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Abstract

Aims/hypothesis Enteroendocrine K and L cells are pivotal in

regulating appetite and glucose homeostasis. Knowledge of

their distribution in humans is sparse and it is unknown

whether alterations occur in type 2 diabetes. We aimed to

evaluate the distribution of enteroendocrine K and L cells and

relevant prohormone-processing enzymes (using immuno-

histochemical staining), and to evaluate the mRNA expression

of the corresponding genes along the entire intestinal tract in

individuals with type 2 diabetes and healthy participants.

Methods In this cross-sectional study, 12 individuals with type 2

diabetes and 12 age- and BMI-matched heal thy

individuals underwent upper and lower double-balloon

enteroscopy with mucosal biopsy retr ieval from

approximately every 30 cm of the small intestine and from seven

specific anatomical locations in the large intestine.

Results Significantly different densities for cells positive for

chromogranin A (CgA), glucagon-like peptide-1, glucose-

dependent insulinotropic polypeptide, peptide YY, prohormone

convertase (PC) 1/3 and PC2 were observed along the intes-

tinal tract. The expression of CHGA did not vary along the

intestinal tract, but the mRNA expression of GCG, GIP, PYY,

PCSK1 and PCSK2 differed along the intestinal tract. Lower

counts of CgA-positive and PC1/3-positive cells, respectively,

were observed in the small intestine of individuals with type 2

diabetes compared with healthy participants. In individuals

with type 2 diabetes compared with healthy participants, the

expression of GCG and PYY was greater in the colon, while

the expression of GIP and PCSK1 was greater in the small

intestine and colon, and the expression of PCSK2 was greater

in the small intestine.

Conclusions/interpretation Our findings provide a detailed

description of the distribution of enteroendocrine K and L cells

and the expression of their products in the human intestinal tract

and demonstrate significant differences between individuals

with type 2 diabetes and healthy participants.
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Abbreviations

CgA Chromogranin A

DBE Double-balloon enteroscopy

GIP Glucose-dependent insulinotropic polypeptide

GLP-1 Glucagon-like peptide-1

NAPS Nurse-administered propofol sedation

PC1/3 Prohormone convertase 1/3

PC2 Prohormone convertase 2

PYY Peptide YY

qPCR Quantitative PCR

Introduction

Enteroendocrine cells and their secretory products have turned

out to constitute important players in the regulation of glucose

homeostasis and appetite [1–4]. Some of the most

exhaustively studied gut hormones are the so-called incretin

hormones: glucose-dependent insulinotropic polypeptide (GIP)

from enteroendocrine K cells, and glucagon-like peptide-1

(GLP-1) from enteroendocrine L cells [5, 6]. Owing to their

insulinotropic effects, GIP and GLP-1 are responsible for up to

70% of insulin release after an oral glucose challenge, i.e. the

incretin effect. Impairment or absence of the incretin effect is

observed in type 2 diabetes [7], and several GLP-1-based

treatments have been developed and are now available for the

management of type 2 diabetes [8].

Despite the comprehensive expansion of knowledge within

the incretin field that has happened over the last few decades,

the precise distribution of K and L cells and the regional

expression of their hormonal products in man are uncertain.

Existing assumptions about the distribution of K and L cells in

the human gut are based on findings from animal studies and a

few human studies with notable limitations: investigations

were performed in limited parts of the gut, and samples were

typically obtained from individuals who underwent

abdominal surgery or had biopsy retrieval due to

gastrointestinal pathology [9–12]. Thus, the distribution of

enteroendocrine K and L cells and expression of their

hormonal products have never been investigated in the entire

human gut of living healthy individuals or compared with

individuals with type 2 diabetes in a systematically and

standardised fashion. Furthermore, the expression pattern of

the processing enzyme, prohormone convertase (PC) 1/3,

which is responsible for the formation of GIP and GLP-1 from

their precursors (proGIP in K cells and proglucagon in L cells)

[13], and the distribution of PC1/3-positive cells along the

intestinal tract remain unknown. It is well known that PC2

cleavage sites are present in proGIP and proglucagon [13],

but, as for PC1/3, the intestinal expression pattern of PC2

and distribution of PC2-positive cells in the intestine have

not been determined.

