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Introduction: The gastrointestinal tract plays a major role in regulating glucose
homeostasis and gut endocrine function. The current study examines the
effects of Roux-en-Y gastric bypass (RYGB) on intestinal GLP-1, glucose
transporter expression and function in the obese Zucker rat (ZR).

Methods: Two groups of ZRs were studied: RYGB and sham surgery pair-fed
(PF) fed rats. Body weight and food intake were measured daily. On post-
operative day (POD) 21, an oral glucose test (OGT) was performed, basal and
30-minute plasma, portal venous glucose and glucagon-like peptide-1 (GLP-1)
levels were measured. In separate ZRs, the biliopancreatic, Roux limb (Roux)
and common channel (CC) intestinal segments were harvested on POD 21.

Results: Body weight was decreased in the RYGB group. Basal and 30-minute
OGT plasma and portal glucose levels were decreased after RYGB. Basal
plasma GLP-1 levels were similar, while a 4.5-fold increase in GLP-1 level
was observed in 30-minute after RYGB (vs. PF). The increase in basal and 30-
minute portal venous GLP-1 levels after RYGB were accompanied by increased
MRNA expressions of proglucagon and PC 1/3, GPR119 protein in the Roux and
CC segments. mRNA and protein levels of FFAR2/3 were increased in Roux
segment. RYGB decreased brush border glucose transport, transporter
proteins (SGLT1 and GLUT2) and mRNA levels of TaslR1/TaslR3 and o-
gustducin in the Roux and CC segments.

Conclusions: Reductions in intestinal glucose transport and enhanced post-
prandial GLP-1 release were associated with increases in GRP119 and FFAR2/3
after RYGB in the ZR model. Post-RYGB reductions in the regulation of
intestinal glucose transport and L cell receptors regulating GLP-1 secretion
represent potential mechanisms for improved glycemic control.
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Introduction

The Roux-en-Y gastric bypass (RYGB) is a commonly
performed bariatric procedure. Many patients demonstrate
improvements in type 2 diabetes mellitus (T2DM) shortly
after RYGB and prior to significant weight loss (1-3). Early
post-RYGB improvements in glycemic control appear to be due
in part to enhanced glucagon-like peptide (GLP-1) secretion and
improvements in insulin sensitivity (4). Gastrointestinal
procedures like ileal interposition are associated with
improvements in glycemic control, enhanced GLP-1 secretion,
and decreased insulin resistance despite minimal changes in
body weight or composition (5, 6). Collectively, these
observations raise questions regarding the relative importance
of decreased food intake, weight loss, changes in fat depots, and/
or adipokine secretion in early post-operative improvements in
obesity-related insulin resistance and glycemic control.

Increasing evidence suggests a critical role for the gut in the
pathogenesis of T2DM. High fat diets are associated with
intestinal inflammation, alterations in barrier function, change
in bacterial flora and circulating endotoxemia (7, 8). Gut
endocrine function also appears to be altered in obesity and
T2DM. While glucose-dependent insulinotropic polypeptide
(GIP) levels are not altered in T2DM, function is impaired by
reductions in B-cell GIP receptors and post-receptor signaling
defects (9, 10). Impaired GLP-1 release and action have also been
described in T2DM (11). Increased post-prandial plasma levels
of GLP-1 after RYGB are observed in patients and pre-clinical
models. Consequently, alterations in incretin synthesis or
activity have been posited as important mechanisms for
improved insulin sensitivity following RYGB surgery (3, 12).

Increased expression and activity of brush border glucose
transporters have also been described in patients and animal
models of T2DM (13, 14). However, the eftects of RYGB on
intestinal glucose transport and transporter expression in
experimental models of T2DM have not previously been well
characterized. Intestinal glucose transport is regulated by the
Na*/glucose cotransporters SGLT1 and GLUT2 (14, 15). SGLT1
mediates “active” transport of low concentrations of luminal D-
glucose across the brush border membrane (BBM) into the
enterocyte (16). The sodium which enters the cell along with
glucose is transported across the basolateral membrane into the
blood by the Na*/K'-pump to maintain the driving force for
glucose uptake. As glucose accumulates inside the enterocyte,
the “passive” transport of glucose into the bloodstream is
regulated by the GLUT2 transporter located in the basolateral
membrane (15). Some studies suggest apical translocation of
GLUT2 following a carbohydrate-rich meal results in mass
absorption of luminal glucose across the BBM by GLUT2 (17).
Apical translocation of GLUT2 in enterocytes is regulated by
luminal sugars, calcium, GLP-2, insulin and sweet taste receptors
(18, 19).
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The Tas1R family of sweet taste receptors is made up of three
G-protein coupled receptors (GPRCs) which are located
throughout the gastrointestinal tract on taste buds, enterocytes,
and enteroendocrine cells (20-22). The TaslR1/Tas1R3
heterodimer responds to “sweet tastants” like glucose or
artificial sweeteners by signaling through o-gustducin or
transducin to activate the phospholipase C or protein kinase
pathways (23). Dietary sugars regulate the expression of SGLT1
by a mechanism involving sweet taste receptors and the taste G
protein gustducin (24). Intestinal sweet receptors also regulate
the apical trafficking of GLUT2 (23). In addition, luminal
glucose can also trigger the secretion of incretins like GIP by
K cells and GLP-1 by L-cells into the portal venous
circulation (25).

The current study examines the effects of RYGB on plasma
and portal venous glucose and GLP-1 concentrations, the factors
that regulate GLP-1 secretion, intestinal glucose transport and
transporters. Our data indicate RYGB-induced reductions in
intestinal glucose transport and enhanced post-prandial GLP-1
release contribute to improvements in glucose homeostasis after
RYGB in the ZR model. Expression of proglucagon, enzyme
proprotein convertase 1/3 (PC 1/3), short chain fatty acids
(SCFAs) receptors FFAR2/3 and sweet taste receptor
expression were also examined in intestine to understand their
role in promoting GLP-1 secretion and in regulating glucose
transporter expression after RYGB.

Materials and methods
Animal care and surgical procedure

Due to a mutant leptin receptor with impaired satiety, obese
Zucker rats (ZRs) have significantly increased food intake
compared to lean heterozygous ZR controls. Control animals
(sham surgery) were pair-fed (PF) to animals with RYGB
surgery because food intake affects nutrient absorption. In this
study, two groups (RYGB and sham surgery PF) of obese male
ZRs (Charles River Laboratories in Wilmington, MA), 10 to 12
weeks old, were studied. Animals were housed in wire bottom
cages to prevent coprophagia. Animals had ad libitum access to
water and food (Harlan Teklad 2018) except for the pre-test
overnight fast and the immediate postoperative period.
The animal experiments were approved by the Institutional
Animal Care and Use Committee of Pennsylvania State
University. The study was performed in accordance with the
National Institutes of Health and ARRIVE guidelines on the use
of laboratory animals.

