction with the gastric pouch to its junction with the secretory limb. B
shows the interposition of the terminal 10 cm of the ileum (1 cm from the ileocecal valve) in the pre-duodenal position.

human islets (Lupi et al., 2010). Moreover, beta-cell GIP resistance
due to cell stress has been described in T2DM patients and leads to
the consideration of the minor role of the ileum in diabetes re-
solution after RYGB (Piteau et al., 2007).

Thus, determining which of the two segments of the intestine,
the duodenum or ileum, is mainly responsible for the beneficial ef-
fects of RYGB is very complex because the absence or early presence
of nutrients occurs at the same time in both. To separate these ef-
fects, we developed a surgical nondiabetic rat model that permits
the early presence of food in the ileum without exclusion of the
duodenum from the flux. For this purpose, we performed a pre-
duodenal transposition of the ileum in the animals, called PdIT, by
focusing our study on pathophysiological changes in the entero-in-
sular axis derived from the early arrival of nutrients to the ileum
with RYGB or without PdIT duodenal exclusion.

2. Research and design methods
2.1. Animal handling and surgical procedures

In this study, all animal procedures were approved by The
Committee for Ethical Use and Care of Experimental Animals at
Cadiz University. Twenty-four 11-week-old male Wistar rats
weighing 210-220 g were provided and kept at the Experimentation
and Animal Production Service of the University of Cadiz (SEPA).

2.2. Research protocol

The twenty-four Wistar rats were randomly divided into four
groups as follows: n = 6 Sham 1-operated rats (Sham 1), n = 6 Sham
2- operated rats (Sham 2), n = 6 Roux-en-Y gastric bypass-operated
rats (RYGB), and n = 6 preduodenal ileal transposition-operated rats
(PdIT). All animals were sacrificed twelve weeks after surgery. Each
animal in every group finished a 12 h presurgical and 12 h post-
surgical fasting period. An intake readaptation period followed sur-
gery to normalize fasting and weight measurement occurred every
two days from surgery to the fourth day of survival. Oral Glucose

Tolerance Test (OGTT), insulin measurement, and hormonal de-
terminations after meals were also performed over twelve weeks.

2.3. Surgical procedures

The surgical procedures were performed in anaesthetized ani-
mals using continuous infusion of isoflurane 2-5 % V/V (Abbott
Columbus, OH, USA).

The first sham technique (Sham 1) reproduced a surgical injury
over the stomach and gut, but the Sham maintained its integrity.
Sham was performed with a laparotomy of 5 cm in the upper third of
the abdomen. An incision of approximately 3 cm was made in the
middle area of the abdomen and sectioning the gastrosplenic liga-
ment and exposing the stomach occurred. In addition, the jejunum
was transected 40 cm distal to the angle of Treitz, and terminus-
terminus anastomosis was also performed. Finally, the abdominal
muscular and skin layers were closed into one layer using a con-
tinuous suturing technique.

The second Sham group (Sham 2) (n = 6) was performed by a
laparotomy of 5 cm in the upper third of the abdomen, through
sectioning of the gastrosplenic ligament and exposing the stomach
too but this time a curved forceps was applied from the angle of Hiss
to the end of stomach-corpus. The stomach sectioned resected the
most fundus and much of the stomach-corpus at greater curvature.
The Sham 2 surgery reduced the initial stomach volume by ap-
proximately 30-35 %.

The RYGB group of rats underwent a laparotomy of 3 cm in the
midline of the abdomen, and a gastric pouch with a volume of ap-
proximately 30 % of the normal gastric volume was completed. The
remnant gastric fundus was anastomosed to the jejunum 14 cm
distal from the ligament of Treitz. Then, the abdominal layers were
closed as above (Fig. 1).

The PdIT group underwent bisubcostal surgery. The stomach was
mobilized for better exposure after liberating the lesser omentum.
Then, we measured the last 10 cm of the terminal ileum and divided
it while preserving the vascular supply and the distal edge 1 cm
away from the ileocaecal valve. Then, a transverse postpyloric
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division was made to close the duodenal stump with a running su-
ture using PDS 5/0. The distal duodenal stump was anastomosed to
the distal edge of the transposed ileum with interrupted stitches of
PDS 5/0. The proximal edge of the ileum was anastomosed to the
posterior gastric face using continuous suturing with PDS 5/0 after
opening the greater omentum. Finally, the last anastomosis was
between the jejunum and terminal ileum with interrupted sutures of
PDS 5/0 (Fig. 1).

