
Citation: Büttner, J.; Blüthner, E.;

Greif, S.; Kühl, A.; Elezkurtaj, S.;

Ulrich, J.; Maasberg, S.; Jochum, C.;

Tacke, F.; Pape, U.-F. Predictive

Potential of Biomarkers of Intestinal

Barrier Function for Therapeutic

Management with Teduglutide in

Patients with Short Bowel Syndrome.

Nutrients 2023, 15, 4220.

https://doi.org/10.3390/

nu15194220

Academic Editors: Jose Antonio

Uranga and Young-Eun Cho

Received: 18 August 2023

Revised: 12 September 2023

Accepted: 27 September 2023

Published: 29 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Predictive Potential of Biomarkers of Intestinal Barrier Function
for Therapeutic Management with Teduglutide in Patients with
Short Bowel Syndrome
Janine Büttner 1,* , Elisabeth Blüthner 1,2 , Sophie Greif 1 , Anja Kühl 3 , Sefer Elezkurtaj 4, Jan Ulrich 5,
Sebastian Maasberg 5, Christoph Jochum 1, Frank Tacke 1 and Ulrich-Frank Pape 1,5,*

1 Charité—Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin and Humboldt
Universität zu Berlin, Department of Hepatology and Gastroenterology, Campus Charité Mitte and Campus
Virchow Klinikum, 10117 Berlin, Germany; elisabeth.bluethner@charite.de (E.B.);
sophie.greif@charite.de (S.G.); christoph.jochum@charite.de (C.J.); frank.tacke@charite.de (F.T.)

2 Berlin Institute of Health (BIH), 10178 Berlin, Germany
3 iPATH.Berlin, Core Unit der Charité—Universitätsmedizin Berlin, Corporate Member of Freie Universität

Berlin and Humboldt, Campus Benjamin Franklin, 12203 Berlin, Germany; anja.kuehl@charite.de
4 Charité—Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin and Humboldt

Universität zu Berlin, Department of Pathology, Campus Mitte, 10117 Berlin, Germany;
sefer.elezkurtaj@charite.de

5 Department of Internal Medicine and Gastroenterology, Asklepios Klinik St. Georg,
20099 Hamburg, Germany; ja.ulrich@asklepios.com (J.U.); s.maasberg@asklepios.com (S.M.)

* Correspondence: janine.buettner@charite.de (J.B.); ul.pape@asklepios.com (U.-F.P.)

Abstract: Introduction: The human intestinal tract reacts to extensive resection with spontaneous
intestinal adaptation. We analyzed whether gene expression analyses or intestinal permeability
(IP) testing could provide biomarkers to describe regulation mechanisms in the intestinal barrier in
short bowel syndrome (SBS) patients during adaptive response or treatment with the glucagon-like
peptide-2 analog teduglutide. Methods: Relevant regions of the GLP-2 receptor gene were sequenced.
Gene expression analyses and immunohistochemistry were performed from mucosal biopsies. IP
was assessed using a carbohydrate oral ingestion test. Results: The study includes 59 SBS patients
and 19 controls. Increases in gene expression with teduglutide were received for sucrase-isomaltase,
sodium/glucose cotransporter 1, and calcium/calmodulin serine protein kinase. Mannitol recovery
was decreased in SBS but elevated with teduglutide (∆ 40%), showed a positive correlation with
remnant small bowel and an inverse correlation with parenteral support. Conclusions: Biomarkers
predicting clinical and functional features in human SBS are very limited. Altered specific gene
expression was shown for genes involved in nutrient transport but not for genes controlling tight
junctions. However, mannitol recovery proved useful in describing the absorptive capacity of the gut
during adaptation and treatment with teduglutide.

Keywords: short bowel syndrome; chronic intestinal failure; glucagon-like peptide-2; teduglutide;
intestinal permeability

1. Introduction

Short bowel syndrome (SBS) is a rare disorder caused by extensive surgical resection
or congenital diseases of the small intestine, resulting in decreased intestinal length and
compromised function. Causes for resections could be vascular diseases, neoplasms,
trauma, adhesion-related complications or inflammatory bowel disease. Patients with SBS
comprise a heterogeneous population differing in small bowel length, anatomical portion,
function of the remnant bowel, and presence of a colon in continuity. The severity of the
disease is widely variable, from single micronutrient malabsorption to complete intestinal
failure [1–3].
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The human intestine reacts to resections with spontaneous adaptation. This adaptation
involves expansion of the mucosal surface area and modulation of intestinal blood flow,
secretions, permeability and motility that together increase absorptive capacity. The degree
of intestinal adaptation after large resections depends on the extent of resection, the remain-
ing intestinal anatomy, the luminal stimulation by enteral nutrients, and intestinotrophic
factors [4–6].

Among the intestinotrophic growth factors, glucagon-like peptide-2 (GLP-2) has in-
creasingly moved into the focus of current research [7]. Multiple actions for GLP-2 are
described for the gastrointestinal mucosal epithelium, such as inhibited gastric acid secre-
tion, enhanced carbohydrate transport, increased cell proliferation, decreased apoptosis,
motility, and permeability [8,9]. GLP-2 expression is more prominent in distal sections of
the small bowel and in the colon. The bioavailability of GLP-2 is controlled by renal clear-
ance and enzymatic cleavage and has a short half-life of 7 min, after which it is degraded
by the dipeptidyl peptidase IV.

The actions of GLP-2 are transduced via a single G protein–coupled receptor (GLP-
2R), whose expression is restricted to subepithelial myofibroblasts and subsets of enteric
neurons and enteroendocrine cells [10]. Expression of GLP-2R mRNA was more detectable
in jejunal and duodenal regions than in segments of the stomach, ileum or colon, suggesting
a mainly endocrine mechanism of GLP-2 action [11,12].

The first clinically available drug in SBS was the GLP-2 analog teduglutide with an
elongated half-life of up to two hours. Teduglutide has been shown to improve intestinal
structural and functional integrity, followed by enhanced fluid and nutrient absorption in
patients with SBS [13–19].