Animals were randomly assigned to RYGB or PF groups
before surgery. The RYGB procedure was performed as
previously described by our laboratory (26). Briefly, rats were
fasted overnight the day before surgery. After randomization,
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rats were weighed and then anesthetized with isoflurane (3% for
induction and 1.5% for maintenance). Anesthesia and
respiratory status were continuously monitored by a dedicated
member of the surgical team to prevent respiratory
complications. Ceftriaxone (100 mg/kg, IM, Roche, Nutley,
NJ) was administered as a prophylactic antibiotic. Animals
were placed on a heating pad during surgery. The abdomen
was opened using a midline laparotomy and closed using
continuous sutures under sterile conditions. In the sham
surgery group, only bowel manipulation was performed
followed by abdominal closure. In the RYGB group,
the stomach divided to create a reduced (~20%) gastric pouch
using a 45 mm GIA stapler (ETS-Flex Ethicon Endo surgery).
The small intestine is divided into a biliopancreatic limb (15 cm),
an alimentary limb or Roux limb (10 cm), and a common
channel (33 cm). Gastrojejunostomy and jejunojejunostomy
were performed using interrupted 5.0 silk sutures. 0.5 ml of
0.25% bupivicaine was injected into the surgical incision for
analgesia. All rats received warm saline (50 ml/kg, SQ) before the
start of surgery, immediately after surgery, and again on
postoperative day 1 (POD 1I). 0.25% bupivacaine (0.5 ml, IP)
was also injected on POD 1. Once fully recovered, animals were
returned to home cages and housed individually. Body weight
was monitored daily from day 0. To facilitate surgical
anastomotic healing, animals were initiated on a liquid diet
containing Resource and water ad libitum approximately 24
hours after surgery, and animals were treated with subcutaneous
saline administration. Then, regular chow was started on POD 3
and food intake was monitored daily. To determine that the
effect of RYGB on body weight occurred independently of
changes in energy intake, Pair-feeding was employed. The
amount of food provided to PF group matched the amount of
food consumed by the RYGB rats, and the RYGB group was
allowed to eat ad libitum. Rats exhibiting excessively reduced
food intake, abdominal distention, and/or dehydration early
after surgery, they were euthanized and excluded. On POD 21,
the animals were euthanized under anesthesia with sodium
phenobarbital (100 mg/kg, IP). Blood was collected form tail
vein by tail snip and from portal vein before (f,), and 30 min (¢3)
after oral gavage with dextrose (1.25 g/kg 25%). Blood were
collected using the tubes containing 50 mmol/l EDTA, 12 TTU/
ml aprotinin, and 100 umol/ml dipeptidyl peptidase-4 (DPP-4)
inhibitor for the measurements of glucose and GLP-I.
Biliopancreatic limb (BP limb), alimentary (Roux limb) and
common channel (CC) were collected to keep in liquid nitrogen
for protein and RNA analysis or isolate brush-border membrane
vesicles (BBMVs) after collection of blood.

Measurement of GLP-1 and glucose

Total-GLP-1 was measured by multiplexed ELISA (Cat. E:
C403P-1, Mesoscale Discoveries) according to the manufacturer’s
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guidelines. Glucose was measured by Glucose Analyzer (Analox
M7, Luenburg, MA)

Purification of BBMVs

BBMV’s were prepared in the same way as described previously
(27). Brietly, the intestine was rinsed with ice-cold 300 MHT buffer
(300 mM D-mannitol, 10 mM HEPES-Tris, pH 7.5). Small
intestinal mucosa was scraped using a microscope slide, then 3 g
of mucosal scraping was homogenized with 300 MHT buffer
(30 ml). The homogenate from the previous step was centrifuged
at 2,500 g for 15 min and supernatant was saved. 3 ml of 100 mM
MgCl, solution (100 mM MgCl,, 10 mM HEPES-Tris, pH 7.5) was
slowly added to the supernatant. The solution was centrifuged at
2,500 g for 15 min after stirring at 4°C for 20 min. Then the
supernatant was saved and centrifuged at 50,000 g for 30 min. The
pellet was resuspended MHT buffer (30 ml) and homogenized 10
times with a Dounce homogenizer, and then centrifuged at 50,000 g
for 30 min. The pellet was resuspended in 30 ml of 400 MHT buffer
(400 mM D-mannitol, 10 mM HEPES-Tris, pH 7.5) again, then
centrifuged at 50,000 g for 30 min. BBMVs were obtained by
suspending pellet in appreciate volume of 400 MHT buffer at a
BBMYV protein concentration of 5-10 mg/ml. Aliquots of BBMVs
were stored in the tank with liquid nitrogen. Enrichment of glucose
phosphatase and depletion of alkaline phosphatase were assessed as
a quality control for BBMVs. BBMVs were typically 6- to 10-
fold enriched.

Measurement of glucose transport
activity in BBMVs

Glucose uptake was measured in BBMVs to represent
glucose transport activity from RYGB and control rats.
Evaluation of glucose transport was performed by using rapid
mixing filtration technique at room temperature (27). Glucose
uptake was initiated by mixing 10 pl of BBMVs (-10 pg
membrane protein) with 40 ul Na or choline uptake buffer
(100 mM mannitol, 10 mM Tris-HEPES, 100 uM glucose
containing a tracer amount of [*H] glucose and 125 mM NaCl
or choline chloride, pH 7.4). Glucose uptake was terminated at
10 s by addition of 1 ml ice-cold wash buffer (uptake buffer
without glucose) followed by rapid filtration under vacuum
through a 0.45 pm membrane filter (GN-6 grid, Gelman
Laboratory) and four additional washes. The filter was
incubated in 5 ml of Scintisafe 30% (Cat. #: SX23-5, Fisher
Scientific) for liquid scintillation counting (Beckman LS 1801,
Beckman Instruments Inc, Palo Alto, CA). Transport activity
was shown in picomoles of glucose per mg of protein per 10 s of
uptake (Pmol GLU/md/10S). To obtain a true measure of the
radioactivity level in a sample, nonspecific retention obtained
from the zero-time uptake was subtracted from the total amount
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of radioactivity measured. Total glucose transport activity was
obtained by using sodium chloride buffer. The sodium-
independent glucose transport activity was obtained by using
choline chloride buffer. The sodium-dependent glucose
transport activity was obtained by subtracting the sodium-
independent glucose transport activity from the total glucose
transport activity.

Measurement of SGLT1, GLUT2, GPR-
119, FFAR2/3 protein levels

Equal amounts of protein (20 pg) were separated by SDS-
PAGE on precast polyacrylamide gels (Cat. #: 25201, Pierce,
Rockford, IL) and transferred to PVDF membranes (Millipore,
Bedford, MA). Transfected PVDF membrane was blocked for
1 h at room temperature in TBS-T (150 mM NaCl, 10 mM Tris,
0.1% Tween 20, PH 8.0) with 3% dry milk. Then, membranes
were incubated with primary antibodies (SGLT1: Cat. #: 07-
1417, 1:1000, GLUT2: Cat. #: 07-1402-1, 1:1000, from Millipore
Bedford, MA; FFAR2: Cat. #: 32960, 1:500; FFAR3: Cat. #: 98332,
1:500; GPR-119: Cat. #: 48195, 1:500; TasIR1: Cat. #: 22451,
1:500, Tasl1R3: Cat. #: 22458, 1:500 from Santa Cruz
Biotechnology Inc, Santa Cruz, CA) in TBS-T with 3% dry
milk overnight at 4°C. After three washes in TBS-T, the
membranes were incubated with a HRP-conjugated secondary
antibody for 1 h at room temperature. And then membranes
were washed in TBS-T and proteins were visualized by Luminol
Enhancer Solution (Cat. #: 46640, Thermo Scientific Rockford
IL) according to the manufacturer’s instructions. Membranes
were stripped by incubation with Restore Western Blot Stripping
Buffer (Thermo Scientific Rockford IL) at room temperature for
10 min. B-Actin (Cat. #: sc-47778, 1:4000, Santa Cruz
Biotechnology, Santa Cruz, CA) was used to verify equal
protein loading. Band intensity was quantified by use of a
calibrated densitometer (model GS800, Bio-Rad, Hercules, CA)
using Quantity One software. Immunoblot results are reported
as relative densitometry units (RDU) normalized to B-Actin.