2.4. Weight gaining

Weight gain was measured in all animals every forty-eight hours
from the day of the surgical procedure over forty days and expressed
in grams.

2.5. Oral glucose tolerance test (OGTT) and insulin measurement

Ten weeks after surgery, oral glucose tolerance tests (OGTTs)
were performed in 12-hour-fasting animals. A 20 % w/v p-glucose
solution (2 g/kg) was administered through gavage, and glycaemia
was measured using a Glucocard G-Metre 1810 glucometer
(Menarini Diagnostics, Italy) in blood samples obtained from rat tails
at 0, 30, 60, 90 and 120 min after glucose solution administration.
The values obtained were expressed as mg/dl of blood glucose. The
glucose area under the curve (AUC) was calculated using the tra-
pezoidal rule and expressed as mg/dl min™'.

Insulin measurements were performed ten weeks after surgery
in blood samples from rat tails every 15 min for 60 min after the
administration of the glucose solution using an ELISA kit (ALPCO
Diagnostics, Salem, NH). The values obtained were expressed as pU/
ml. Additionally, the insulin area under the curve (AUC) was calcu-
lated using the trapezoidal rule and expressed as pU/ml min™'.

2.6. Hormonal determinations

Nine weeks after surgery procedures, a 4 ml/kg 13,9 kJ/ml mixed
meal was administered to 12-hour-fasting animals by oral gavage.
Blood samples were obtained from Sham 1 and Sham 2, RYGB, and
PdIT rat tails every 15 min for 120 min and were added to EDTA
tubes containing dipeptidyl peptidase-4 (DPP-4) inhibitor (10 pl/ml)
(Millipore, USA) and centrifuged at 4000 x g for 15 min at 4 °C. The
plasma fraction was removed and stored at — 80 °C. Plasma con-
centrations of GIP and GLP-1 were detected using an ELISA kit
(ALPCO Diagnostics, Salem, NH) according to the manufacturer’s
instructions and expressed as pmol/ml.

The GIP and GLP-1 areas under the curve (AUCs) were also de-
termined by the trapezoidal rule and expressed as pmol/ml Min™’.

2.7. Sacrifice and tissue preparation

The animals were sacrificed twelve weeks after surgery using an
isoflurane inhalation overdose procedure. Pancreas and gut samples
were immediately removed and fixed in Bouin’s solution overnight
at 4 °C. Later, samples were dehydrated, embedded in paraffin, and
cut into 8 pm microtome sections.

2.8. Pancreas immunostaining and beta-cell mass calculation

For rehydrated sections of pancreas, the beta-cell mass was as-
sessment by immunostaining using guinea pig anti-insulin IgG an-
tibody with DAB (Sigma Aldrich, St. Louis MO, USA). We analyzed ten
fields at each point of study (10x) in complete sections of pancreas
using a microscope with a digital camera and Cell-D image analysis
software (Olympus, GmbH. Hamburg, Germany). The beta-cell mass
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value was obtained by multiplying the total pancreas weight x in-
sulin-positive area/total area ratio and expressed in mg.

For histomorphometric study the islets counted in the pancreas
sections described above were measured and classified according to
their size in each of the groups under study. The results were ex-
pressed as percentage of islets in each size interval.

2.9. GIP and GLP-1 gut expression

For rehydrated sections of the duodenum and ileum, GIP and
GLP-1 expression was analysed by immunostaining using rabbit
anti-GIP and rabbit anti-GLP-1 primary antibodies (Abcam,
Cambridge CB4 OFL, UK). Alexa 488 anti-rabbit was used as the
secondary antibody (Molecular Probes Inc. Eugene, OR USA). DAPI
was used to counterstain the nuclei. To determine the positive cell
fraction, the number of GIP- and GLP-1-positive cells and total in-
testinal areas were quantified in 10 fields per condition. Results were
noted under randomized conditions using a single investigator and
expressed as the number of GIP- or GLP-1-positive cells/ymm? of
intestine.

