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Abstract

Aims/hypothesis We studied the impact of Roux-en-Y gastric
bypass (RYGB) on the density and hormonal gene expression
of small-intestinal enteroendocrine cells in obese patients with
type 2 diabetes.

Methods Twelve patients with diabetes and 11 age- and BMI-
matched controls underwent RYGB followed by enteroscopy
~10 months later. Mucosal biopsies taken during surgery and
enteroscopy were immunohistochemically stained for
glucagon-like peptide-1 (GLP-1), peptide YY (PYY), chole-
cystokinin (CCK), glucose-dependent insulinotropic polypep-
tide (GIP) and prohormone convertase 2 (PC2) and the
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expression of GCG (encoding preproglucagon), PYY, CCK,
GIP, GHRL (encoding ghrelin), SCT (encoding secretin),
NTS (encoding neurotensin) and NR/H4 (encoding farnesoid
X receptor) was evaluated.

Results The density of cells immunoreactive for GLP-1, CCK
and GIP increased in patients after RYGB and the density of
those immunoreactive for GLP-1, PYY, CCK and PC2 in-
creased in controls. In both groups, GHRL, SCT and GIP
mRNA was reduced after RYGB while PYY, CCK, NTS and
NRI1H4 gene expression was unaltered. GCG mRNA was up-
regulated in both groups.

Conclusions/interpretation Numerous alterations in the distri-
bution of enteroendocrine cells and their expression of hor-
monal genes are seen after RYGB and include increased den-
sity of GLP-1-, PYY-, CCK-, GIP- and PC2-positive cells,
reduced gene expression of GHRL, SCT and GIP and in-
creased expression of GCG.

Keywords Cholecystokinin - Enteroendocrine cells -
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Introduction

Roux-en-Y gastric bypass (RYGB) is a widely used weight-
reducing surgical procedure [1] that also improves glucose
regulation in individuals with impaired glucose homeostasis
within days after the procedure [2]. These improvements are
thought, at least in part, to be the result of RYGB-induced
rerouting of nutrients, which in turn is thought to alter the
secretion of several gut-derived hormones. Little is known
about the effect of RYGB on the distribution of gut-
hormone-producing cells, and the postoperative expression
of their hormonal products remains unexplored in humans.
In this study, we evaluated the changes in density and gene
expression of several enteroendocrine cells after RYGB in
obese participants with and without type 2 diabetes.

Methods

Participants Anthropometric data is shown in electronic sup-
plementary material (ESM) Table 1. Twelve obese partici-
pants with type 2 diabetes and 11 age- and BMI-matched
normoglycaemic participants referred to elective RYGB par-
ticipated in the study. All gave informed consent and the study
was carried out in accordance with the Declaration of Helsin-
ki. The participants with type 2 diabetes had been diagnosed
with diabetes for 7.0+1.6 (mean+SEM) years and were all on
oral glucose-lowering agents and/or insulin at the time of
inclusion.

Experimental procedures On experimental day 1, all partic-
ipants underwent RYGB using standard laparoscopic RYGB
technique as previously described [3]. During the RYGB
procedure, a 1 cm segment was excised from the jejunal
division site (proximal end) and designated area A.
Some mucosal biopsies were placed in RNAlater (Life
Technologies, Carlsbad, CA, USA) while others were
placed in 4% formaldehyde,.

On experimental day 2 (>4 months after RYGB) after 8 h of
fasting, an upper enteroscopy was performed in sedated par-
ticipants using a colonoscope (PCF-Q180AL; Olympus, To-
kyo, Japan). Nine mucosal biopsies were taken from each of
three different anatomical locations (the alimentary limb, the
common limb and the biliopancreatic limb), designated areas
B, C and D, respectively. The biopsies were placed directly in
RNAlater and 4% formaldehyde, respectively.

Immunohistochemical staining, cell quantification and es-
timation of cell length The number of all immunopositive
enteroendocrine cells was counted, providing an estimate of
enteroendocrine cell density (i.e. number of cells per mucosal
area). For a detailed description of immunohistochemical

staining, cell quantification and estimation of cell length, see
ESM Methods.

RNA purification, cDNA synthesis and quantitative PCR
analysis For details of RNA purification, cDNA synthesis and
quantitative PCR (qPCR) analysis, see ESM Methods. For a
summary of primers used in qPCR, see ESM Table 1.

Statistical analyses Main effects of group, RYGB surgery
and post-surgery biopsy site were investigated using a multi-
factorial ANOVA test performed in SAS version 9.1 (SAS
Institute, Cary, NC, USA) with the mentioned factors included
as independent variables. When significant main effects were
observed in the ANOVA model, data were investigated further
using post hoc Student’s ¢ tests. Statistical significance was
accepted at p<0.05. Immunohistochemical cell quantification
data are presented as mean+=SEM and qPCR data are present-
ed as log;¢-transformed mean+SEM.