Measurement of proglucagon,
proprotein convertase 1/3 (PC 1/3),
FFARZ2, FFAR3, GPR119, Tas1R1, TaslR3
and gustducin o

The segments of small intestine were harvested and washed
with ice-cold. Small intestinal mucosa was then scraped and
immediately frozen in liquid nitrogen. Total RNA was isolated
by the TRIzol method (Cat. #: 15596, GIBCO BRL, Life
Technologies). Total RNA (2 pg) was converted to cDNA
using an iScript cDNA Synthesis Kit (Cat. #: 1708891, Bio-Rad
Laboratories, Inc. Hercules, CA). PCR was performed with the
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StepOnePlus Real-Time PCR System with StepOne software
V2.0 (Applied Biosystems, Forster City, CA) according to the
manufacturer’s guidelines. TagMan Gene Expression master
Mix was used to examine, TaslR1 and TaslR3 (TaslRI:
Rn00590759_gl, TasR3: Rn01516038_1, B-Actin:
Rn00667869_m1, Applied Biosystems, Foster City, CA). iQ
SYBER Green Supermix (Cat. 1708880, Bio-Rad Laboratories,
Inc. Hercules, CA) was used to detect FFAR2, FFAR3, GRP119,
PC 1/3. The primers utilized were 5-TCA CCA TCT TCT GCT
ATT GGC GCT-3’ (sense) and ACC AGG TGG GAC ATG TTG
TAA GGT-3’ (anti-sense) for FFRA2, 5-AGT GTA GTC TGT
TGG TTC CTG GCA-3’ (sense) and TTC CAG GTA GCA GGT
TCC ATT GGT-3’ (anti-sense) for FFAR3, 5-TGG AAC CAG
CAC CGT TCA GTT GG -3’ (28) and 5-TCC ACT CCT CTC
CTG TCA TTC TGG A -3’ (anti-sense) for PC 1/3, 5-ATC CGG
AAG ATG GAA GAT GCA GGA -3’ (Sense) and 5’-AGT CCG
GAC AGC CTT GAA GTC ATT -3’ (anti-sense) for GPR119, 5’-
CAG GGC TGC CTT CTC TTG TGA -3’ (sense) and 5-GGC
GGA GAT GAT GAC CCT TT -3’ (anti-sense) for GAPDH.

Statistical analysis

Data were summarized using mean = SE or median with
interquartile range (IQR) depending on the distribution of the
data. The number of samples in each experiment was specified in
the figure legend. Differences among groups were assessed using
analysis of variance (ANOVA) followed by the Tukey-Kramer
post test. Statistical analysis of the data was performed using
Prism 5.02 (GraphPad Software, San Diego, CA).

Results

Effect of RYGB on food intake
and body weight

Both the RYGB and PF groups were kept NPO until POD 1,
started on liquids, then converted to chow on POD 3. From POD
6 to 20 food intake in the RYGB group was relatively stable at
approximately 18 g per day (Figure 1A). PF rats were given an
identical quantity of food. ZR rats fed ad libitum normally
consume 35-40 g of chow (6). The mean body weights of the
RYGB (470 g) and PF (472 g) rats were similar prior to surgery.
Figure 1B shows the change in body weight over time. The
RYGB and PF groups initially lost weight after surgery. However,
on POD 3 the PF group’s body weight stabilized at 446 g, while
the RYGB group continued to lose body weight. The differences
in body weight between the groups became statistically
significant on POD 20 (451 g vs. 405 g, p < 0.05). On POD 21
the mean weight of RYGB rats was 393g, 13% lower than the
body weight of the PF rats.

frontiersin.org


https://doi.org/10.3389/fendo.2022.901984
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Meng et al.
A B
30 550 o PF
B2 3 500 - RYGB
> -
E 20 g
o}
5 2 450
K 3
215 S 400
@
T T T T | ¥ L) 1 T T T T T T T 1
6 8 10 12 14 16 18 20 0 3 6 9 12 15 18 21
Day POD (Day)

FIGURE 1

Effect of RYGB on body weight and food intake in obese Zucker
rats. Body weight and food intake were monitored daily over 21-
day study period after RYGB. (A) Daily mean food consumption
(g/day) for the RYGB and PF groups. (B) Daily mean body weight
(9) for the RYGB and PF groups. Data are mean + SE, n=9-12 per
group, *p<0.05.

RYGB impacts peripheral and portal
venous glucose and GLP-1 levels

Glucose levels in both peripheral and portal circulation have
been shown to regulate appetite and systemic glucose homeostasis
(29). Although several studies have examined the effects of RYGB
on peripheral glucose levels, the effects of surgery on portal venous
glucose levels have not previously been characterized. OGT's were
performed on POD 21 in the RYGB and PF rats to assess for
differences in glucose tolerance. Blood samples were collected
from the peripheral and portal circulations at baseline and 30
minutes after dextrose gavage. In the peripheral circulation
(Figure 2A) prior to OGT the fasting plasma glucose was 40%
lower in the RYGB group (p<0.01 vs. PF). 30 minutes after OGT
the plasma glucose levels were increased in both groups. However,
the RYGB group had smaller increase in plasma glucose (194 mg/
dl vs. 222 mg/dl in the PF group) and a lower absolute glucose
level 322 mg/dl vs. 435 mg/dl (p<0.05 vs. PF). A similar pattern of
fasting and post-prandial glucose levels was observed in plasma
samples from the portal vein (Figure 2B). The fasting portal
venous glucose level was 32% lower in the RYGB group (209
mg/dl vs. 307 mg/dl, p<0.05 vs. PF). 30 minutes after gavage, the
RYGB group showed a 28% smaller increase in portal venous
glucose (514 mg/dl vs. 717 mg/dl) (p <0.05 vs. PF). However, the
changes in rate did not show a statistically significant difference
between fasting portal venous glucose and portal venous glucose
at 30 minutes after gavage.

GLP-1, one of proglucagon gene-derived peptides, is
expressed in both pancreas and intestinal endocrine cells. In
L-cells, the proglucagon precursor protein is processed by PC 1/
3 to yield GLP-1. GLP-1 is stored in L-cell granules and released
into intestinal lymphatics and the splanchnic circulation in
response to luminal nutrients. Currently, available data suggest
that GLP-1 release from L-cells is mediated by multiple
mechanisms including: activation of multiple G-protein
coupled receptors by lipids (GPR 40 and 120), lipid amides
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FIGURE 2

Effect of RYGB on peripheral and portal venous glucose and
GLP-1 levels. On POD 21, tail and portal vein blood were
collected after fasting (To) and at 30 minutes (Tsg) after rats
underwent gavage with 1.25g/kg 25% dextrose. Glucose levels
(A, B) were measured by glucometer. And GLP-1 levels (C, D)
were assayed by ELISA. Data are mean + SE, n=9-13 per group,
*p<0.05, **P<0.01.

(GPR 119), short-chain fatty acid receptors (FFAR2 or GPR43,
FFAR3 or GPR41) and bile acids (TGR5).