Currently, the mechanisms of intestinal barrier regulation and permeability (IP) during
adaptive response or treatment with GLP-2 analogs are not well understood, and studies
in human samples are scarce. Furthermore, biomarkers to predict either spontaneous
intestinal adaptation, response to GLP-2 analog treatment, or to assist with the clinical
management of GLP-2 treatment are very limited.

At present, only two biomarkers for adaptation and treatment response are used
in clinical practice. Firstly, parenteral support itself is used to classify chronic intestinal
failure into functional categories based on the volume or energy content of parenteral
nutrition [3,20]. It has also been shown that clinical response to treatment with GLP-2
analogs is characterized by a relevant reduction in parenteral requirements. The reduction
of volume and/or days of parenteral support is one of the main goals of treatment, and
patients with >20% reduction in parenteral support volume from baseline have been
classified as teduglutide responders [21]. Secondly, the measurement of citrulline in plasma
may be used as a marker of enterocyte mass. A first study by Crenn et al. revealed reduced
citrulline concentrations in patients with SBS; the extent of citrullineamia correlated with
the remaining small bowel length [22], but it is not routinely used [16].

GLP-2, as an intestinotrophic enteroendocrine peptide, is supposed to regulate the
barrier function via the tight junctions of the enterocytes. Tight junctions are intercellular
permeability seals that regulate paracellular transport across epithelia. The relationship
between GLP-2 tight junction protein expression and tight junction function was studied
by Moran et al. in a Caco-2 colonic cell culture model [23]. GLP-2 exposed to Caco-2 cell
monolayers was shown to induce a relevant increase in transepithelial electrical resistance
compared to untreated control cells. At the same time, expression of the tight junction
proteins occludin and zona occludens-1 (ZO-1) was increased, while no changes were seen
for claudin-1 and claudin-4.

Based on this study, we aimed to investigate the effect of the GLP-2 analog teduglutide
on tight junction gene expression and/or the regulation of intestinal permeability (IP)
in humans.

Furthermore, we analyzed whether measurement of IP or whether gene expres-
sion analyses of genes likely associated with IP not necessarily limited to tight junction-
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associated genes can be useful biomarkers to describe regulatory mechanisms in the intesti-
nal barrier in patients with SBS with or without teduglutide treatment.

2. Materials and Methods
2.1. Study Individuals

The study was approved by the ethics committee of the Charité—Universitätsmedizin
Berlin (EA2/245/18), and informed consent was obtained from each participant. From
2019 to 2022, 59 SBS patients and 19 healthy controls were recruited from the intestinal
failure clinic at Charité—Universitätsmedizin Berlin (Berlin, Germany). Diagnosis of
SBS/chronic intestinal failure was based on standard clinical criteria [20]. SBS patients were
included if they fulfilled the following criteria: extensive intestinal resection leading to
chronic intestinal failure requiring intermittent or continuous partial or complete parenteral
nutrition for calorie and/or volume administration. Malignant causes, as well as patients
under the age of 18 and palliative patients due to other than malignant causes, were
excluded from the study, as well as patients who had not consented. Healthy control values
were obtained from adult, healthy volunteers. Clinical data of SBS patients were obtained
through retrospective collection from the patients’ clinical charts. The following data of SBS
patients were obtained: age, sex, etiology of SBS, disease duration, gut anatomy (remaining
small bowel length, colon in continuity), parenteral nutrition regime (volume and kcal
per week), and treatment with teduglutide. Patients were routinely closely monitored
for metabolic stability and stability of body weight as well as body composition during
teduglutide treatment as described previously [16,21,24,25].

2.2. Citrulline Concentrations

Blood samples were collected at the outpatient department. Citrulline concentration
was measured during clinical routine by high-performance liquid chromatography (HPLC);
a plasma concentration of 40 (±10) µmol/L was used as the normal range [26,27].

2.3. Sequence Analysis of GLP-2 Receptor Gene

Whole blood samples for genetic analyses were collected, and sequence analysis was
performed in 37 SBS patients and 3 healthy controls. All relevant regions (exon/intron
boundaries, coding regions, and 5′UTR (5′ untranslated region) as putative promoter re-
gion of the GLP-2 receptor gene) were amplified. Specific primer designs according to the
published sequences (GenBank NC_000017.11) were performed using the free software
ExonPrimer (http://ihg.gsf.de/ihg/ExonPrimer.html (version primer 3 release 1.1.1, ac-
cessed on 17 April 2019) and according to the GLP2R promoter sequence and potential
transcription factor binding sites as published [28]. DNA sequencing of the amplified
regions was performed according to the manufacturer’s instructions (ABI Prism 310 genetic
analyzer, Applied Biosystems, Waltham, MA, USA) and as previously reported [29].

Bioinformatic analyses for interpretation of the impact of identified genetic alterations
to protein structure were performed using bioinformatic sites:

1. SIFT (sorting intolerant from tolerant) [30]

Based on sequence alignments and the specific physical features of each amino acid,
the SIFT calculates a score between 0 and 1, reflecting the probable alteration in protein
function caused by the amino acid change. A SIFT score ≤ 0.05 reflects a damaging amino
acid substitution, and a score > 0.05 represents a tolerated amino acid substitution [30].

2. PolyPhen (Polymorphism Phenotyping) [31]

Based on physical properties, PolyPhen gives information about the impact of amino
acid alterations on human protein structure and function. The PolyPhen score ranges from
0 to 1, and scores ≥0.85 are graded as probably damaging [31].

http://ihg.gsf.de/ihg/ExonPrimer.html
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2.4. RNA Extraction, cDNA Synthesis, and Real-Time qRT-PCR

For RNA extraction from fresh intestinal biopsy samples, biopsies were collected in
RNAprotect Tissue Reagent (#1017980, Qiagen, Hilden, Germany) immediately after tissue
excision. RNA extraction was performed using the RNeasy Micro Kit (Qiagen #74004)
according to the manufacturer’s protocol. The total RNA concentration and A260/A280
ratio were measured using a NanoQuant Infinite M200 Pro spectrophotometer (Tecan,
Mennedorf, Switzerland). Samples with an A260/A280 ratio of less than 1.8 were excluded.
For cDNA synthesis, the RT2First Strand Kit (Qiagen #330404) was used according to the
manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using
the FastStart Essential DNA Green Master mix (#06402712001, Roche, Basel, Switzerland)
and QuantiTec Primer Assays™ (see below) or the RT2 Profiler™ PCR Array Human Tight
Junctions (Qiagen #PAHS-143Z). We analyzed two different groups. Firstly, healthy controls
(n = 7) compared to SBS patients without teduglutide treatment (n = 37) and secondly, a
subgroup with paired data from SBS patients prior to initiation and while on teduglutide
treatment for a minimum of 6 months (n = 18). Relative gene expression was calculated
with the ∆Ct method and given as 2−∆Ct (∆Ct = CtGOI − CtHKG)).