The development of double-balloon enteroscopy (DBE)

has made it possible to access the entire gastrointestinal tract

in living individuals and retrieve biopsies of high quality with

limited invasiveness. Using anterograde and retrograde DBE

with frequent biopsy sampling along the entire intestinal tract

(around 3000 biopsies in total), we evaluated the distribution

of enteroendocrine K and L cells and the expression of their

hormonal products in 12 healthy human participants. To

investigate whether differences with respect to the distribution

and hormone products of these cells could play a role in the

pathophysiology of type 2 diabetes, we also studied 12 age-

and BMI-matched participants who had been diagnosed with

type 2 diabetes.

Methods

The study was conducted according to the Helsinki

Declaration, Seventh Revision 2013 (all participants gave

informed consent). It was registered at Clinicaltrials.gov

(NCT03044860) and the Danish Data Protection Agency,

and approved by the Scientific-Ethical Committee of the

Capital Region of Denmark (reg. no. H-3-2010-115).

Participants Twelve individuals diagnosed with type 2

diabetes (recruited via the diabetes outpatient clinic at Gentofte

Hospital) and 12 non-diabetic healthy individuals matched for

age and BMI (recruited via the website forsoegsperson.dk or

through contact established in previous study participation at

the research department) were included in the study. Basic

demographic details are shown in Table 1. For individuals with

type 2 diabetes, the inclusion criteria were diagnosis of type 2

diabetes (at least 3 months prior to study inclusion), treatment

with diet counselling alone or combined with metformin or

sulfonylurea, white ethnicity, age > 25 and < 70 years, and

negativity for autoantibodies to GAD and islet cell auto-

antibodies. The exclusion criteria included treatment with

dipeptidyl peptidase 4 inhibitors or medicine that could not be

withheld for 12 h, BMI > 35 kg/m2 and any other condition that

would contraindicate propofol sedation or enteroscopy. For

healthy individuals, inclusion criteria included normal fasting

plasma glucose and oral glucose tolerance, white ethnicity and

age > 25 and < 70 years. The exclusion criteria were identical

to those for participants with type 2 diabetes with the addition

of first-degree relative(s) with type 1 or type 2 diabetes.
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Experimental procedures After a screening visit, the

participants underwent two procedure days at Gentofte

Hospital. Glucose-lowering drugs, if any, were withheld for

1 week before each of the two study days.

First, an anterograde DBE was performed under nurse-

administered propofol sedation (NAPS). The DBE scope

was an EN-450 T5 from Fujinon (Saitama, Japan). DBE

enables deep intubation of the gastrointestinal tract by a

push-and-pull approach. When progression was no longer

possible due to pressure from accumulated intestine, an ink

mark was placed submucosally to indicate the maximal depth

of insertion. Using biopsy forceps, two mucosal biopsies were

retrieved at approximately 30 cm intervals during scope

retraction as judged visually by the endoscopist. Biopsies

retrieved from the duodenum, the ligament of Treitz area

and the ileocaecal transition were distributed to tubes marked

corresponding to these anatomically specific regions. The

variable number of biopsy ‘stations’ (7–22) in the jejunum

and proximal ileum were divided equally into seven groups

(nos 3–9, Fig. 1). When several biopsies were obtained within

the same region, the mean of the biopsy data was calculated.

On a separate day, retrograde DBE during NAPS was

performed. Intubation was conducted until the ink mark was

visualised (as an indication of total enteroscopy) or when time

issues occurred [14]. Next, biopsies were collected from six

anatomically specific sites in the large intestine (caecum,

ascending colon, transverse colon, descending colon,

sigmoid colon and rectum; Fig. 1). If the submucosal ink mark

was not identified during retrograde enteroscopy, an area

between the anterograde and the retrograde enteroscopies

was by definition termed ‘not biopsied’ (Fig. 2). The DBE

procedures and biopsy sampling have previously been

described in detail by Rhee et al [14].