Results

The mean time (= SEM) between RY GB and enteroscopy was
10.4+0.8 months. BMI on day 1 was 40.1+1.4 kg/m” and
39.0+1.3 kg/m* in controls and type 2 diabetes patients, re-
spectively (p=0.465) and weight loss on day 2 was 29.4+
1.4 kg and 27.0+3.7 kg, respectively (p=0.531). Changes in
demographic and biochemical variables are displayed in ESM
Table 2. Results from multi-factorial ANOVA are displayed in
Table 1. Specific results are commented on below but gener-
ally there was an effect of RYGB and very few effects be-
tween groups and sites.

Glucagon-like peptide-1 and the gene encoding
preproglucagon We observed significantly higher expression
levels of GCG (encoding preproglucagon) and density of
glucagon-like peptide-1 (GLP-1) immunoreactive cells after
RYGB surgery. Post hoc ¢ tests showed these effects to be
present in both groups (Fig. la, b).

Peptide YY The ANOVA model showed that although
RYGB had no effect on the expression of PYY there was a
significantly higher number of peptide YY (PYY)-positive
cells after RYGB. A significant postoperative increase in the
density of PYY-positive cells in the alimentary and
biliopancreatic limbs was shown by ¢ tests, but these differ-
ences were only observed in the control group (Fig. Ic, d).

Cholecystokinin We saw no effects of surgery on CCK ex-
pression but there was a significantly higher cholecystokinin
(CCK)-positive cell count after RYGB. Post hoc ¢ tests
showed that this effect was present in both groups (Fig. le, f).
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Table 1 Multi-factorial ANOVA

Gene/protein Group (T2D vs CTRL) Effect of RYGB Site (B vs C vs D)
GCG mRNA 0.0993 0.0025 0.3648
GLP-1 Cell density 0.8901 <0.0001 0.8364
PYY mRNA 0.6042 0.2592 0.5792
PYY Cell density 0.8852 0.0038 0.3063
CCK mRNA 0.1343 0.0906 0.1149
CCK Cell density 0.1297 <0.0001 0.9736
GIP mRNA 0.5158 <0.0001 0.6437
GIP Cell density 0.1901 0.0003 0.0670
GHRL mRNA 0.1533 <0.0001 0.0102
SCT mRNA 0.6193 <0.0001 0.0004
NTS mRNA 0.9523 0.3492 0.4735
PC2 Cell density 0.1100 0.0102 0.0108
NRIH4 mRNA 0.0303 0.8100 0.5936

Multi-factorial ANOVA with main effect of group (Group [T2D vs CTRL]), RYGB surgery (Effect of RYGB)
and post-surgery biopsy site (Site [B vs C vs D]) on the expression (mRNA) of GCG encoding GLP-1, PYY
encoding PYY, CCK encoding CCK, GIP encoding GIP, GHRL encoding ghrelin, SCT encoding secretin, NTS
encoding neurotensin and NR/H4 encoding the farnesoid X-receptor, and density of cells
immunohistochemically positive for GLP-1, PYY, CCK, GIP and PC2. T2D, type 2 diabetes group; CTRL,
control group; A, peri-operative area; B, alimentary limb (post-operative); C, common limb (post-operative); D,

biliopancreatic limb (post-operative)

Glucose-dependent insulinotropic polypeptide We ob-
served significantly lower GIP mRNA levels after RYGB,
but the post-surgery density of glucose-dependent
insulinotropic polypeptide (GIP)-positive cells was signifi-
cantly higher. Post hoc  tests showed significant downregu-
lation of GIP mRNA in all post-surgery biopsy sites in both
groups but upregulation of GIP-positive cells for sites B (both
groups) and C (type 2 diabetes) post surgery (Fig. 1g, h).

Ghrelin We observed significantly lower levels of GHRL
mRNA after RYGB. The ¢ tests also showed significantly
lower levels of GHRL mRNA expression in post-surgery sites
in both groups. Within post-surgery sites, we observed lower
expression in the biliopancreatic limb vs the alimentary limb,
but in the control group only (ESM Fig. 1).

Secretin The ANOVA model showed significantly lower
levels of SCT mRNA after RYGB and post hoc  tests showed
significant between site differences. (ESM Fig. 1). There was
a significant downregulation in all areas after RYGB in both
groups except for alimentary limb in the control group. Be-
tween groups there was a significant downregulation in the
biliopancreatic limb vs the alimentary limb (control group)
and a significant downregulation in the common vs alimentary
limb (ESM Fig. 1b).