For each assay, we used 1 µL cDNA in 20 µL PCR reactions; each sample was prepared
twice. The thermal cycling parameters were 95 ◦C for 15 min, followed by 45 cycles of
95 ◦C for 60 s, 55 ◦C for 30 s, and 70 ◦C for 30 s. The cycle threshold (Ct) value of the
gene of interest (GOI) was calculated with reference to the housekeeping genes (HKG)
value. Relative gene expression was calculated with the ∆Ct method and given as 2−∆Ct

(∆Ct = CtGOI − CtHKG).
The following Quantitec Primer Assays were used: sucrase-isomaltase (SI), Hs_SI_1_SG; Cy-

tokeratin 20 (CK20), Hs_KRT20_1_SG; Marker of Proliferation Ki-67 (MKI67), Hs_MKI67_1_SG;
sodium-dependent glucose transporter 1 (SGLT1), Hs_SLC5A1_1_SG; calcium/calmodulin-
dependent serine protein kinase (CASK), Hs_CASK_1_SG; Tight junction protein 1 (TJP1/ZO-1),
Hs_TJP1_1_SG; Occludin (OCLN), Hs_OCLN_1_SG; Claudin 10 (CLDN10), Hs_CLDN10_1_SG;
Claudin 15 (CLDN15), Hs_CLDN15_1_SG; Crumbs cell polarity complex component 3
(CRB3), Hs_CRB3_1_SG. Housekeeping genes: beta-actin (ACTB), Hs_ACTB_1_SG; beta-2
microglobulin (B2M), Hs_B2M_1_SG; 40S ribosomal protein S9 (RSP9), Hs_RPS9_1_SG;
Ribosomal protein lateral stalk subunit P0 (RPLP0), Hs_RPLP0_1_SG [32].

2.5. Immunohistochemistry

Small intestinal mucosal tissue sections (1–2 µm) were cut from paraffin blocks of
archived patients’ endoscopically or surgically obtained samples (ZeBanC, Charité tissue
bank, Berlin, Germany), dewaxed for standard histochemistry (H&E) and immunohisto-
chemistry (IHC). For IHC, sections were dewaxed prior to heat-induced epitope retrieval.
Sections were rinsed with running tap water and incubated with antibodies directed against
Ki-67 (clone MIB1, Agilent, Santa Clara, CA, USA), SI (Abcam #224085), SGLT (Abcam
#ab14685), CASK (clone K56A/50, Abcam, London, UK), or CK20 (clone D9Z1Z, Cell Signal-
ing Technologies, Danvers, MA, USA) at room temperature. For the detection of CASK, the
EnVision + Single Reagent (HRP. Mouse; Agilent) was used. For the detection of SI, SGLT,
OCLN, and CK20, the EnVision+ Single Reagent (HRP. Rabbit; Agilent) was used. HRP
was visualized with diaminobenzidine as chromogen (Agilent). The Dako REAL Detection
System, Alkaline Phosphatase/RED, Rabbit/Mouse (Agilent), was used for the detection
of Ki-67. Nuclei were counterstained with hematoxylin (Merck, Rahway, NJ, USA) and
slides covered with glycerol gelatin (Merck). Primary antibodies were omitted in negative
control sections. Stained sections were analyzed in a blinded fashion using an AxioImager
Z1 microscope (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen, Germany).

Relative epithelial cell numbers expressing Ki-67, as well as Ki-67 positive lamina
propria mononuclear cells, were counted in five fields of vision. Fields were selected
where crypts and villi were tangentially cut. One single investigator, blinded to the sample
identification, performed the analyses.
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2.6. Intestinal Permeability Measuring

Intestinal permeability was assessed using a triple carbohydrate absorption test, includ-
ing sucrose, lactulose, and mannitol. The carbohydrate analytes were orally administered
after overnight fasting, and urine was collected for 5 h. Collected urine was stored at
−20 ◦C. For sample preparation, 500 µL of urine was mixed with 50 µL of internal stan-
dards (250 mM mesoerythritol, and 10 mM cellobiose). Then, 50 µL of 5-sulfosalicylic
acid was added for protein precipitation, and Amberlite ion exchange resin (Amberlite
IRN-150 Alfa Aesar, Haverhill, MA, USA) was added for desalting. Samples were mixed
for 20 min, followed by centrifugation for 10 min at 13,000 rpm. A total of 10 µL of super-
natant was diluted with 990 µL HPLC grade H2O. A total of 20 µL of diluted samples were
injected for HPLC analysis. The recovery rate of each single carbohydrate in urine was
measured by HPLC analysis (Shimadzu Nexera Bio, Kyoto, Japan; Operation and control
by Labsolutions) using an electrochemical detector (Antec, Singapore, Decade Elite SCC).
Chromatography was performed using a Dionex CarboPac PA1 IC guard column, a Dionex
CarboPac PA1 IC separator as the main column (both Thermo Scientific, Waltham, MA,
USA), and 125 mM NaOH (degassed) as eluent with a flow rate of 1 mL/min. The recov-
ery rate of each carbohydrate was calculated using standard curves of sucrose, lactulose,
and mannitol.

The lactulose/mannitol ratio was defined as the permeability index and was used as a
marker for intestinal permeability (IP). The mannitol, lactulose and sucrose recovery rate
were calculated as % of the ingested dose, and gastroduodenal permeability was calculated
from the sucrose recovery rate. A mean value +2SD (standard deviation) of the control
group defined the upper limit of normal IP (IP = 0.03), all as previously described [33,34].