To develop a better understanding of how RYGB improves
glucose homeostasis we examined the effects of RYGB on GLP-1
synthesis, as well as the regulation of intestinal proteins which
mediate GLP-1 release and bioavailability. First, tail snip and
portal vein blood samples from OGT were analyzed for GLP-1
protein levels using multiplexed ELISA. As shown in Figure 2C
peripheral blood samples from the RYGB and PF rats had
similarly low levels of GLP-1 (89 vs. 70 pg/ml, p > 0.05) in the
fasting state. However, 30 minutes after gavage the peripheral
GLP-1 levels increased almost three-fold in the RYGB rats to 354
pg/ml (p<0.01 vs. fasting). In contrast, the GLP-1 levels in the PF
rats were not significantly increased 30 minutes after OGT (70
vs. 79 pg/ml). In the portal circulation (Figure 2D) the fasting
GLP-1 level of 302 pg/ml in the RYGB group was more than
double the GLP-1 level of 129 pg/ml observed in the PF rats
(p<0.01). 30 minutes after dextrose gavage, the portal venous
levels of GLP-1 levels increased slightly to 122 pg/ml in the PF
rats. In contrast, the post-prandial portal venous levels of GLP-1
increased more than 10-fold to 1313 pg/ml (p<0.01 vs. fasting
and PF post-prandial) in the RYGB group.

We measured the relative abundance of proglucagon mRNA
in intestinal segments from the RYGB and PF rats to determine
if proglucagon gene expression is increased after RYGB. As seen
in Figure 3A, the relative abundance of proglucagon mRNA was
increased in all of the mucosal samples from the RYGB group.
Proglucagon mRNA levels were increased 74% in the BP limb,

frontiersin.org


https://doi.org/10.3389/fendo.2022.901984
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

10.3389/fendo.2022.901984

C

PR 119 — — 7 KD
- ———— ——— )

Meng et al.
]
515 —_ —_ 23
2 g —_
2
g 8
g 1 [
2 10 g2
< 4
H s
&
£ H
0.5: Z1
§ £
g 2
B 00— \— \— e R AL L
g PF RYGB  PF RYGB  PF RYGB PF RYGB  PF RYGB  PF RYGB
Biliopancre  Rouxor  Common Biliopancreatic  Rouxor ~Common
aticlimb  alimentary limb ~ channel limb alimentary limb  channel
D1 D2 rrar: IS k0 o
pacn SIS axo
O RGE
)
%8 °
.§ 5. g - g
- o= i
g 26 £
g, 3 §2
£ K] e
32 £4 H
9 ] &1
£, £ E
g 52 g
to & & —
PF_RYGB  PF RYGB  PF RYGB s o PF RYGB
Biliopancreatic  Roux or Common i - .
b alimentary limb  channel Sham__ PF B"“’PI;‘“;”"‘"‘ Roux or
ml
Roux or alimentary limb
FIGURE 3

ih ﬂ_ 1]

PF RYGB  PF RYGB  PF RYGB

Biliopancreatic  Rouxor Common
i alimentary limb  channel

= o —— b EUNY
PActin [——— 43KD

P RYGB

E

=~

~

FFARS3 protein relative levels
o

PF RYGB
Common
channel

PF_RYGB Sham  PF

Roux or alimentary limb

alimentary limb

Effect of RYGB on the regulation of intestinal proglucagon and PC1/3 mRNA levels, protein levels of GPR119 and protein/mRNA of FFAR2/FFAR3.
On POD 21, segments from the biliopancreatic limb (BP), Roux limb and common channel (CC) were harvested from RYGB rats along with
corresponding segments from PF rats. Mucosal proglucagon (A), PC1/3 (B), FFAR2 (D,) and FFAR3 (E;) mRNA levels were measured by RT PCR
Mucosal GPR119 (C), FFAR2 (D,) and FFAR3 (E;) protein levels were measured by Western Blot. Data are mean, + SE, n=5-13 per group,

*p<0.05, **P<0.01.

56% in the Roux limb and 70% in the CC segment relative to
analogous intestinal segments from the PF group. To determine
if proglucagon peptide processing to GLP-1 was also increased
after RYGB we examined the expression of PC 1/3 mRNA in the
same samples (Figure 3B). There were no significant differences
in PC 1/3 mRNA levels in the BP limb (1.047 vs 0.811, p > 0.05).
However, the relative abundance of PC 1/3 mRNA was increased
in both the Roux (1.843 vs 1.032, p< 0.05) and CC (2.121 vs
1.495, p<0.05) intestinal segments from the RYGB rats (P<0.05,
vs PF).

Next, we examined the effects of RYGB on GPR119, FFAR2
and FFAR3 expression in the different intestinal segments.
Figure 3C shows GPR119 protein levels are similar in the BP
limbs. In contrast, GPR119 protein levels in RYGB rats were
170% higher in the Roux limb (0.530 vs 1.440, p<0.01) and 157%
higher in the common channel (0.558 vs 1.443, p<0.01) relative
to the corresponding PF intestinal segments. In addition, FFAR2
and FFAR3 mRNA (Figures 3D, E;) and protein (Figures 3D,,
E,) levels in RYGB group were significantly higher in the Roux
limbs than in PF rats (mRNA P<0.01, protein p<0.05).

Effects of RYGB on intestinal glucose
transport and transporter expression

The activity of glucose transport is impaired in the diabetic state

(30). BBMV were isolated from intestinal mucosa samples and
glucose transport was evaluated as described in Methods. As seen in
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Figure 4A, the rate of glucose transport activity was similar in the
BP segments (p > 0.05). In contrast, After RYGB, glucose transport
was decreased by 29% in the Roux (p<0.05 vs. PF) and 35% in the
CC segments (p<0.05 vs. PF).

SGLT1 and GLUT2 play important roles in intestinal
glucose sensing, transport and incretin secretion. Therefore,
we assayed segments for the relative abundance of SGLT1 and
GLUT2 protein levels. As shown in Figure 4B, the relative
abundance of SGLT1 protein is decreased in Roux limb and
CC segments after RYGB, falling by 54% in the Roux (p<0.01)
and 52% in the CC segment (p<0.01). Relative expression of
GLUT?2 protein in the different intestinal segments is shown in
Figure 4C. GLUT?2 protein levels were similar in the BP segment,
decreased by 53% in the Roux limb (p<0.01 vs. PF) and 64% in
the CC segment (p<0.01 vs. PF).

Effects of RYGB on intestinal Tas1R1,
TaslR3 and o-gustducin expression

To determine if the effects of RYGB on intestinal glucose
transport and GLP-1 secretion might be explained by altered
regulation of sweet taste we examined the effects of RYGB on the
expression of taste proteins TasIRI, TaslR3 and a-gustducin
(Figure 5). As shown in Figure 5A TaslR1 mRNA levels were
similar in the BP limb (p>0.05), decreased by 38% in the Roux
limb (p<0.05 vs. PF) and decreased by 40% in the CC segment
(p<0.05 vs. PF). Likewise, Figure 5B demonstrates Tas1R3
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Effect of RYGB on the BBMV glucose transport and glucose transporter proteins of SGLT1 and GLUT2. On POD 21 segments from the

biliopancreatic limb (BP), Roux limb and common channel (CC) were harvested from RYGB rats along with corresponding segments from PF
rats. BBMVs were isolated and glucose uptake (A) was measured by rapid mixing uptake as described in the materials and methods. Glucose
transporter proteins of SGLT1 (B) and GLUT2 (C) were examined by Western Blot. Data are mean + SE, n=5-8 per group, *p<0.05, ** P<0.01.

mRNA levels to be similar in the BP limb (p>0.05), reduced by
47% in the Roux limb (p<0.01 vs PF) and reduced by 36% in the
CC segment (p<0.01 vs PF). As shown in Figure 5C a-gustducin
mRNA levels were similar in the BP limb (p>0.05), decreased by
50% in the Roux limb (p<0.01 vs PF) and reduced by 47% in the
CC segment (p<0.01 vs PF).