Neurotensin We observed no significant effects on NTS
mRNA (ESM Fig. 1).
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Farnesoid X receptor The ANOVA model revealed signifi-
cantly higher levels of NR1H4 (encoding the farnesoid X re-
ceptor) expression in the type 2 diabetes group. Post hoc # tests
showed significantly higher levels of NRIH4 expression in the
type 2 diabetes group vs controls in the peri-operative sample
and in the alimentary limb (ESM Fig. 1).

Prohormone convertase 2 The ANOVA analyses showed
significantly higher prohormone convertase 2 (PC2)-positive
cell counts after RYGB as well as significant differences be-
tween post-surgery biopsy sites. Post hoc tests showed signif-
icantly higher cell counts in post-surgery sites in both groups.
Within post-surgery sites, we observed lower cell counts in the
common and biliopancreatic limb vs the alimentary limb, but
only in the type 2 diabetes group (ESM Fig. 2).

Discussion

Here we provide information on the distribution and transcrip-
tional activity of a number of enteroendocrine cells in the
mucosa of the small intestine before and after RYGB in both
obese patients with type 2 diabetes and normoglycaemic con-
trols. Main findings include increased density of CCK-, GIP-,
GLP-1-, PYY- and PC2-positive cells, reduced gene expres-
sion of GHRL, SCT and GIP and increased expression of
GCG.

This study is the first to compare human mucosal biopsies
taken from the small intestine during RYGB surgery with
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endoscopically retrieved mucosal biopsies from the same in-
dividuals postoperatively. Of note, only areas B and D serve as
proxy for area A after RYGB as they are very close (<8 cm) to
the area that was designated A before RYGB. The use of
enteroscopy allowed us to immediately preserve biopsies in
suitable media, thereby stopping all biological breakdown and
enzymatic processes and ensuring high-quality immunohisto-
chemical analyses and minimal decay of mRNA.

The unaltered level of CCK mRNA is in line with some
previous findings [4] but is in contrast to the demonstration of
increased CCK plasma levels after RYGB [5, 6]. However,
these studies sampled plasma CCK levels in the postprandial

state (or after OGTT) and in the present study biopsies were
collected in the fasting state.

GLP-1-immunoreactive cell density was increased,
coupled with a corresponding increase in GCG expression.
This increase in the density of GLP-1-producing cells in the
common limb could be linked to an increased flow of nutrients
and bile, since both bile [7], fatty acids, carbohydrates
[8] and oligopeptides [9] are known secretagogues of
GLP-1 and, thus, are potential stimulators of GCG ex-
pression. Similarly, our findings are consistent with the
increased postprandial plasma levels of GLP-1 found
after RYGB [10-13].
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PYY was the only hormone where the change in immuno-
reactivity was different between the two groups. The attenu-
ated increase in the density of PY Y-positive cells in the type 2
diabetes group could be a sign of a generally diminished L cell
response in patients with type 2 diabetes, since PYY and GLP-
1 are to some extent co-localised in the L cell [14], although
GLP-1 density was increased in the type 2 diabetes group as
well. The somewhat disparate findings for PYY and GLP-1
may reflect the recent identification of (at least) two popula-
tions of L cells—proximal cells with little PY'Y expression and
distal cells with more PY'Y expression [15, 16] but neverthe-
less identical rates of GLP-1 secretion.

In conclusion, this study is the first to describe the anatom-
ical and transcriptional changes in enteroendocrine cells of the
mucosa seen after RYGB in humans. The observed changes
may play a role in the improved glycaemic and metabolic
status experienced by most participants undergoing RYGB.
Thus, the significant alterations in enteroendocrine cell distri-
bution and expression of specific genes described in this study
may help to understand some of the mechanisms behind the
well-documented changes in plasma gut hormone levels after
RYGB.

Acknowledgements We are grateful to our volunteers whose availabil-
ity made this work possible. We especially thank L. S. Strange and H.
Paulsen at the Panum Institute for performing the immunostaining as well
as nurse D. G. Jorgensen from Hvidovre Hospital who assisted in
contacting the volunteers. We would also like to thank Bariatric Group
Hvidovre (S. Madsbad, D. Worm and D. L. Hansen) at Hvidovre Hospital
for management of RYGB patients, the nurses at Gentofte Hospital for
their work during enteroscopies and securing biopsy material and L. H.
Jorgensen at Gubra Aps for assisting with the gene expression analyses.