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism for windows, version 10.0.1
(GraphPad Software, San Diego, CA, USA). Testing for association between study cohorts
for citrulline, parenteral support, permeability testing results or gene expression results
was performed by U Mann–Whitney or Wilcoxon test whenever appropriate. Correlation
analysis was performed by non-parametric Spearman correlation analysis. Analyses for lin-
ear regression were performed using one-way ANOVA [35,36], the distribution of residues
was analyzed by the D’Agostino–Pearson omnibus normality test and homoscedasticity
was confirmed with the test for appropriate weighting [37,38]. p-values less than 0.05 were
considered statistically significant.

3. Results
3.1. Study Cohort

A total of 59 SBS patients and 19 healthy controls agreed to participate in the study,
and baseline characteristics are presented in Table 1.

Table 1. Patients baseline characteristics.

Short Bowel Syndrome Control

Number 59 19
Age (median years [range]) 60 (21–88) 55 (33–86)
Sex (m/f) 21 (36%)/38 (64%) 4 (21%)/15 (79%)
Teduglutide treatment (yes/no) 41 (70%)/18 (30%) -
Disease duration (years) 11.1 (±8.3)
Short bowel syndrome etiology

Vascular disease 21 (35.6%)
Inflammatory bowel disease 13 (22.0%)

Traumatic injury 6 (10.2%)
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Table 1. Cont.

Short Bowel Syndrome Control

Bowel obstruction 11 (18.7%)
Cancer 3 (5.1%)

Other (Diverticulitis, Perforation,
Aganglionosis) 5 (8.5%)

Colon continuity
continuity 40 healthy colon

remaining small bowel length (cm) 74.2 (±41.2)
no continuity 19

remaining small bowel length (cm) 83.4 (±50.0)
Parenteral support (kcal/week) 7471 (±4259)

Data were given as absolute numbers (percentages), median with range, or as means ± SD (standard deviation).

3.2. Parenteral Support

The degree of parenteral support is given as energy per week (kcal/week). The un-
treated SBS cohort was compared with the group of SBS patients on teduglutide treatment.
Subgroup analysis was performed with paired data from SBS patients prior to initiation
and while on teduglutide treatment for a minimum of 6 months. A significant reduction of
parenteral calories was detected in both groups on teduglutide treatment (Figure 1A,B).
Furthermore, as expected, a significant relation could be demonstrated between parenteral
calories and remaining small bowel length in the untreated cohort (Figure 1C).
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Figure 1. Analysis of parenteral support given as energy per week (kcal/week) in untreated
and teduglutide-treated SBS patients and the relation with the remaining small bowel length.
(A): Parenteral nutrition requirements were higher in untreated SBS patients compared to teduglutide
(TED) treated patients (n = 36/24, ** p = 0.009 §). (B): Paired analysis of SBS samples from couples
prior to vs. while on teduglutide treatment (n = 17, **** p < 0.0001 #). (C): Linear regression analysis
of parenteral support (kcal/week) and remaining small bowel length (cm) in untreated SBS patients
revealed an inverse relation (n = 36, p = 0.001, R2 = 0.33 $). § Mann–Whitney, # Wilcoxon; $ One-way
ANOVA linear regression.

3.3. Citrulline

As expected, citrulline plasma levels in SBS patients were reduced when compared
to the normal range; however, significantly higher (on average, almost normal) citrulline
values were seen in the group with teduglutide treatment (Figure 2A). Furthermore, the
paired data set analysis in patients prior to and while on teduglutide treatment showed a
strong increase in citrulline values while on teduglutide treatment (Figure 2B).
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Figure 2. Analysis of Citrulline plasma levels (µmol/L) in untreated and teduglutide-treated SBS
patients and the correlation with parenteral support. (A): The untreated SBS cohort showed lower cit-
rulline levels compared to teduglutide (TED) treated patients (n = 36/24, * p = 0.045 §). (B): Paired anal-
ysis of SBS samples from couples prior to vs. while on teduglutide treatment (n = 14, *** p < 0.001 #).
(C): An inverse correlation of parenteral support (kcal/week) with citrulline in plasma was found for
both untreated SBS patients (n = 36, p = 0.017, r = −0.4 [−0.65 to −0.07] &) and SBS patients while on
teduglutide treatment (n = 24, p = 0.0025, r = −0.6 [−0.8 to −0.2] &). § Mann–Whitney, # Wilcoxon;
& Spearman correlation coefficient with 95% confidence level.

In addition, correlation analysis revealed a significant inverse correlation for higher
citrulline values and lower caloric parenteral requirements in both the untreated SBS group
as well as for patients on teduglutide treatment (Figure 2C).

3.4. Sequence Analysis of GLP-2 Receptor Gene

Variants in the GLP-2 receptor gene might contribute to the response to both endoge-
nous as well as exogenous GLP-2 and its analogs, and, therefore, the GLP-2 receptor gene
sequence was analyzed in detail in thirty-seven SBS patients and three healthy controls.
Table 2 shows identified sequence variants of the GLP-2 receptor gene. Three variants
were identified with nonsynonymous amino acid changes. The p.R41S variant in GLP2R
is located in the N-terminal end close to the hormone-binding domain. Potentially, this
can change protein structure or function. In contrast, the SIFT score for this mutation is
0.04, and the PolyPhen score is 0.00. The reported MAF (minor allele frequency) is 0.0006.
This variant occurs solely in one SBS subject and not in controls. Whether this variant can
influence GLP-2 receptor functions has to be further elucidated.

The p.V234I variant in GLP2R is located in transmembrane domain 2, and the variant
p.D470N is located in the C-terminal end. Both prediction tools classified these variants to
be benign. The p.V243I variant was only found once in a SBS patient and not in controls.
The reported MAF is 0.003. It is not likely to be a variant with changes in protein function
but has to be further analyzed. The p.D470N is a common single nucleotide polymorphism
(SNP) with a reported MAF of 0.27. In our cohort, the detected MAF was 0.25, and the
SNP occurs in SBS patients as well as in healthy subjects. This variant is unlikely to cause
alterations in protein function.
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Table 2. Sequence variants identified in the GLP-2 receptor gene.