Gene expression analysis The mRNA expression of the

genes of interest CHGA, GIP, GCG, PYY, PCSK1 and

PCSK2 genes as well as the genes used for normalisation

RPS18, ACTB, GADPH, HPRT1, RPL13, SDHA, TBP,

YWHAZ and HMBS were investigated. One biopsy sample

from each biopsy site was immediately incubated in

RNAlater solution (to preserve mRNA quality) (Sigma

Aldrich R0901, MO, USA). Subsequently, standard RNA

purification, cDNA synthesis and quantitative PCR (qPCR)

analysis were performed. See ESM Methods for further

details.

Table 1 Demographics of

participants with type 2 diabetes

and healthy individuals

Variable Type 2 diabetes Healthy p value

Sex (M/F) 9/3 8/4 –

Age (years) 51 (34–63) 50 (41–67) 0.66

BMI (kg/m2) 26.8 (23.7–31.5) 27.1 (20.3–30.8) 0.92

HbA1c (%) 6.5 (5.4–9.9) 5.3 (4.8–6.1) –

HbA1c (mmol/mol) 48 (36–85) 34 (29–43) –

Duration of type 2 diabetes (years) 5.0 (1.0–9.0) – –

Data are means (ranges)

Fig. 1 The gastrointestinal tract and biopsy sampling sites. Biopsies

were sampled from nine anatomically well-defined areas: the duodenum

(1), the area around the ligament of Treitz (2), the ileocaecal region (10),

caecum (11), ascending colon (12), transverse colon (13), descending

colon (14), sigmoid colon (15) and rectum (16). Furthermore, biopsies

were taken every 30 cm in the small intestine and divided equally into

seven groups (3–9)
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Immunohistochemistry The other biopsy sampled from each

site was immediately fixated and then embedded in paraffin,

cut in thin slide sections and dewaxed. Subsequently, antigen

retrieval was performed, with incubations with (1) specific

primary antibodies, (2) a second layer of antibodies and (3)

a third layer of an avidin–biotin complex. Finally,

counterstaining was performed, generating biopsy slides with

cells positive for chromogranin A (CgA), GIP, peptide YY

(PYY), GLP-1, PC1/3 and PC2, respectively. See ESM

Methods for further details.

Cell count The distribution of enteroendocrine cells was

evaluated on representative biopsy slide sections based on

immunohistochemical staining. Using the newCAST system

(Visiopharm, Hørsholm, Denmark), the number of all

immunopositive (stained) cells within the epithelial area was

counted and divided by the size of the epithelial area. See

ESM Methods for further details.

Statistics Student’s t test was used to evaluate age and BMI

match between groups. Gene expression data were calculated

according to the efficiency-corrected formula using an internal

calibrator as reference [15] and are presented as log2-

transformed data centred on the mean of duodenum in the

healthy group. Expression data are presented as medians

(lines) with 1st and 3rd quartiles (boxes), 5th and 95th

percentiles (whiskers) and means (dots). Immunohisto-

chemical cell quantification data are presented as means

with SEM. Biopsy slides that presented with no positively

stained cells were included in the statistical analysis as

0 (zero) cells. All data were statistically processed using

SAS software version 9.1 (SAS Institute, Cary, NC,

USA). Small intestine (Fig. 1, regions 1–10) and colon

(Fig. 1, regions 11–16) were assessed separately using

two-way mixed-model ANOVA to evaluate the main effects

of intestinal localisation, group, and localisation × group

interaction. Significant interactions were evaluated post hoc

using Student’s unpaired t tests comparing the difference (Δ)

in most proximal vs most distal biopsy (for small intestine:

duodenum vs ileocaecal region) between the two groups.

Statistical significance was accepted at p < 0.05. GraphPad

Prism Software version 7 (La Jolla, CA, USA) was used to

create figures.