Each parameter was measured and noted by a single investigator
using a fluorescence microscope with a digital camera and Cell-D
image analysis software (Olympus, GmbH. Hamburg, Germany).

2.10. Statistical analysis

Data are presented as the means + SEMs in the figures and as
means +SEMs/SDs in figure legends. For OGTT, GIP/GLP-1/insulin
secretion patterns and weight gain, repeated-measures ANOVA (RM-
2 W-ANOVA) was conducted. AUCs and histological data were ana-
lyzed using One-way ANOVA followed by Tukey's/Bonferroni's test
with the help of SPSS V21.0 software to determine statistical sig-
nificance (P < 0.05 (¥, #) or P < 0.01 (**, ##).

3. Results
3.1. Functional determinations

Weight gain was measured in Sham 1 and 2, RYGB, and PdIT-
operated animals. As shown in Fig. 2A, a significant difference oc-
curred for weight gain between the Sham group and RYGB and PDIT
groups (#P < 0.05) from the second day to the fortieth day of the
study. However, no difference was observed between RYGB and PdIT
rats during the study.

The OGTT was performed ten weeks after surgical intervention in
each group for Sham1, Sham 2, RYGB, and PdIT. There was no dif-
ference among the four groups at any time point (Fig. 2B). Thus, the
blood glucose AUC was similar for Shams, RYGB, and PdIT animals as
shown in Fig. 2C.

Additionally, the insulin response after the glucose challenge was
measured in Sham 1, Sham 2, RYGB, and PdIT rats. As shown in
Fig. 2D, an increased insulin secretion pattern was observed in RYGB
animals with respect to Sham animals (# P < 0.05). However, there
was no significant difference between the PdIT and Sham insulin
secretion patterns at any time.

However, if we observe the insulin release AUC in Fig. 2E, sig-
nificant differences occur between Sham 1 and Sham 2 AUC and
RYGB or PdIT AUC (*P < 0.05), but also between RYGB and PdIT AUC
values (*P < 0.05).

3.2. Hormonal determinations

GIP and GLP-1 plasma levels were measured following mixed-
meal administration in blood samples from the rat’s tails of each
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Fig. 2. Functional Study. A, weight gain in n =6 Sham 1-operated rats; Sham 1(blue line with circles), n = 6 Sham2-operated rats (discontinuous blue line with circles), n = 6 RYGB-
operated rats; RYGB (red line with squares) and n=6 PdIT-operated rats; PdIT (green line with triangles) is presented as grams in the Y axis over forty days following surgery
represented in the X axis. Values are expressed as the mean +SEM #P < 0.05. B, Oral glucose tolerance test (OGTT). Glycaemia were represented as mg/dl in the Y axis and time
after glucose load in the X axis. Values were expressed as mean +SEM. (#P < 0.05). C, OGTT Area under curve (AUC) values were presented as mg/dl min-1 in the Y axis and
expressed as mean +SEM (*P < 0.05) for each group presented in the X axis. Sham 1 (Blue bar), Sham 2 (striped blue bar), RYGB (Red Bar) and PdIT (green bar). Data obtained
(mean +SEM/SD): Sham 1: 20,484.52 + 1132.1/2762.32; Sham 2: 18,979.2 + 1124.07/2742.73; RYGB: 19,276.5 + 980.2/2391.68; PdIT: 18,382.04 + 1334.21/3279.87. D, Plasma insulin
after glucose challenge. Plasma insulin levels were represented as pU/ml in the Y axis and minutes after glucose load in minutes in the X axis. Values were expressed as mean
+SEM. (#P < 0.05). E, Insulin release area under curve (AUC) values were presented as pU/ml min-1 in the Y axis and expressed as mean +/-SEM (*P < 0.05) for each group
presented in the X axis. Data obtained (mean +SEM/SD): Sham 1: 2589 +390.5/952.82; Sham 2: 2902.5 +401.3/979.17; RYGB: 4676.25 +490.23/1196.16; PdIT: 3661.19 +420.12/

1025.09.

group nine weeks after surgery. Fig. 3A shows that Shams and PdIT
rats showed similar plasma GIP glucose patterns throughout the
assay. However, RYGB resulted in an increased secretion pattern at
60, 105, and 120 min (#P < 0.05). Moreover, RYGB animals displayed
a significant increase in plasma GIP AUC with respect to Shaml,
Sham 2 and PdIT animals (*P < 0.05) (Fig. 3B).