Variant Exon Functional
Domain

SNP
Database

Amino Acid
Exchange

Nucleotide
Exchange SIFT Score PolyPhen

Score

p.R41S 1 N-Terminus rs114271428 Arg<Ser AGG<AGC 0.04 0.00
p.V234I 6 Transmembrane 2 rs61730822 Val<Ile GTC<ATC 0.22 0.003

p.D470N 13 C-Terminus rs17681684 Asn<Asp GAC<AAC 0.89 0.00
p.G158G 4 Gly<Gly GAA<GAG
p.H504H 13 His<His CAT<CAC

c.1-199g<a 5’UTR pot. promoter rs3760507 Common Polymorphism
c.1-608a<a 5’UTR pot. promoter rs3760508 Common Polymorphism
c.1-635c<g 5’UTR pot. promoter no entry
c.1-770c<g 5’UTR pot. promoter rs2047664 Common Polymorphism

Further, we identified the SNPs p.G158G, p.H504H, IVS5-24g<, IVS8+15a<g, IVS9-7t<g,
IVS11+22a<g in SBS patients as well as in controls. All these variants are synonymous
amino acid exchanges or intronic variants with no putative effect on protein function
or splice sites. In addition, we analyzed an 800 bp sequence in the 5′UTR upstream of
the transcription start site (ATG) in exon 1 of the GLP2R gene. The variant c.1-199 G<A
lies in a region previously identified as a potential SP1 transcription factor binding site.
The variants c.1-608 G<A, c.1-635 C<G, and c.1700 C<G did not affect reported potential
transcription factor binding sites. The three variants c.1-199 G<A, c.1-608 G<A, and c.1-770
C<G occurred with the same MAF and were found in the same subjects. It is likely that
these variants are linked to the same allele. The variant c.1-635 C<G is only detected in one
SBS patient and not reported in the dSNP database. Whether the identified variants in the
5′UTR region of the GLP-2 receptor gene affect GLP-2 receptor protein expression should
be further elucidated.

3.5. qPCR Expression Profiles of Tight Junction Genes and Epithelial Markers

In the first step, we analyzed gene expression in mucosal biopsies from nine SBS
patients and four healthy subjects by applying a commercially available RT-PCR profiler
Array (Qiagen) for a panel of 82 different tight junction genes. A large majority of analyzed
genes in this panel did not show relevant differences in gene expression neither between
healthy controls and any SBS patients nor between SBS couples prior to treatment compared
to while on teduglutide treatment with the exception of a few genes, which gave first hints
for gene expression differences between subgroups. Therefore, an extended analysis in a
larger patient cohort was performed, including a few genes from the tight junction panel
and adding some typical intestinal epithelial marker genes: CLDN10, CLDN15, OCLN,
ZO-1, CRB3, CASK, SI, SGLT1, MKI67, and CK20 (Table 3).
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Table 3. Relative gene expression in untreated SBS patients compared to healthy controls and SBS couples prior to treatment and while on teduglutide treatment,
including patient characteristics at the bottom of the table.

Relative Gene Expression Relative Gene Expression (n = 18)

Gene Control (n = 7) SBS-(Untreated)
(n = 37) p-Value § SBS Prior Treatment SBS on TED p-Value #

Mean (±SD) Mean (±SD) Mean (±SD) Mean (±SD)

Tight junction
CLDN10 0.0007 (±0.001) 0.0008 (±0.0017) 0.66 0.0003 (±0.0017) 0.0001 (±0.0002) 0.27
CLDN15 0.0103 (±0.0118) 0.0132 (±0.014) 0.75 0.0132 (±0.017) 0.016 (±0.01) 0.30
OCLN 0.0028 (±0.0009) 0.0026 (±0.0011) 0.79 0.0025 (±0.0009) 0.0029 (±0.0015) 0.55
ZO-1 0.0514 (±0.045) 0.0357 (±0.031) 0.21 0.031 (±0.015) 0.033 (±0.008) 0.73
CRB3 0.013 (±0.003) 0.015 (±0.008) 0.80 0.0158 (±0.016) 0.0128 (±0.0028) 0.68
CASK 0.053 (±0.012) 0.043 (±0.014) 0.006 0.0389 (±0.013) 0.054 (±0.014) 0.009
Nutrient transport
SI 0.72 (±0.023) 0.477 (±0.313) 0.030 0.417 (±0.296) 0.673 (±0.311) 0.024
SGLT1 0.262 (±0.082) 0.211 (±0.145) 0.30 0.169 (±0.127) 0.309 (±0.146) 0.002
Proliferation
MKI67 0.0066 (±0.002) 0.00723 (±0.005) 0.93 0.0071 (±0.0039) 0.0069 (±0.0052) 0.78
Structure
CK20 0.534 (±0.201) 1.05 (±1.55) 0.93 1.0 (±1.2) 0.449 (±0.181) 0.06
Citrulline (µmol/L) - 26.8 (±17.7) 23.0 (±14) 42.2 (±22.3) <0.001
kcal/week - 7755 (±3818) 7255 (±3928) 3362 (±4342) <0.001
rSBL (cm) - 77.2 (±42.1) 68.8 (±38.3) 68.8 (±38.3) -

Relative gene expression was calculated with the ∆Ct method and given as 2−∆Ct (∆Ct = CtGOI − CtHKG). CLDN10, Claudin 10; CLDN15, Claudin 15; OCLN, Occludin; ZO-1, zonula
occludens protein 1; CRB3, crumbs 3, cell polarity complex component; CASK, Calcium/calmodulin-dependent serine protein kinase; SI, sucrase-isomaltase; SGLT-1, Sodium-dependent
glucose transporter 1; MKI67, marker of proliferation associated antigen Ki-67; CK20, cytokeratin 20. Bold p-values indicate values below p < 0.05. Statistical calculation was not corrected
for multiple testing. Considering the high number of simultaneous statistical comparisons, significance will get lost with the appropriate correction for multiple testing. § Mann–Whitney,
# Wilcoxon.
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3.6. Immunohistochemistry

To further study the potential role of the genes whose expression had been analyzed by
qPCR, protein expression was assessed immunohistochemically (IHC) with small intestinal
tissues from the same patients under comparable conditions without additional pathology
beyond SBS.