Results

Total enteroscopy with visualisation of the ink mark and

biopsy sampling from the entire intestinal tract was possible

in four of the 24 participants: two with type 2 diabetes and two

healthy individuals (Fig. 2). The majority of the intestinal tract

was visualised and biopsied in the remaining 20 participants,

judging from the depth of endoscope insertion (the mean

depth of bowel insertion for all participants was 471 cm

anterograde and 218 cm retrograde [14]). No sign of

pathology was observed during the gastrointestinal investiga-

tion of the 24 participants except that two participants (both

healthy) were found to have Encheliophis vermicularis and a

single polyp was found in another two participants (one in

each group).

CgA The relative mRNA expression levels of CHGA are

illustrated in Fig. 3a. Expression levels were similar along

the intestinal tract, and no differences were observed between

the two groups. By immunohistochemistry, clear regional

differences in the density (cells/mm2 epithelium) of CgA-

positive cells were observed along the intestinal tract: a drop

in density of CgA-positive cells along the small intestine

(p < 0.0001) and an increase (p < 0.0001) along the colon

(Fig. 3b). A greater density of CgA-positive cells was found

in the small intestine of healthy individuals than participants

with type 2 diabetes (p = 0.006).

GIPA drop in the expression of GIP along the small intestine

(p < 0.0001) was observed. Greater expression of GIP was

Fig. 2 Biopsy samples obtained along the gut. The horizontal axis

represents biopsy sites along the gut, with numbers according to Fig. 1.

The vertical axis represents the individual participants with type 2 diabe-

tes as one group (n = 12) and the individual healthy participants as another

group (n = 12). Grey and black bars represent the length of anterograde

and retrograde enteroscopy, respectively. White bars represent an un-

known length of unexamined intestine. Enteroscopy and biopsy sampling

of the entire intestinal tract was possible in two healthy individuals (nos 2

and 8) and two participants with type 2 diabetes (nos 10 and 12)
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seen in both the small intestine (p = 0.002) and colon

(p = 0.023) of participants with type 2 diabetes compared with

healthy individuals (Fig. 4a). Similar to the expression pattern

of GIP, we observed a decline in the density of GIP-positive

cells (as assessed by immunohistochemistry) along the small

intestine (p < 0.0001) (Fig. 4b).

GLP-1 As illustrated in Fig. 5a, there was an increasing

expression of GCG along the small intestine (p < 0.0001)

and colon (p < 0.0001). A greater expression of GCG was

observed in the colon of participants with type 2 diabetes

compared with healthy individuals (p = 0.0009). Interaction
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Fig. 3 CgA in the gut. White bars, participants with type 2 diabetes

(n = 12); black bars, healthy individuals (n = 12). Numbers 3–9 represent

small intestinal samples. Two-way mixed-model ANOVAwas applied to

the main effects of: A, intestinal localisation; B, group; AB, localisation ×

group interaction. (a) mRNA expression levels of CHGA in arbitrary

units (AU) (values are log2-transformed and centred on the mean of the

duodenum in the healthy group). Data are medians (lines) with 1st and

3rd quartiles (boxes), 5th and 95th percentiles (whiskers) and means

(dots). (b) Density (cells/mm2 epithelium) of CgA-positive cells (data

presented as mean ± SEM). (c) Histology shows immunopositive cells

stained for CgA in a small intestinal sample. Scale bar, 50 μm
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Fig. 4 GIP in the gut. White bars, participants with type 2 diabetes

(n = 12); black bars, healthy individuals (n = 12). Numbers 3–9 represent

small intestinal samples. Two-way mixed-model ANOVAwas applied to

the main effects of: A, intestinal localisation; B, group; AB, localisation ×

group interaction. (a) mRNA expression levels of GIP in arbitrary units
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(b) Density (cells/mm2 epithelium) of GIP-positive cells (data presented

as mean ± SEM). (c) Histology shows immunopositive cells stained for

GIP in a duodenal sample. Scale bar, 50 μm
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was observed for small intestinalGCG expression (p < 0.028)

(Fig. 5a). Post hoc t tests showed thatΔ (proximal duodenum

vs distal ileocaecal biopsy) GCG expression tended to be

greater in healthy individuals compared with those who had

type 2 diabetes (p = 0.050). Similar to the expression pattern

of GCG, an increasing density of GLP-1-positive cells (as

assessed by immunohistochemistry) along the small intestine

(p < 0.0001) and along the colon (p < 0.0001) was observed

(Fig. 5b).