Funding This study was supported by unrestricted grants from the
Novo Nordisk Foundation and the Danish National Advanced Technol-
ogy Foundation.

Duality of interest The authors declare that there is no duality of inter-
est associated with this manuscript.

Contribution statement NAR contributed to the study design, ac-
quired, analysed and interpreted the data and drafted the manuscript.
CDW, JP, BM, SJP, LSD and SSP analysed and interpreted data and
revised the manuscript. EL, EPW, SUF and PV contributed to data acqui-
sition and revised the manuscript. VBK contributed to the study design,
acquired data and revised the manuscript. JJ interpreted data and revised
the manuscript. JJH and TV contributed to study design, data interpreta-
tion and revised the manuscript. FKK conceived and designed the study,
interpreted data and revised the manuscript. All authors approved the final
version of the manuscript. FKK is the guarantor of the present work.

@ Springer

References

1. Chang S-H, Stoll CRT, Song J, Varela JE, Eagon CJ, Colditz GA
(2013) The effectiveness and risks of bariatric surgery: an updated
systematic review and meta-analysis, 2003-2012. JAMA Surg
149:275-287

2. Dirksen C, Jorgensen NB, Bojsen-Mpoller KN et al (2012)
Mechanisms of improved glycaemic control after Roux-en-Y gas-
tric bypass. Diabetologia 7:1890-1901

3. Carlos do Rego Furtado L (2010) Procedure and outcomes of
Roux-en-Y gastric bypass. Br J Nurs 5:307-313

4. Rubino F, Gagner M, Gentileschi P et al (2004) The early effect of
the Roux-en-Y gastric bypass on hormones involved in body
weight regulation and glucose metabolism. Ann Surg 2:236-242

5. Dirksen C, Damgaard M, Bojsen-Moller KN et al (2013) Fast
pouch emptying, delayed small intestinal transit, and exaggerated
gut hormone responses after Roux-en-Y gastric bypass.
Neurogastroenterol Motil 4:346—¢255

6. Jacobsen SH, Olesen SC, Dirksen C et al (2012) Changes in gas-
trointestinal hormone responses, insulin sensitivity, and beta-cell
function within 2 weeks after gastric bypass in non-diabetic sub-
jects. Obes Surg 7:1084-1096

7. Parker HE, Wallis K, le Roux CW, Wong KY, Reimann F, Gribble
FM (2012) Molecular mechanisms underlying bile acid-stimulated
glucagon-like peptide-1 secretion. Br J Pharmacol 2:414-423

8. Herrmann C, Goke R, Richter G, Fehmann HC, Arnold R, Goke B
(1995) Glucagon-like peptide-1 and glucose-dependent insulin-re-
leasing polypeptide plasma levels in response to nutrients.
Digestion 2:117-126

9. Diakogiannaki E, Pais R, Tolhurst G et al (2013) Oligopeptides
stimulate glucagon-like peptide-1 secretion in mice through
proton-coupled uptake and the calcium-sensing receptor.
Diabetologia 12:2688-2696

10. Komner J, Inabnet W, Febres G et al (2009) Prospective study of gut
hormone and metabolic changes after adjustable gastric banding
and Roux-en-Y gastric bypass. Int J Obes (Lond) 7:786-795

11. Laferrére B, Heshka S, Wang K et al (2007) Incretin levels and
effect are markedly enhanced 1 month after Roux-en-Y gastric by-
pass surgery in obese patients with type 2 diabetes. Diabetes Care
7:1709-1716

12.  LeRoux CW, Aylwin SJB, Batterham RL et al (2006) Gut hormone
profiles following bariatric surgery favor an anorectic state, facili-
tate weight loss, and improve metabolic parameters. Ann Surg
1:108-114

13.  Peterli R, Steinert RE, Woelnerhanssen B et al (2012) Metabolic
and hormonal changes after laparoscopic Roux-en-Y gastric bypass
and sleeve gastrectomy: a randomized, prospective trial. Obes Surg
5:740-748

14.  Béttcher G, Sjolund K, Ekblad E, Hiakanson R, Schwartz TW,
Sundler F (1984) Coexistence of peptide YY and glicentin immu-
noreactivity in endocrine cells of the gut. Regul Pept 4:261-266

15.  Habib AM, Richards P, Cairns LS et al (2012) Overlap of endocrine
hormone expression in the mouse intestine revealed by transcrip-
tional profiling and flow cytometry. Endocrinology 7:3054-3065

16. Svendsen B, Pedersen J, Albrechtsen NJW et al (2015) An analysis
of co-secretion and co-expression of gut hormones from male rat
proximal and distal small intestine. Endocrinology 3:847-857



	Effect...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