Figure 3 shows immune staining results from small intestinal biopsies for the pro-
liferation marker Ki-67 in two SBS patients without (Figure 3A,C) and with teduglutide
treatment (Figure 3B,D). The positive immune staining is restricted to the nucleus and is,
as expected, only present in the crypts. In SBS patients with teduglutide treatment, the
Ki-67-positive immune staining was increased, as indicated by the percentage of Ki-67-
positive epithelial cells (EC) (Figure 3B,D). Figure 3E,F represents the quantification results
of immune staining for Ki-67. No significant differences in Ki-67 immune staining were
observed in SBS patients without teduglutide compared to healthy controls (Figure 3E). In
contrast, Ki-67-positive immune staining increased when SBS patients were treated with
teduglutide (Figure 3F).
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Figure 3. Immune staining for Ki-67 in small intestinal biopsies of SBS patients prior to (A,C) and
with teduglutide (TED) treatment (B,D). Bars 100 µm. Ki-67 expression is restricted to the nuclei of
crypt cells. With teduglutide treatment, Ki-67 protein expression increased. (E,F): Quantification of
immune staining for Ki-67. Data were given as percentage of Ki-67 expressing enterocytes (% EC).
(E): SBS patients without TED showed less Ki-67 expressing crypt cells compared to healthy controls
(n = 29/5, p = 0.083 §). (F): The paired analyses of SBS couples prior and while on TED treatment
showed more Ki-67 expressing crypt cells when patients were treated with TED (n = 14, * p = 0.04 #).
§ Mann–Whitney, # Wilcoxon, ns, not significant.

To corroborate the results from gene expression analyses, we performed immune stain-
ing for sucrase-isomaltase (SI) (Figure 4A) and the sodium-dependent glucose transporter 1
(SGLT-1) (Figure 4B). Both proteins are brush border proteins consistent with the staining
at the outer edge of enterocytes. For SI, a higher expression in the middle and lower part
of the villi was reported [39] and confirmed in our cohort. Due to the localization of the
proteins at the outer edge of enterocytes, a reliable quantification within each respective
villus was not possible.
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Figure 4. Representative immune staining results for corresponding proteins of small intestinal biop-
sies from SBS patients prior to teduglutide treatment. (A): sucrase-isomaltase (SI), and (B): Sodium-
dependent glucose transporter 1 (SGLT-1). Both proteins are brush border proteins consistent with
the staining at the outer edge of enterocytes. For SI, a higher expression in the middle and lower part
of the villi was seen. (C): Calcium/calmodulin-dependent serine protein kinase (CASK). CASK is
suggested to function as a cytoskeletal membrane scaffold that coordinates signal transduction path-
ways within the cytoskeleton. The staining for CASK is located in the lateral and mainly basolateral
membrane. (D): Cytokeratin 20 (CK20). Cytokeratin 20 belongs to intermediate filament proteins
responsible for the cytoskeletal structural integrity of epithelial cells and is thus mainly expressed
in the cytoplasm of epithelial cells of the small and large intestines. CK20 is used as a marker for
epithelial differentiation; therefore, the staining is less prominent in the crypts and more intense
towards the villi. Bars 100 µm.

A representative example of baseline IHC results for calcium/calmodulin-dependent
serine protein kinase (CASK) is shown in Figure 4C. For CASK, it is suggested that it
may function as a cytoskeletal membrane scaffold that coordinates signal transduction
pathways within the cytoskeleton. The staining for CASK was in concordance with the
literature located on the lateral and mainly basolateral membrane [40]. Figure 4D shows the
results for a typical enterocyte marker cytokeratin 20 immune staining. In general, keratins
are intermediate filament proteins responsible for the cytoskeletal structural integrity of
epithelial cells and thus mainly expressed in the cytoplasm of epithelial cells of the small
and large intestine.

3.7. Intestinal Permeability Testing
3.7.1. Intestinal Permeability in Short Bowel Syndrome

Intestinal permeability (IP) testing was performed in SBS patients without teduglutide
treatment and healthy controls. SBS patients showed an increased lactulose/mannitol ratio
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compared to healthy controls. However, regarding the single carbohydrate recovery rate,
the mannitol recovery was decreased in SBS patients (mean SBS 4.3% vs. healthy 10.7%),
whereas the lactulose recovery rate was similar to healthy subjects (mean SBS 0.18% vs.
healthy 0.22%). Therefore, the elevated lactulose/mannitol ratio is caused by the reduced
mannitol recovery rate rather than the lactulose recovery rate, not indicating increased
paracellular leakage but rather decreased transcellular transport due to presumed lower
enterocyte cell mass. No differences were found for the sucrose recovery rate (a marker for
gastroduodenal permeability) (mean SBS 0.14% vs. healthy 0.11%) (Figure 5A–D).
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Figure 5. Analysis of intestinal permeability as carbohydrate recovery rate in untreated SBS patients
and healthy controls in urine 5 h after oral carbohydrate ingestion. (A): SBS patients showed an
increased intestinal permeability index expressed as lactulose/mannitol ratio compared to healthy
controls (p < 0.001 §). (B): The mannitol recovery rate was decreased in SBS patients (mean SBS 4.3%
vs. healthy 10.7%, p < 0.001 §), whereas the lactulose recovery rate (C) was similar to healthy subjects
(mean SBS 0.18% vs. healthy 0.22%, p = 0.32 §). Therefore, the elevated lactulose/mannitol ratio is
caused by the reduced mannitol recovery rate rather than the lactulose recovery rate, not indicating
increased paracellular leakage but rather decreased transcellular transport due to decreased epithelial
enterocyte cell mass. (D): Gastroduodenal permeability measured as sucrose recovery rate was
similar to healthy subjects (§ Mann–Whitney, *** p-value < 0.001, ns, not significant). Please recognize
the unusual order of panels (C,D) in the lower part of this figure.