PYYAs depicted in Fig. 5d, an increasing expression of PYY

was observed along the small intestine (p < 0.0001) and along

the colon (p < 0.0001). Greater PYY expression was observed

in the colon in type 2 diabetes compared with healthy

individuals (p = 0.008). Interaction was observed for small

intestinal PYYexpression (p < 0.003) (Fig. 5d). Post hoc t tests

showed that Δ (proximal duodenum vs distal ileocaecal

biopsy) PYY expression was non-significantly greater in

healthy individuals than participants with type 2 diabetes

(p < 0.07). By immunohistochemistry, we observed increasing

density of PYY-positive cells along the small intestine

(p < 0.0001) and along the colon (p < 0.0001) (Fig. 5e).

PC1/3 Changes in the expression of PCSK1 along the small

intestine (p = 0.008) and colon (p < 0.0001) were observed.

Expression of PCSK1 was greater in the small intestine

(p = 0.0001) and the colon (p = 0.0004) of type 2 diabetes

patients compared with healthy individuals (Fig. 6a). By

immunohistochemistry, we observed decreasing densities of

PC1/3-positive cells along the small intestine (p < 0.0001)

and increasing densities along the colon (p < 0.0001) in both

groups. Lower densities of PC1/3-positive cells were

observed in the small intestine of participants with type 2 dia-

betes compared with healthy individuals (p = 0.036) (Fig. 6b).
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Fig. 5 GLP-1 and PYY in the

gut. White bars, participants with

type 2 diabetes (n = 12); black

bars, healthy individuals (n = 12).

Numbers 3–9 represent small

intestinal samples. Two-way

mixed-model ANOVAwas

applied to the main effects of: A,

intestinal localisation; B, group;

AB: localisation × group

interaction. (a) mRNA expression

levels of GCG in arbitrary units

(AU) (values are log2-

transformed and centred on the

mean of the duodenum in the

healthy group. Data are medians

(lines) with 1st and 3rd quartiles

(boxes), 5th and 95th percentiles

(whiskers) and means (dots). (b)

Density (cells/mm2 epithelium) of

GLP-1-positive cells (data

presented as mean ± SEM). (c)

Histology shows immunopositive

cells stained for GLP-1 in a colon

sample. Scale bar, 25 μm. (d)

mRNA expression level of PYY.

(e) Density of PYY-positive cells.

(f) Histology shows

immunopositive cells stained for

PYY in a rectal sample. Scale bar,

50 μm
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PC2As illustrated in Fig. 6d, expression of PCSK2was found

throughout the intestine, decreasing along the small intestine

(p < 0.0001) and colon (p = 0.0003). Greater expression of

PCSK2was observed in the small intestine of individuals with

type 2 diabetes compared with healthy individuals (p = 0.011)

(Fig. 6d). Decreasing densities of PC2-positive cells (as

assessed by immunohistochemistry) were observed along the

small intestine (p < 0.0001) (Fig. 6e).

Discussion

Using the DBE technique, we systematically collected biop-

sies from the entire human intestinal tract and characterised

the distribution of enteroendocrine K and L cells and the

expression of their hormonal products in healthy individuals

and individuals with type 2 diabetes.