Regarding the plasma GLP-1 measurement, we observed a sig-
nificantly increased GLP-1 secretion pattern after a mixed meal in
RYGB and PdIT rats with respect to control rats throughout the assay
(# P < 0.05) (Fig. 3C). This situation also appeared when we ob-
served the plasma GLP-1 AUC in Fig. 3D. Thus, RYGB and PdIT ex-
hibited higher AUC values with respect to the Sham 1 and Sham 2
groups (*P < 0.05).

3.3. Pancreatic beta-cell mass, GIP/ GLP-1 intestinal expression and Islet
size distribution

The Pancreatic beta-cell mass was calculated in every animal in
each group (Sham 1, Sham 2, RYGB and PdIT) using total pancreas
weight and the insulin-positive area/total pancreatic area ratio.
Fig. 4A shows significant increases in beta-cell mass in RYGB but also
in PdIT-operated animals with respect to the Sham group
(*P < 0.05). In addition, a small but significant difference also ap-
pears between RYGB and PdIT beta-cell mass (*P < 0.05).

The histomorphometric study revealed an increase in the per-
centage of small islets in the interval between 20 and 100 pm2 in
animals subjected to RYGB but not in the other groups (*P < 0.05).
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Fig. 3. Hormonal determinations. A. GIP secretion pattern after mixed meal administration. GIP plasma levels were represented as pmol/ml in the Y axis and time in minutes after
mixed meal load in the X axis. Values were expressed as mean +SEM (#P < 0.05). B. Plasma GIP secretion area under curve (AUC) values were presented as pmol/ml min-1 in the Y
axis and expressed as mean+ SEM (*P < 0.05) for each group presented in the X axis. Data obtained (mean +SEM/SD): Sham 1: 22,534.5+2067.9/5045.67; Sham 2:
21,096.75 + 1998.7/4876.82; RYGB: 29,013 +2744.2/6695.84; PdIT: 21,666 + 2011.3/4907.57. C. GLP-1 secretion pattern after mixed meal administration. GLP-1 plasma levels were
represented as pmol/ml in the Y axis and time in minutes after mixed meal load in the X axis. Values were expressed as mean +SEM (#P < 0.05). D, Plasma GLP-1 secretion area
under curve (AUC) values were presented as pmol/ml min-1 in the Y axis and expressed as mean +SEM (*P < 0.05) for each group presented in the X axis. Data obtained (mean
+SEM/SD): Sham1: 5862.6 +599.1/1461.80; Sham 2: 5598.37 +690.2/13660.02; RYGB: 8354.1 + 720.78/1758.70; PdIT: 7817.175 + 660.1/1610.64.

Also a significant decreased percentage of islets between 300 and
400 pm? in RYGB animal respect controls as shown in Fig. 4D.

In duodenum and ileum samples from each group, GIP- and GLP-
1-positive cell numbers were tested using immunostaining, and a
similar number of GIP-positive cells were found in the Shams and
PdIT groups. However, a high increase in GIP-producing cells was
registered in RYGB-operated rats with respect to the controls and
PdIT animals (*P < 0.05) (Fig. 4B).

When we tested the number of GLP-1-positive cells in the ileum
from the animals of each group, we observed (as shown in Fig. 4C) an
approximately two-fold increase in the number of GLP-1-producing
cells in RYGB and PdIT-operated rats with respect to Sham 1 and
Sham 2-operated animals (**P < 0.01).

3.4. Relative effects of surgeries on glucose metabolism

To facilitate the identification of the duodenal exclusion effect
and early ileal stimulation, we relativized the effect of each surgery
to 0 with respect to the control group (Sham 1) and expressed it as a
percentage of the effect on beta-cell mass and insulin response.