3.7.2. Linear Regression of Intestinal Permeability Testing with Remaining Small
Bowel Length

Carbohydrate recovery rates were further analyzed by linear regression with remain-
ing small bowel length (rSBL) in SBS patients. The lactulose/mannitol ratio showed a
strong negative relationship with the remaining small bowel length. In contrast, for the
mannitol recovery rate, a strong positive relation with the remaining small bowel length
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was found, while lactulose recovery showed less correlation. No relationship was found for
sucrose recovery (Figure 6A–D). This is in concordance with the interpretation of reduced
mannitol recovery being most importantly influenced by the relatively reduced enterocyte
cell mass in SBS patients and being the driver of the relatively increased lactulose/mannitol
ratio, which is usually considered a marker of intestinal permeability in the anatomically
unaltered small intestine.
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Figure 6. Linear regression of intestinal permeability as sugar recovery rates in SBS patients with the
remaining small bowel length. (A): The lactulose/mannitol ratio showed a strong negative relation
with the remaining small bowel length (p = 0.008, R2 = 0.37 $). In contrast, for the mannitol recovery
rate (B), a strong positive relation with the remaining small bowel length was found (p = 0.004,
R2 = 0.41 $), while lactulose recovery (C) showed less correlation (p = 0.041, R2 = 0.24 $). No relation
was found for sucrose recovery (D) (p = 0.55, R2 = 0.023 $). $ One-way ANOVA linear regression.
Please recognize the unusual order of panels (C,D) in the lower part of Figure 6.

3.7.3. Intestinal Permeability Testing and Treatment with Teduglutide

Results of intestinal permeability testing were compared between untreated SBS
patients (n = 24) and SBS patients with teduglutide treatment (n = 13). The group of SBS
patients with teduglutide treatment showed a significantly lower lactulose/mannitol ratio.
The reduction was about 42% compared to the mean value in the untreated group. In
contrast, mannitol recovery was elevated in patients treated with teduglutide compared to
untreated patients (without TED 4.3%, with TED 6.7%; ∆ mannitol recovery 40%). Lactulose
showed only minor changes (without TED 0.18%, with TED 0.2%; ∆ lactulose recovery
12%). Sucrose recovery showed no changes (Figure 7A–C).
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Figure 7. Analysis of intestinal permeability in untreated SBS patients or on teduglutide (TED) treat-
ment. (A): SBS patients on teduglutide treatment showed a significantly lower lactulose/mannitol
ratio (mean 0.03). The reduction was about 42% compared to the mean value in the untreated group
(mean 0.06, * p = 0.04 §). (B): Mannitol recovery was elevated in patients treated with teduglutide
as compared to untreated patients (without TED 4.3%, with TED 6.7%; ∆ mannitol recovery 40%).
(C): Lactulose showed only minor changes (without TED 0.18%, with TED 0.2%; ∆ lactulose recovery
12%). For comparison, mean baseline levels of healthy controls were added to each graph (please
refer to Figure 5, *** p-value < 0.001). § Mann–Whitney.

3.7.4. Correlation of Intestinal Permeability Testing and Parenteral Support

Finally, the results of IP testing were analyzed for correlation with caloric parenteral
support (kcal/week). A strong positive correlation was found for the lactulose/mannitol
ratio in the group of untreated SBS patients. This correlation was not present in the group
of SBS patients with teduglutide treatment. An inverse correlation was found for mannitol
recovery and parenteral support for both groups. No relation was found for lactulose recov-
ery or sucrose recovery (Figure 8A–D). This suggests that classical intestinal permeability
testing by oral carbohydrate ingestions and 5 h urinary recovery in SBS patients is, in fact, a
surrogate test for epithelial enterocyte mass and (probably transcellular) transport function
for mannitol rather than paracellular permeability for lactulose, which was only minorly
changed and did not significantly correlate with parenteral nutrient requirements.
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Figure 8. Correlations between intestinal permeability results and caloric parenteral support
(kcal/week) in SBS patients without or with teduglutide (TED) treatment. (A): A strong posi-
tive correlation was found for the lactulose/mannitol ratio in the group of untreated SBS patients
(p = 0.003, r = 0.6 (0.3 to 0.8) &). This correlation was not present in the group of SBS patients with
teduglutide treatment (p = 0.35, r = 0.3 (−0.3 to 0.8) &). (B): An inverse correlation was found for
mannitol recovery and parenteral support for both groups (untreated SBS p = 0.02, r = −0.5 (−0.75
to −0.07) &, SBS on TED p = 0.012, r = −0.7 (−0.9 to −0.2) &). No relation was found for lactulose
recovery (C) or sucrose recovery (D). & Spearman correlation coefficient with 95% confidence level.
Please recognize the unusual order of panels (C,D) in the lower part of Figure 8.

4. Discussion
4.1. Summary of Results

Biomarkers for intestinal function in human chronic intestinal failure due to SBS are
scarce but are needed for tailoring both nutritional and rehabilitative treatment to individ-
ual nutritional needs and intestinal capacity in these patients. In the literature, a decrease in
intestinal permeability has been reported in the context of GLP-2 actions [41]. However, the
actions of GLP-2 are mediated through the GLP-2 receptor, although the complete down-
stream mechanism has not yet been fully understood. Clinically, patients respond to GLP-2
treatment with considerable variability. Having this in mind, a multifaceted approach was
taken in a search for potential either genetic, molecular, structural or functional biomarkers
from samples of patients with SBS obtained during routine clinical management, including
blood samples, small intestinal biopsies and 5 h urinary samples from an oral carbohydrate
ingestion test. These were correlated also with standard clinical information on parenteral
nutrition and remaining small bowel anatomy (Table 1; Figures 1 and 2).
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While analyses for GLP-2 receptor polymorphisms as a potential influencer of response
to teduglutide treatment did not reveal relevant signals (Table 2), gene expression analyses
by qPCR of genes potentially related to small intestinal epithelial characteristics did un-
expectedly not show any associations with epithelial tight junction genes but rather with
epithelial transport-associated molecules such as SI and SGLT-1 (Table 3). Therefore, the
reduction of enterocyte mass results in the need for parenteral compensation in correlation
with the corresponding remaining small bowel length (rSBL) (Figure 1C), which is also
associated with the only clinically available biomarker citrulline (Figure 2C).