As type 2 diabetes implies overweight/obesity and

dysfunctional glucose homeostasis that could correlate to

changes in the enteroendocrine K and L cells, the study was

designed to describe the distribution pattern of these cells and

the expression of some of their products in the two pros-

pectively recruited, similarly sized, well-defined and matched

groups of volunteers without any known gastrointestinal

disorders. Using DBE, it was possible to obtain a high number

of samples throughout the intestinal tract: from nine anatomi-

cally specific regions (Fig. 1) and 7–22 ‘stations’ along the

jejunum and ileum. The biopsies from the anatomically well-

defined areas were highly comparable. Greater uncertainty

exists regarding biopsy locations in the jejunum and proximal

ileum (biopsy locations 3–9, Fig. 1) owing to the variable
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Fig. 6 PC1/3 and PC2 in the

gut. White bars, participants with

type 2 diabetes (n = 12); black

bars, healthy individuals (n = 12).

Numbers 3–9 represent small

intestinal samples. Two-way

ANOVAwas applied to the main

effects of: A, intestinal

localisation; B, group; AB,

localisation × group interaction.

(a) mRNA expression levels of

PCSK1 in arbitrary units (AU)

(values are log2-transformed and

centred on the mean of the

duodenum in the healthy group.

Data are medians (lines) with 1st

and 3rd quartiles (boxes), 5th and

95th percentiles (whiskers) and

means (dots). (b) Density

(cells/mm2 epithelium) of PC1/3-

positive cells (data presented as

mean ± SEM). (c) Histology

shows immunopositive cells

stained for PC1/3 in a small

intestinal sample. Scale bar,

50 μm. (d) mRNA expression

level of PCSK2. (e) Density of

PC2-positive cells. (f) Histology

shows immunopositive cells

stained for PC2 in a small

intestinal sample. Scale bar,

50 μm
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length of intubation and hence the number of samples obtained

between individuals. To deal with this issue, we systematically

divided the jejunum and ileum into seven regions (see

Methods). The submucosal ink mark placed at maximum

depth of insertion during anterograde enteroscopy was

seen during retrograde enteroscopy in four out of 24

individuals, indicating total enteroscopy (Fig. 2). It is assumed

that the majority of the intestinal tract was investigated in the

rest of the participants as judged by the length of the intubation

achieved (for details, see our methodology paper [14]).

We used immunohistochemistry and cell count to quantify

the enteroendocrine cells and prohormone-processing

enzymes, and qPCR mRNA expression analysis to evaluate

the hormonal/enzymatic products. Both methods are well

established yet also pose limitations. A high specificity of

antibodies used in immunohistochemistry is of great

importance to ensure a minimum of unspecific staining (false

positives). Accordingly, we chose antibodies that are well

established and well-characterised [16]. Using immunohisto-

chemistry and cell count from microphotographs of sliced

biopsies, three-dimensional objects (i.e. enteroendocrine cells)

are evaluated with a two-dimensional imaging technique. A

more optimal technique for evaluation of cell distribution

would be stereology, in which the true density (i.e. cells/

mm3 tissue) is estimated [17]. However, this technique would

require complete transverse ‘blocks’ of tissue, which is

incompatible with the high number of biopsy sites, and thus

detailed mapping of the intestinal tract in living humans that

was aimed for in the present study. Furthermore, the following

should be taken into account. First, evaluation of mRNA

expression indicates the activity of endocrine cells but does

not provide a measure of the total production of a certain cell

product as not all mRNA is translated into a final active

product. Second, expression is relative since the specific

mRNA transcripts are being related to the expression of a

stably expressed gene (see ESM Methods for further

details). Considering the biological heterogeneity of type 2

diabetes, more pronounced differences could potentially have

been detected with a greater sample size and inclusion of

patients with more extensive glucose dysregulation.