Discussion

The current study examines the underlying mechanisms of
glucose homeostasis after RYGB using the Zucker rat model of
genetic obesity. Obesity in the ZR is an autosomal recessive trait (fa/
fa) caused by defective leptin receptors (31). The obese ZR develops
progressive features of the metabolic syndrome including: insulin
resistance, glucose intolerance, hyperlipidemia, and hypertension
(31). Previous studies demonstrate the obese ZR is a suitable model
for investigating the effects of RYGB on glucose homeostasis (26,
32). Early postoperative improvements in glycemic control, insulin
sensitivity, post-prandial increases in GLP-1 and insulin secretion
seen in RYGB patients are also observed after RYGB in the ZR
model. Because intestinal GLP-1 production and glucose transport

are a major focus of the current study, pair-feeding the control
group was an important aspect of the study design. Postoperative
day 21 was chosen for studies examining intestinal GLP-1
production and glucose transport based on previous results with
this model (26, 27). As previously shown by our laboratory, the PF
group demonstrates a slight reduction in body weight compared to
the RYGB group, but insulin sensitivity and GLP-1 secretion are not
affected in the PF group during the study period (26).

Consistent with previous results, RYGB improves both
fasting and post-prandial peripheral glucose levels compared
to the PF group. We examined both portal venous glucose and
GLP-1 levels because of the potentially important roles they play
in regulating systemic glucose homeostasis (33), rapid insulin
secretion (34), glucose uptake (35) and hepatic gluconeogenesis
(36). After RYGB surgery both the basal and 30-minute post-
prandial portal venous glucose levels were decreased relative to
those in the PF controls. The reductions in portal venous glucose
after RYGB could be due to decreased peripheral glucose levels,
reductions in enteric glucose absorption and transport, down
regulation of intestinal gluconeogenesis, increased hepatic
glucose uptake and/or metabolism or some combination of
these factors. Intestinal gluconeogenesis is a key factor in
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FIGURE 5

Effect of RYGB on intestinal taste receptor and a-gustducin mRNA. On POD 21, segments from the biliopancreatic limb (BP), Roux limb and
common channel (CC) were harvested from RYGB rats along with corresponding segments from PF rats. Mucosal Tas1R1 (A), Tas1R3 (B) and o.-
gustducin (C) mRNA were measured by RT-PCR. Data are mean + SE, n=11-13 per group, *p<0.05, **p<0.01.
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regulating insulin sensitivity and food intake is independent of
body weight and GLP-1 action after RYGB. However, reductions
in intestinal phosphoenolpyruvate carboxykinase (PEPCK-C)
and glucose-6-phosphatase (G6Pase) after RYGB suggest
intestinal gluconeogenesis is down regulated (37). Therefore,
we examined the effects of RYGB on GLP-1 synthesis and
secretion, as well as intestinal glucose transport in the
current study.

Several lines of evidence implicate intestinal production of
GLP-1 as a major factor in the early postoperative glucose
hemostasis observed after RYGB surgery (38). GLP-1 is an
incretin hormone produced by enteroendocrine L cells located
in the epithelial layer of the jejunum, ileum and colon. Intra-
luminal nutrients, including glucose and lipids trigger GLP-1
release into the intestinal interstitial space and lymphatics where
it travels from the portal vein, through the liver into the systemic
circulation. GLP-1 binds beta cell GLP-1 receptors resulting in
enhanced glucose-stimulated insulin secretion. Salehi et al. used
exendin- (9-39) in post-RYGB patients to investigate the role of
systemic GLP-1 in regulating postprandial insulin secretion in
the subjects with Gastric bypass (39, 40). Their results suggest
GLP-1 stimulated insulin secretion contributes significantly to
improved glucose homeostasis after RYGB surgery. Despite this
finding, the role of GLP-1 in regulating glucose homeostasis
appears to be significantly more complex than its endocrine role
in stimulating pancreatic insulin secretion.

The reduction in portal venous glucose and increase in
portal GLP-1 support the hypothesis that changes in intestinal
metabolism after RYGB play an important role in glucose
homeostasis. This is among the first studies to characterize the
effects of RYGB on portal venous glucose and GLP-1. The gut
acts as an entero-endocrine organ through the secretion of
incretins including GLP-1, secreted by L cells in the distal
small bowel. GLP-1 binds specific receptors on pancreatic 3-
cells to increase islet cell mass and stimulate insulin secretion
(41-43). Extrapancreatic effects of GLP-1 include the
stimulation of glucose metabolism in liver and muscle.
Furthermore, portal venous GLP-1 has been shown to have
insulin-independent effects on circulating glucose levels (44).
Both GIP and GLP-1 signaling pathways are impaired in T2DM.

We have previously shown that while fasting peripheral GLP-1
levels are similar among RYGB and control rats, only the RYGB rats
mount a response to OGT with a spike GLP-1 levels. In addition to
confirming our previous results, we made the novel finding that in
contrast to the peripheral blood, fasting portal venous GLP-1 levels
are significantly higher in RYGB rats versus controls. While control
rats again fail to respond to OGT, the increase in GLP-1 protein
levels among RYGB rats is much higher in the portal venous blood
than was seen in the periphery. Proglucagon mRNA levels were
significantly elevated in all three intestinal segments after RYGB,
suggesting a global upregulation of intestinal GLP-1 synthesis.
Whereas the levels of PC1/3 mRNA were only increased in the
Roux and common channel segments. The PC1/3 enzyme converts
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proglucagon into GLP-1. The increase of both proglucagon and
PC1/3 mRNA levels after RYGB supports increased GLP-1
synthesis and secretion as the mechanism for increased
circulating GLP-1 after RYGB versus reduced GLP-1 activity or
degradation by DPP-4. We also measured the levels of intestinal
GPR119, a G protein-coupled receptor expressed in
enteroendocrine cells, which senses fats/lipids resulting in GLP-1
secretion (45). The increased the level of GPR119 observed in Roux
and common channel intestinal segments supports this concept.
Another possibility is that nutrient sensing free fatty acid receptors
(FFARs) like FFAR2 and FFAR3 on enteroendocrine cells are
upregulated and contribute to increased GLP-1 secretion (46-50).
The increased the levels of FFAR2/3 mRNA and protein found in
Roux intestinal segment suggest they contribute to the increases in
GLP-1 observed after RYGB.

Finally, we looked at changes in nutrient transport following
RYGB. By isolating brush border membrane vesicles, we were able
to measure glucose transport across the intestinal lumen and found
that while there was no change in the biliopancreatic limb, RYGB
rats showed significant reductions in glucose transport in the Roux
and common channel limbs compared to controls. The current
model of intestinal glucose transport posits active brush border
transport via SGLT1 and facilitated basolateral glucose transport
following apical translocation of GLUT2 (17). The reductions in
SGLT1 and GLUT2 protein levels observed in the Roux and
common channel segments after RYGB are consistent with the
decrease in intestinal glucose transport observed after RYGB and
represent a potential mechanism. Consistent our findings, Stearns
et al. (51) showed that glucose transport is reduced by up to 68% in
the Roux limb compared to sham jejunum. Work by Kellet (52) and
others posits the SGLT1 pathway, though easily saturated, provides
the initial signal for apical translocation of the high capacity
GLUT?2 transporter.