As shown in Fig. 5A, RYGB provides further beta-cell mass
growth, which was approximately 37,01 % more than PdIT, while
PdIT shows 62,99 % more than the Sham 1 procedure (control).
Fig. 5B shows a one-fold increase in insulin response in RYGB rats
with respect to PdIT animals and a 51,2 % increase in the insulin
response in PdIT-operated rats with respect to the control.

4. Discussion

The beneficial impact of RYGB on T2DM before the onset of
significant weight loss has long been reported in patients

(Kashyap et al,, 2010). In this sense, many authors accept that the
main factors involved in this phenomenon are beyond weight loss
and decreased hepatic insulin resistance associated with weight loss
(Han et al., 2022; Pérez-Arana et al., 2021). In order to isolate the
mechanisms involved in the resolution of diabetes after bariatric
surgery from those phenomena derived from subsequent weight
loss, such as decreased insulin resistance, we decided to use healthy
non-obese rodents in our study.

The role of GLP-1 in the underlying mechanism after surgery has
long been established (Aminian et al., 2021; Jirapinyo et al., 2018).
However, RYGB is a complex intervention that implies an early sti-
mulation of the ileum but also duodenal segment exclusion. The
effect of the latter on the entero-insular axis is less studied, which is
probably due to the difficulty of separating ileal effects and duodenal
effects. For this purpose, we used a preduodenal ileal transposed
model that exhibits early ileal stimulation but also a duodenal flux of
nutrients to compare with the RYGB rat model.

Regarding functional data, we observed no changes in glucose
patterns after the OGTT in RYGB or PdIT animals with respect to
Sham controls, as shown in Fig. 2B. These data were expected,
considering that surgeries were performed on healthy Wistar rats
and data were collected over the short term (twelve weeks), i.e., the
aim was not to determine the degree of improvement of T2DM
provided by each surgery. Instead, we focused the study on the
changes underlying pathophysiological mechanisms of the entero-
pancreatic axis after surgeries. Therefore, a healthy model allows us
to avoid pathological interferences such as insulin resistance.

Despite this, significant differences were observed in the insulin
response after the glucose challenge between Sham controls and
RYGB or PdIT but also between RYGB and PdIT-operated animals
(Fig. 2D and E), which indicated a different effect of both surgeries
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9.67 +0.5/1.22; Sham 2: 10.04 + 0.93/2.26; RYGB: 19.21 + 1.07/2.61; PdIT: 15.68 + 1.51/3.68. B: GIP expression in the duodenum as percentage of GIP positive cells/mm? of duo-
denum in the Y axis, values were noted as the mean + SEM (*P < 0.05, **P < 0.01) for each group to study. Data obtained (mean +SEM/SD): Sham 1: 0.37 +0.03/0.07; Sham 2:
0.34 +0.04/0.09; RYGB: 0.75 +0.06/0.14; PdIT: 0.43 +0.04/0.09. C: GLP-1 expression in the ileum as percentage of GLP-1 positive cells/mm? of ileum in the Y axis, values were
noted as the mean * SEM (*P < 0.05) for each group to study. Data obtained (mean +SEM/SD): Sham 1: 0.28 +0.03/0.07; Sham 2: 0.3 +0.05/0.12; RYGB: 0.52 +0.04/0.09; PdIT:
0.47 +0.03/0.07. D: Size distribution of pancreatic islets expressed as percentage of islets (in the Y axis) in each size interval represented in the X axis (um?). Images 4a to 4c:
pancreatic islets observed in pancreas samples from Sham 1 (4a), Sham 2 (4b), RYGB (4c) and PdIT animals (4d) using insulin immunostaining revealed with DAB (x20). Images 4e
to 4h: duodenal expression of GIP in Sham 1 (4e), Sham 2 (4f) RYGB (4g) and PdIT (4h) using GIP immunostaining revealed with Alexa-488 (Green) and DAPI to counterstain nuclei
(Blue). Images 4i to 4l: ileal expression of GLP-1 in Sham 1(4i), Sham 2 (4j), RYGB (4k) and PdIT (4l) using GLP-1 immunostaining revealed with Alexa-488 (Green) and DAPI to
counterstain nuclei (Blue).