The work by Sjölund et al from 1983 on the distribution of

enteroendocrine cells is the most detailed performed in human

intestine so far using IHS with a wide array of antisera (25

types) against known or proposed gut neurohormonal peptides

[9]. Minimally invasive techniques were not available at that

time. Accordingly, samples were retrieved from only seven

regions: proximal and distal duodenum, mid-jejunum, distal

ileum, ascending colon, distal part of transverse colon or

sigmoid colon and rectum. For each region, tissue material

was obtained from 9–17 individuals. The samples were

retrieved either during abdominal surgery (primarily

performed due to malignancy) or during enteroscopic

examinations involving biopsies in individuals with ‘other

gastrointestinal disorders’, including a variety of unspecified

symptoms and diseases (e.g. ‘occult bleeding’ and ‘liver

disease’). In 1985, Adrian et al used a radioimmunoassay

technique to determine the amount of PYY in the gastric

fundus and antrum, duodenum, jejunum, ileum, ascending

colon, sigmoid colon and rectum [11]. Samples from each

location were obtained from 5–8 individuals undergoing

surgery due to carcinoma or gastric ulcers. In 1992, a study

investigating the distribution of enteroendocrine L cells in

humans was reported by Eissele et al [10]. Samples were

obtained from seven regions: duodenum, proximal and distal

jejunum, ileum, ascending colon, transverse colon and rectum.

The samples were obtained from only five participants who

underwent surgery for carcinoma or Crohn’s disease. In 2005,

Guedes et al investigated the distribution of GIP-, GLP-1- and

CgA-positive cells, respectively, using IHS on samples from

every 20 cm of the small intestine in 30 human cadavers [18].

It should be emphasised that the four studies mentioned

above investigated normal-appearing tissue samples with no

sign of pathological changes. However, the presence of

malignant or inflammatory changes in the intestinal area or

the fast commencement of cell degradation post mortem [18,

19] could have influenced the general enteroendocrine cell

distribution and function. Furthermore, the heterogeneity of

the participants may have influenced the results.

In agreement with our results, Sjölund et al, Eissele et al,

Adrian et al and Guedes et al, respectively, described variation

in L cell products (GLP-1 and/or PYY) depending on gut

localisation, with a higher density/amount in the distal

jejunum and ileum compared with the duodenum and

proximal jejunum [9–11, 18], and an increasing density/

amount from proximal to distal colon, with the highest levels

in the rectum [9–11]. Our results support this L cell

distribution pattern in healthy individuals and in type 2

diabetes, with increasing GCG and PYY gene expression, as

well as increasing density of GLP-1 and PYY-positive cells,

along the small intestine and along the colon. We also

observed the greatest signal of L cell markers (PYY- and

GLP-1-positive cells and PYY mRNA expression) in the rec-

tum, except for the expression of GCG. The implications—if

any—of the observed differences between groups

(significantly greater GCG and PYY expression in the colon

of participants with type 2 diabetes compared with healthy

individuals) are currently unknown. It is well established that

the incretin effect is reduced in type 2 diabetes, and it has been

proposed that a defect in nutrient-induced GLP-1 secretion

may contribute to explain this phenomenon. However, studies

investigating GLP-1 responses to nutrient stimuli in those with

type 2 diabetes and non-diabetic individuals have shown that,

in general, individuals with type 2 diabetes do not exhibit

reduced plasma total GLP-1 responses [20, 21].

We observed a discrepancy between GCG expression

levels and density of GLP-1-positive cells along the gut.
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This emphasises that L cells in one part of the small intestine

can behave differently from enteroendocrine L cells in another

part of the small intestine, as suggested by Svendsen et al, who

observed that the secretion pattern of L cells changes along the

gastrointestinal tract in rats, i.e. that L cells secrete different

ratios of PYY and GLP-1, with some secreting only GLP-1

[22]. In line with these findings, it is likely that more distally

located L cells express proglucagon to a higher extent than

more proximally located L cells.