Mace and others (18, 23) propose that a second signal is
required to complete insertion of GLUT2 into the membrane
and that this is derived from taste receptors including TasI1R2,
Tas1R3 and gustducin. In addition, work from Margolskee (24,
53) supports Tas1R2, TasIR3 and gustducin mediated sweet
tastant sensing in L cells as a mechanism for controlling GLP-1
secretion and SGLT1 expression (54, 55). Accordingly, we
examined TaslR1, Tas1R3 and gustducin mRNA levels and
found that they were significantly decreased in the Roux and
common channel limbs, but not in the biliopancreatic limb of
RYGB rats compared with controls.

Taken together these data suggest that RYGB alters the
expression of taste receptors in the distal segments of intestine by
exposing them to higher than normal nutrient flow. This increased
signaling through GRP119, FFAR2/3 and their downstream effects
through GLP-1 and SGLT1/GLUT2 mediated by sweet taste
receptors represent a potential mechanism for improved glycemic
control in diabetes following RYGB gastric bypass.

Although our results provide insights into potential
mechanisms by which RYGB improve glucose homeostasis, our
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study has some limitations. One is that findings in experimental
models of obesity and T2DM, like the ZRs, do not always apply to
the human condition. The use of only two data points for portal and
systemic glucose and GLP-1 measurement is another limitation.
The two time points were based on previous studies and the
inherent risks of obtaining multiple portal venous blood samples.
Another limitation is that measurement of glucose transport in vitro
using rapid mixing filtration techniques, may not completely
recapitulate in vivo glucose uptake under various physiological
conditions. Although we quantified SGLT1 and GLUT-2 levels in
intestinal segments, we did not confirm their cellular localization
using immunohistochemistry in our experiments, instead relying
on previous studies characterizing their cellular localization (27).
We also did not fully characterize the changes in potential
regulatory molecules (e.g. GPR119, FFARs and taste receptors) to
prove cause and effect for observed changes in glucose uptake or
GLP-1 secretion after RYGB.

In summary, our results identify multiple changes in intestinal
metabolism after RYGB that contribute to decrease blood glucose
and increase post-prandial GLP-1. The increase in GLP-1 appears
to be the result of increased proglucagon synthesis and processing,
as well as upregulation of multiple nutrient-sensing receptors (e.g.
GPR119, FFAR2/FFAR3) that may stimulate GLP-1 release from
enteroendocrine cells although the causal relationship between
them needs to be further defined. Post-RYGB, reductions in
intestinal glucose transport appear to be regulated by decreased
expression of SGLT1 and GLUT2. Although associated reductions
in taste receptors (TasIR2, TasIR3 and gustducin) represent a
potential mechanism, additional studies are needed to prove cause
and effect.

Data availability statement

The original contributions presented in the study are
included in the article/supplementary material. Further
inquiries can be directed to the corresponding author.

References

1. Pories W], Swanson MS, MacDonald KG, Long SB, Morris PG, Brown BM,
et al. Who would have thought it? an operation proves to be the most effective
therapy for adult-onset diabetes mellitus. Ann Surg (1995) 222(3):339-50;
discussion 50-2. doi: 10.1097/00000658-199509000-00011

2. Schauer PR, Burguera B, Ikramuddin S, Cottam D, Gourash W, Hamad G, et al.
Effect of laparoscopic roux-en y gastric bypass on type 2 diabetes mellitus. Ann Surg
(2003) 238(4):467-84; discussion 84-5. doi: 10.1097/01.51a.0000089851.41115.1b

3. Schauer PR, Kashyap SR, Wolski K, Brethauer SA, Kirwan JP, Pothier CE,
et al. Bariatric surgery versus intensive medical therapy in obese patients with
diabetes. N Engl ] Med (2012) 366(17):1567-6. doi: 10.1056/NEJMo0a1200225

4. Laferrere B. Bariatric surgery and obesity: influence on the incretins. Int J
Obes Suppl (2016) 6(Suppl 1):532-6. doi: 10.1038/ijosup.2016.8

5. Strader AD, Clausen TR, Goodin SZ, Wendt D. Ileal interposition improves
glucose tolerance in low dose streptozotocin-treated diabetic and euglycemic rats.
Obes Surg (2009) 19(1):96-104. doi: 10.1007/s11695-008-9754-x

Frontiers in Endocrinology

09

10.3389/fendo.2022.901984

Ethics statement

The animal study was reviewed and approved by
Institutional Animal Care and Use Committee at the
Pennsylvania State University, College of Medicine.

Author contributions

RC contributed to study concept and experimental design.
QM, DC, MS, and TA helped with performing surgery, specimen
collection and analysis, as well as interpretation of data. QM
prepared the figures. QM and RC contributed to the writing and
editing of this manuscript. All authors provided contributions to
this study and approved the submitted version.

Acknowledgments

QM and RNC acknowledge the support of NIH ROl
DK122332 for this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

6. Culnan DM, Albaugh V, Sun M, Lynch CJ, Lang CH, Cooney RN. Ileal
interposition improves glucose tolerance and insulin sensitivity in the obese zucker
rat. Am ] Physiol Gastrointest Liver Physiol (2010) 299(3):G751-60. doi: 10.1152/
2jpgi.00525.2009

7. Pendyala S, Walker JM, Holt PR. A high-fat diet is associated with
endotoxemia that originates from the gut. Gastroenterology (2012) 142(5):1100—
1.e2. doi: 10.1053/j.gastro.2012.01.034

8. Malesza IJ, Malesza M, Walkowiak J, Mussin N, Walkowiak D, Aringazina R,
et al. High-fat, Western-style diet, systemic inflammation, and gut microbiota: A
narrative review. Cells (2021) 10(11):1-31. doi: 10.3390/cells10113164

9. Ehses JA, Lee SS, Pederson RA, McIntosh CH. A new pathway for
glucose-dependent insulinotropic polypeptide (GIP) receptor signaling:
evidence for the involvement of phospholipase A2 in GIP-stimulated
insulin secretion. J Biol Chem (2001) 276(26):23667-73. doi: 10.1074/
jbc.M103023200

frontiersin.org


https://doi.org/10.1097/00000658-199509000-00011
https://doi.org/10.1097/01.sla.0000089851.41115.1b
https://doi.org/10.1056/NEJMoa1200225
https://doi.org/10.1038/ijosup.2016.8
https://doi.org/10.1007/s11695-008-9754-x
https://doi.org/10.1152/ajpgi.00525.2009
https://doi.org/10.1152/ajpgi.00525.2009
https://doi.org/10.1053/j.gastro.2012.01.034
https://doi.org/10.3390/cells10113164
https://doi.org/10.1074/jbc.M103023200
https://doi.org/10.1074/jbc.M103023200
https://doi.org/10.3389/fendo.2022.901984
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Meng et al.