on beta-cell mass activity. These findings are consistent with those
previously described for RYGB and ileal transposition surgeries
(Mosinski et al., 2021; Patriti et al., 2007). Thus, regarding RYGB and
PdIT plasma insulin AUC (Fig. 2E), we observed a stronger effect of
RYGB on the insulin response. These data indicate a possible

differential effect of both surgeries on pancreatic beta-cell mass.
Surprisingly, an increased beta-cell mass was detected in the RYGB
and PdIT groups due to the increase in the number of small islets,
probably by neogenesis, at least in RYGB animals. (Fig. 4A and D). As
in the study of insulin response, the highest beta-cell mass value was
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Fig. 5. Relative effects of surgeries on glucose metabolism. A in the X axis, percentage of relative effect of RYGB and PdIT on beta-cell mass (relativized to 0 with the control groups
Sham 1/2). B in the x axis, percentage of relative effect of RYGB and PdIT on insulin secretion (relativized to 0 with the control groups Sham 1/2).

described for RYGB animals. Thus, both parameters are widely
measured in RYGB and ileal transposition rodent models (Ahn et al.,
2020; Zhang et al., 2017). However, our work provides a comparative
scale of effects in the same model and in the same experiment
(Fig. 5A and B).

These data imply some differential effects on the endocrine
pancreas during RYGB surgery. This is in part due to early ileal sti-
mulation and also due to duodenal exclusion, which is nonexistent
in PdIT animals. To test our hypothesis, we studied the plasma se-
cretion pattern after mixed-meal administration of two incretin
hormones as follows: GIP, which is mostly secreted by K cells in the
duodenum, and GLP-1, which is mostly secreted by r-cells in the
ileum. According to a previous study (Camacho, et al., 2020), an
elevated plasma GIP secretion pattern and a high plasma GIP AUC
value were described by RYGB rats but not by PdIT or Sham-operated
controls (Fig. 3A and B). These data could be controversial because
many authors have proposed a decrease in plasma GIP values after
RYGB (Zhou et al., 2015). However, these studies were performed on
mice, and GIP secretion variability after RYGB between species, in-
cluding humans, is commonly described (Lindqvist et al., 2017;
Moran-Atkin et al., 2013). Our data confirmed the effect of duodenal
exclusion on GIP secretion. Additionally, GIP tissue expression was
tested, and a high number of GIP-producing cells were found in the
duodenum from RYGB but not from PdIT-operated animals (Fig. 4B).

However, when we measured plasma levels of GLP-1 after mixed-
meal administration, no difference was detected between RYGB and
PdIT rats (Fig. 3C and D), and GLP-1 ileal expression values were also
similar (Fig. 4C). This result was probably due to the presence of
early stimulation of the ileum after both surgeries and agrees with
the results proposed by other authors (Gaitonde et al., 2012; Ji
et al.,, 2021).

Collectively, these data indicate two different effects of RYGB on
the entero-insular axis. One effect, due to ileal stimulation and GLP-1
secretion, was responsible for 51,2 % of the insulin response and
62,99 % of the beta-cell mass increment after surgery (Fig. 5A and B),
and the other, due to duodenal exclusion and increased GIP secre-
tion, was responsible for 48,8 % of the insulin response and 37,01 % of
the beta-cell mass increment after RYGB in our model. Therefore, our
data emphasize the importance of duodenal exclusion and GIP se-
cretion on glucose metabolic changes after RYGB. Moreover, this
dual activity on the entero-insular axis derived from RYGB surgery
could explain some paradoxical situations, such as those described
by Mokadem et al. (2013), where RYGB surgery improved glucose
homeostasis in GLP-1K.O. mice. In fact, GIP has been proposed not
only as an insulinotropic agent (Gault et al., 2003), but also as a
synergistic agent with GLP-1 (Samms et al., 2020), and dual agonists
have been developed for T2DM treatment (Frias, 2020). Our data
confirm these synergistic effects on insulin release but also on beta-
cell mass increase. Thus, we must not neglect the role of GIP versus

GLP-1 when we study the long-term pathophysiological mechanisms
after RYGB and T2DM relapse. In addition, a deeper acknowl-
edgement of the role of each incretin hormone after every bariatric/
metabolic surgery variant could facilitate the use of mixed phar-
macological and surgical treatments and allow less harmful and
more efficient surgical procedures for T2DM treatment.
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