Our findings of greater GIP expression and density of GIP-

positive cells in the proximal part of the small intestine, both

decreasing distally to the ileocaecal region in healthy

individuals and those with type 2 diabetes, are in line with

previous findings [9, 18]. Unlike Sjölund et al [9], who found

GIP-positive cells to be absent from the large intestine, we were

able to detect low levels of GIP-positive cells in the distal part

of the intestinal tract. However, we cannot rule out that this is a

result of unspecific antibody binding. However, we did observe

mRNA expression ofGIP in the colon of both groups, albeit at

very low levels. The expression of GIP was significantly

greater in individuals with type 2 diabetes along the entire

intestinal tract. It could be speculated that the transcription of

GIP is increased as a compensatory result of GIP resistance, i.e.

the reduced insulinotropic effect of GIP observed in individuals

with type 2 diabetes [23, 24]. In line with this, fasting GIP

levels have been demonstrated to be higher in participants with

type 2 diabetes compared with non-diabetic control participants

[25, 26], and, furthermore, it has been proposed that GIP

contributes to the hyperglycaemia seen in type 2 diabetes

(primarily due to the glucagonotropic effect of GIP) [27].

However, data regarding GIP responses following oral glucose

or mixed meals in individuals with type 2 diabetes have been

inconsistent, and a systematic review with meta-analysis has

suggested that postprandial GIP responses are similar in those

with type 2 diabetes and healthy individuals [26].

Given that the acidic glycoprotein CgA is a component

of cell vesicles and considered to play multiple roles in the

secretory process of endocrine products, it is used as a

general marker of enteroendocrine cells [28–30]. Unlike

Guedes et al [18] who observed a constant density of

CgA-positive cells along the small intestine, our study

showed a significant decline. Furthermore, we observed a

greater density of CgA-positive cells in the small intestine

of healthy individuals than participants with type 2 diabe-

tes. It could be speculated that the total number of CgA-

positive cells (enteroendocrine cells) is altered in type 2

diabetes—either as a consequence of the type 2 diabetic

state or, perhaps, contributing to the pathogenesis of type

2 diabetes. We observed rather high numbers of CgA-

positive cells in the rectum of both groups. Recently,

Enge ls to f t e t a l showed in mice tha t CgA was

mainly localised to monoamine-secreting enteroendocrine

c e l l s a nd mor e s p a r s e l y t o p ep t i d e - s e c r e t i n g

enteroendocrine cells [31], perhaps supporting the propos-

al by Sjölund et al that the rectal enteroendocrine cells

could have a primarily local (paracrine) function rather

than systemic function [9].

Since PC1/3 is known to process prohormones leading

to formation of GIP and GLP-1, respectively, we expected

to find the presence of PC1/3 along the entire intestinal

tract. We respectively observed a discrepancy involving

greater expression of PCSK1/3 and lower densities of

PC1/3-positive cells in the small intestine of participants

with type 2 diabetes compared with healthy participants.

As outlined above, this finding should be interpreted with

the view that some enteroendocrine cells can be very ac-

tive in some regions and have low activity in other

regions.

Since PC2 is primarily known for processing of

proglucagon to glucagon in pancreatic alpha cells, it was

interesting to find mRNA expression of PCSK2 and PC2-

positive cells along the entire intestinal tract. This could

indicate that glucagon is produced in the gut, as recently

suggested by Lund et al [32]. In line with this, it could be

speculated that the greater PCSK2 expression in the small

intestine of individuals with type 2 diabetes leads to

formation of excess glucagon, contributing to type 2 diabetic

hyperglucagonaemia. To further clarify this aspect, studies

including immunohistochemical double-staining are

warranted.

In conclusion, the present mapping of the distribution of

the enteroendocrine K and L cells and the observed variations

in expression levels of their related products along the human

intestinal tract, combined with the demonstrated differences

between participants with type 2 diabetes and healthy

individuals, provide a reference work for scientists and

clinicians. Combined with knowledge from physiological

studies on circulating gut hormones, our data could be of

value in understanding how the gut contributes to regulate

glucose metabolism and appetite. Identification of PC2 in

enteroendocrine cells is interesting because this might be

consistent with formation of glucagon in the human gut.

However, further studies are needed to prove this possibility

and link our findings to the pathophysiology of type 2

diabetes.
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