10. Harada N, Inagaki N. Role of GIP receptor signaling in beta-cell survival.
Diabetol Int (2017) 8(2):137-8. doi: 10.1007/s13340-017-0317-z

11. Vilsboll T, Holst JJ. Incretins, insulin secretion and type 2 diabetes mellitus.
Diabetologia (2004) 47(3):357-66. doi: 10.1007/s00125-004-1342-6

12. Korner J, Bessler M, Inabnet W, Taveras C, Holst JJ. Exaggerated glucagon-
like peptide-1 and blunted glucose-dependent insulinotropic peptide secretion are
associated with roux-en-Y gastric bypass but not adjustable gastric banding. Surg
Obes Relat Dis (2007) 3(6):597-601. doi: 10.1016/j.s0ard.2007.08.004

13. Dyer J, Wood IS, Palejwala A, Ellis A, Shirazi-Beechey SP. Expression of
monosaccharide transporters in intestine of diabetic humans. Am ] Physiol
Gastrointest Liver Physiol (2002) 282(2):G241-8. doi: 10.1152/ajpgi.00310.2001

14. Koepsell H. Glucose transporters in the small intestine in health and disease.
Pflugers Arch (2020) 472(9):1207-48. doi: 10.1007/s00424-020-02439-5

15. Roder PV, Geillinger KE, Zietek TS, Thorens B, Koepsell H, Daniel H. The
role of SGLT1 and GLUT? in intestinal glucose transport and sensing. PLoS One
(2014) 9(2):e89977. doi: 10.1371/journal.pone.0089977

16. Hediger MA, Coady MJ, Ikeda TS, Wright EM. Expression cloning and
cDNA sequencing of the na+/glucose co-transporter. Nature (1987) 330
(6146):379-81. doi: 10.1038/330379a0

17. Kellett GL, Helliwell PA. The diffusive component of intestinal glucose
absorption is mediated by the glucose-induced recruitment of GLUT?2 to the brush-
border membrane. Biochem J (2000) 350 Pt 1:155-62. doi: 10.1042/bj3500155

18. Mace OJ, Schindler M, Patel S. The regulation of K- and I-cell activity by
GLUT?2 and the calcium-sensing receptor CasR in rat small intestine. J Physiol
(2012) 590(12):2917-36. doi: 10.1113/jphysiol.2011.223800

19. Tobin V, Le Gall M, Fioramonti X, Stolarczyk E, Blazquez AG, Klein C, et al.
Insulin internalizes GLUT2 in the enterocytes of healthy but not insulin-resistant
mice. Diabetes (2008) 57(3):555-62. doi: 10.2337/db07-0928

20. McLaughlin SK, McKinnon PJ, Spickofsky N, Danho W, Margolskee RF.
Molecular cloning of G proteins and phosphodiesterases from rat taste cells. Physiol
Behav (1994) 56(6):1157-64. doi: 10.1016/0031-9384(94)90360-3

21. Rozengurt E, Sternini C. Taste receptor signaling in the mammalian gut.
Curr Opin Pharmacol (2007) 7(6):557-62. doi: 10.1016/j.coph.2007.10.002

22. Raliou M, Grauso M, Hoffmann B, Schlegel-Le-Poupon C, Nespoulous C,
Debat H, et al. Human genetic polymorphisms in TIR1 and TIR3 taste receptor
subunits affect their function. Chem Senses (2011) 36(6):527-37. doi: 10.1093/
chemse/bjr014

23. Mace O], Affleck J, Patel N, Kellett GL. Sweet taste receptors in rat small
intestine stimulate glucose absorption through apical GLUT2. J Physiol (2007) 582
(Pt 1):379-92. doi: 10.1113/jphysiol.2007.130906

24. Margolskee RF, Dyer J, Kokrashvili Z, Salmon KS, Ilegems E, Daly K, et al.
TIR3 and gustducin in gut sense sugars to regulate expression of na+-glucose
cotransporter 1. Proc Natl Acad Sci USA (2007) 104(38):15075-80. doi: 10.1073/
pnas.0706678104

25. Reimann F, Gribble FM. Mechanisms underlying glucose-dependent
insulinotropic polypeptide and glucagon-like peptide-1 secretion. J Diabetes
Investig (2016) 7 Suppl 1:13-9. doi: 10.1111/jdi.12478

26. Meirelles K, Ahmed T, Culnan DM, Lynch CJ, Lang CH, Cooney RN.
Mechanisms of glucose homeostasis after roux-en-Y gastric bypass surgery in the
obese, insulin-resistant zucker rat. Ann Surg (2009) 249(2):277-85. doi: 10.1097/
SLA.0b013e3181904af0

27. Wolff BS, Meirelles K, Meng Q, Pan M, Cooney RN. Roux-en-Y gastric bypass
alters small intestine glutamine transport in the obese zucker rat. Am ] Physiol
Gastrointest Liver Physiol (2009) 297(3):G594-601. doi: 10.1152/ajpgi.00104.2009

28. De Jonge F, Van Nassauw L, Adriaensen D, Van Meir F, Miller HR, Van
Marck E, et al. Effect of intestinal inflammation on capsaicin-sensitive afferents in
the ileum of schistosoma mansoni-infected mice. Histochem Cell Biol (2003) 119
(6):477-84. doi: 10.1007/s00418-003-0532-5

29. Delaere F, Akaoka H, De Vadder F, Duchampt A, Mithieux G. Portal
glucose influences the sensory, cortical and reward systems in rats. Eur ] Neurosci
(2013) 38(10):3476-86. doi: 10.1111/ejn.12354

30. Karnieli E, Armoni M. Regulation of glucose transporters in diabetes. Horm
Res (1990) 33(2-4):99-104. doi: 10.1159/000181491

31. Wang B, Chandrasekera PC, Pippin JJ. Leptin- and leptin receptor-deficient
rodent models: relevance for human type 2 diabetes. Curr Diabetes Rev (2014) 10
(2):131-45. doi: 10.2174/1573399810666140508121012

32. Guijarro A, Osei-Hyiaman D, Harvey-White J, Kunos G, Suzuki S,
Nadtochiy S, et al. Sustained weight loss after roux-en-Y gastric bypass is
characterized by down regulation of endocannabinoids and mitochondrial
function. Ann Surg (2008) 247(5):779-90. doi: 10.1097/SLA.0b013e318166fd5f

Frontiers in Endocrinology

10

10.3389/fendo.2022.901984

33. Heppner KM, Perez-Tilve D. GLP-1 based therapeutics: simultaneously combating
T2DM and obesity. Front Neurosci (2015) 9:92. doi: 10.3389/fnins.2015.00092

34. Fukaya M, Mizuno A, Arai H, Muto K, Uebanso T, Matsuo K, et al.
Mechanism of rapid-phase insulin response to elevation of portal glucose
concentration. Am ] Physiol Endocrinol Metab (2007) 293(2):E515-22. doi:
10.1152/ajpendo.00536.2006

35. Green CJ, Henriksen TI, Pedersen BK, Solomon TP. Glucagon like peptide-
1-induced glucose metabolism in differentiated human muscle satellite cells is
attenuated by hyperglycemia. PLoS One (2012) 7(8):e44284. doi: 10.1371/
journal.pone.0044284

36. Jin T, Weng J. Hepatic functions of GLP-1 and its based drugs: Current
disputes and perspectives. Am ] Physiol Endocrinol Metab (2016) 311(3):E620-7.
doi: 10.1152/ajpendo.00069.2016

37. Troy S, Soty M, Ribeiro L, Laval L, Migrenne S, Fioramonti X, et al.
Intestinal gluconeogenesis is a key factor for early metabolic changes after gastric
bypass but not after gastric lap-band in mice. Cell Metab (2008) 8(3):201-11. doi:
10.1016/j.cmet.2008.08.008

38. Larraufie P, Roberts GP, McGavigan AK, Kay RG, Li J, Leiter A, et al.
Important role of the GLP-1 axis for glucose homeostasis after bariatric surgery.
Cell Rep (2019) 26(6):1399-408.¢6. doi: 10.1016/j.celrep.2019.01.047

39. Salehi M, Prigeon RL, D'Alessio DA. Gastric bypass surgery enhances
glucagon-like peptide 1-stimulated postprandial insulin secretion in humans.
Diabetes (2011) 60(9):2308-14. doi: 10.2337/db11-0203

40. Salehi M, D'Alessio DA. Mechanisms of surgical control of type 2 diabetes:
GLP-1 is the key factor-maybe. Surg Obes Relat Dis (2016) 12(6):1230-5. doi:
10.1016/j.s0ard.2016.05.008

41. Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP.
Gastroenterology (2007) 132(6):2131-57. doi: 10.1053/j.gastro.2007.03.054

42. Drucker DJ, Philippe J, Mojsov S, Chick WL, Habener JF. Glucagon-like
peptide I stimulates insulin gene expression and increases cyclic AMP levels in a rat
islet cell line. Proc Natl Acad Sci USA (1987) 84(10):3434-8. doi: 10.1073/
pnas.84.10.3434

43. Murphy KG, Bloom SR. Nonpeptidic glucagon-like peptide 1 receptor
agonists: A magic bullet for diabetes? Proc Natl Acad Sci USA (2007) 104
(3):689-90. doi: 10.1073/pnas.0610679104

44. Ma D, Jones G. The association between bone mineral density, metacarpal
morphometry, and upper limb fractures in children: a population-based case-control
study. J Clin Endocrinol Metab (2003) 88(4):1486-91. doi: 10.1210/jc.2002-021682

45. Overton HA, Fyfe MC, Reynet C. GPR119, a novel G protein-coupled
receptor target for the treatment of type 2 diabetes and obesity. Br ] Pharmacol
(2008) 153 Suppl 1:576-81. doi: 10.1038/sj.bjp.0707529

46. Bindels LB, Dewulf EM, Delzenne NM. GPR43/FFA2: Physiopathological
relevance and therapeutic prospects. Trends Pharmacol Sci (2013) 34(4):226-32.
doi: 10.1016/j.tips.2013.02.002

47. Wichmann A, Allahyar A, Greiner TU, Plovier H, Lunden GO, Larsson T,
et al. Microbial modulation of energy availability in the colon regulates intestinal
transit. Cell Host Microbe (2013) 14(5):582-90. doi: 10.1016/j.chom.2013.09.012

48. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, et al.
Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-
coupled receptor FFAR2. Diabetes (2012) 61(2):364-71. doi: 10.2337/db11-1019

49. Psichas A, Sleeth ML, Murphy KG, Brooks L, Bewick GA, Hanyaloglu AC,
et al. The short chain fatty acid propionate stimulates GLP-1 and PYY secretion via
free fatty acid receptor 2 in rodents. Int ] Obes (Lond) (2015) 39(3):424-9. doi:
10.1038/ij0.2014.153

50. Gribble FM, Reimann F. Function and mechanisms of enteroendocrine cells
and gut hormones in metabolism. Nat Rev Endocrinol (2019) 15(4):226-37. doi:
10.1038/s41574-019-0168-8

51. Stearns AT, Balakrishnan A, Tavakkolizadeh A. Impact of roux-en-Y gastric
bypass surgery on rat intestinal glucose transport. Am ] Physiol Gastrointest Liver
Physiol (2009) 297(5):G950-7. doi: 10.1152/ajpgi.00253.2009

52. Kellett GL, Brot-Laroche E. Apical GLUT2: a major pathway of intestinal sugar
absorption. Diabetes (2005) 54(10):3056-62. doi: 10.2337/diabetes.54.10.3056

53. Margolskee RF. Molecular mechanisms of bitter and sweet taste
transduction. ] Biol Chem (2002) 277(1):1-4. doi: 10.1074/jbc. R100054200

54. Jang HJ, Kokrashvili Z, Theodorakis MJ, Carlson OD, Kim BJ, Zhou J, et al.
Gut-expressed gustducin and taste receptors regulate secretion of glucagon-like
peptide-1. Proc Natl Acad Sci USA (2007) 104(38):15069-74. doi: 10.1073/
pnas.0706890104

55. Kokrashvili Z, Yee KK, Ilegems E, Iwatsuki K, Li Y, Mosinger B, et al. Endocrine
taste cells. Br J Nutr (2014) 111 Suppl 1:523-9. doi: 10.1017/S0007114513002262

frontiersin.org


https://doi.org/10.1007/s13340-017-0317-z
https://doi.org/10.1007/s00125-004-1342-6
https://doi.org/10.1016/j.soard.2007.08.004
https://doi.org/10.1152/ajpgi.00310.2001
https://doi.org/10.1007/s00424-020-02439-5
https://doi.org/10.1371/journal.pone.0089977
https://doi.org/10.1038/330379a0
https://doi.org/10.1042/bj3500155
https://doi.org/10.1113/jphysiol.2011.223800
https://doi.org/10.2337/db07-0928
https://doi.org/10.1016/0031-9384(94)90360-3
https://doi.org/10.1016/j.coph.2007.10.002
https://doi.org/10.1093/chemse/bjr014
https://doi.org/10.1093/chemse/bjr014
https://doi.org/10.1113/jphysiol.2007.130906
https://doi.org/10.1073/pnas.0706678104
https://doi.org/10.1073/pnas.0706678104
https://doi.org/10.1111/jdi.12478
https://doi.org/10.1097/SLA.0b013e3181904af0
https://doi.org/10.1097/SLA.0b013e3181904af0
https://doi.org/10.1152/ajpgi.00104.2009
https://doi.org/10.1007/s00418-003-0532-5
https://doi.org/10.1111/ejn.12354
https://doi.org/10.1159/000181491
https://doi.org/10.2174/1573399810666140508121012
https://doi.org/10.1097/SLA.0b013e318166fd5f
https://doi.org/10.3389/fnins.2015.00092
https://doi.org/10.1152/ajpendo.00536.2006
https://doi.org/10.1371/journal.pone.0044284
https://doi.org/10.1371/journal.pone.0044284
https://doi.org/10.1152/ajpendo.00069.2016
https://doi.org/10.1016/j.cmet.2008.08.008
https://doi.org/10.1016/j.celrep.2019.01.047
https://doi.org/10.2337/db11-0203
https://doi.org/10.1016/j.soard.2016.05.008
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1073/pnas.84.10.3434
https://doi.org/10.1073/pnas.84.10.3434
https://doi.org/10.1073/pnas.0610679104
https://doi.org/10.1210/jc.2002-021682
https://doi.org/10.1038/sj.bjp.0707529
https://doi.org/10.1016/j.tips.2013.02.002
https://doi.org/10.1016/j.chom.2013.09.012
https://doi.org/10.2337/db11-1019
https://doi.org/10.1038/ijo.2014.153
https://doi.org/10.1038/s41574-019-0168-8
https://doi.org/10.1152/ajpgi.00253.2009
https://doi.org/10.2337/diabetes.54.10.3056
https://doi.org/10.1074/jbc.R100054200
https://doi.org/10.1073/pnas.0706890104
https://doi.org/10.1073/pnas.0706890104
https://doi.org/10.1017/S0007114513002262
https://doi.org/10.3389/fendo.2022.901984
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Roux-en-Y gastric bypass alters intestinal glucose transport in the obese Zucker rat
	Introduction
	Materials and methods
	Animal care and surgical procedure
	Measurement of GLP-1 and glucose
	Purification of BBMVs
	Measurement of glucose transport activity in BBMVs
	Measurement of SGLT1, GLUT2, GPR-119, FFAR2/3 protein levels
	Measurement of proglucagon, proprotein convertase 1/3 (PC 1/3), FFAR2, FFAR3, GPR119, Tas1R1, Tas1R3 and gustducin α
	Statistical analysis

	Results
	Effect of RYGB on food intake and body weight
	RYGB impacts peripheral and portal venous glucose and GLP-1 levels
	Effects of RYGB on intestinal glucose transport and transporter expression
	Effects of RYGB on intestinal Tas1R1, Tas1R3 and α-gustducin expression

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