However, intestinal rehabilitative treatment of SBS patients with the GLP-2 analog
teduglutide, which is known to enhance small intestinal absorption as well as morphol-
ogy with increased both villus length and crypt depth [25,42], is able to decrease par-
enteral calorie requirements (besides volume requirements as has been shown in numerous
studies [24,43,44]). This could be shown in grouped cohort comparisons as well as in a
paired subcohort (Figure 1A,B). The decrease in parenteral calorie requirements is paralleled
by an inverse increase in citrulline serum concentrations (Figure 2A,B), indicating increased
enterocyte mass, as has been shown previously [22,25]. In this study, it is suggested that
not only a teduglutide-induced increase in enterocyte mass per se, as demonstrated by
increased Ki-67-index in teduglutide-treated patients, may contribute to this (Figure 3).
Additionally, the increased expression of nutrient transport-associated genes such as SI and
SGLT-1 (Table 3) very likely play an important role, which is paralleled by intense evidence
of protein expression in the small intestinal epithelium (Figure 4).

Finally, while applying a classical oral carbohydrate ingestion and urinary recovery
“intestinal permeability” (IP) test, it was discovered that in SBS patients, IP, as assessed
by lactulose/mannitol ratio, is formally “increased” (Figure 5A) as has been described
earlier [8,9]. However, by analyzing the actual recovery and thus transport data themselves,
it turned out that paracellular lactulose transport was not altered at all (Figure 5C), as
should be expected if increased “leakiness” of the small intestine played a pathophysiologi-
cal role. Rather, decreased transcellular mannitol transport (Figure 5B), as can be expected
with reduced enterocyte mass, was observed in SBS, while gastroduodenal transport was
shown to be not different in SBS as compared to healthy controls (Figure 5D). This obser-
vation of mannitol-uptake as a “functional biomarker” of enterocyte mass also strongly
correlated with rSBL (Figure 6). This indicates the specific role of enterocyte mass and,
more importantly, function for nutrient uptake as had been suggested by gene and protein
expression in the earlier investigation (Table 3 and Figure 4) as well as by citrulline serum
concentrations and its correlation with rSBL (Figure 2). Even more importantly, teduglu-
tide treatment of parenteral nutrition-dependent SBS patients seemed to formally reverse
“intestinal permeability” (Figure 7), but this observation was again caused by increased
mannitol recovery and thus uptake rather than paracellular lactulose uptake, indicating
the role of increased enterocyte mass through treatment with teduglutide in these patients.
Quite concordantly, these effects also correlated with rSBL significantly only for mannitol
recovery but neither for lactulose or sucrose recovery (Figure 8).

4.2. Parenteral Support as a Clinical Surrogate for Small Intestinal Function

To compensate for nutrient and fluid deficiency, SBS patients are supported with
parenteral nutrition and intravenous fluids. The need for parenteral support strongly
reduces quality of life and harbors, among others, the risk of life-threatening catheter
infections [16]. One of the main therapeutic strategies in SBS is to reduce the volume and/or
days of parenteral support in order to improve the patient’s quality of life. A reduction
of >20% in parenteral support volume from baseline has been classified as a response to
GLP-2 analog treatment [21]. In this study, we could confirm (Figure 1) previous findings
with teduglutide treatment reducing requirements by volume and as calorie demands
per week [25]. Furthermore, we could show a significant inverse correlation of parenteral
support with the remaining small bowel length, which is in concordance with analyses from
phase III trials as well as real-world data [44,45]. However, although data on parenteral
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support are readily available in each patient, due to disease heterogeneity, parenteral
support is complex and quite variable [15,21,25,43], which limits the use of parenteral
support as a clinical surrogate marker of small intestinal function.

4.3. Citrulline as a Biomarker

Another clinically available biomarker is the blood plasma concentration L-citrulline
[22,25,26,46]. L-Citrulline is a non-essential amino acid and is known to be synthesized
from precursor amino acids like glutamine in enterocytes of the proximal small intestine
(mostly duodenum and jejunum) [47–50].

A first study by Crenn et al. revealed reduced citrulline concentrations in patients
with small bowel syndrome [22]. In addition, it could be shown that citrulline is a marker
of enterocyte mass in patients with villus atrophy without intestinal resections [26]. Fur-
thermore, citrulline plasma concentrations are suggested for use as a prognostic marker
for parenteral nutrition weaning (if citrullinemia is >20 micromol/L) [47], and increased
plasma concentrations of citrulline were observed in SBS patients when treated with the
GLP-2 analog teduglutide [21]. In concordance with these, we report a reduced citrulline
concentration in SBS patients compared to healthy subjects and a significant correlation of
citrulline plasma levels with the parenteral support (Figure 2). The use and interpretation
of citrulline values are, however, controversially discussed in the literature. A study by
Picot et al. concluded that citrulline is less of a marker of overall intestinal mass than
for absorptive small bowel function [51]. In contrast, a meta-analysis of citrulline with
gut function by Fragkos et al. revealed that citrulline appears to be a strong marker of
enterocyte mass, while its correlation with intestinal absorption seemed weaker [52]. Since,
in addition, citrulline levels are influenced by age and renal failure, it is a poor biomarker
in these frequently abundant conditions in SBS patients [49,53–55]. Finally, the use of
citrulline as a biomarker is also limited by availability and complex measuring techniques,
not readily available to many clinicians and their patients [16]. Thus, citrulline has proven
to be a somewhat useful marker for enterocyte mass; however, values have to be interpreted
with caution, and future studies should look into the correlation between citrulline and
other potential biomarkers, such as intestinal permeability.

4.4. GLP-2 Receptor Gene Analysis

As a mediator of GLP-2 action, the GLP-2 receptor gene seems of interest in SBS
because it is directly involved in GLP-2 recognition and thus potentially influential on
intestinal rehabilitation, be it spontaneous or pharmacologically enhanced. Here, to our
knowledge, for the first time, we analyzed the GLP-2 receptor gene (GLP2R) and the
putative promoter region for sequence variants with potential alterations in protein function,
which in turn could result in varying teduglutide treatment responses in a subset of patients
(Table 2). The sequence analyses of the GLP-2 receptor gene revealed three variants with
consequences to the amino acid sequence. Two of them are very rare variants and one is
a common sequence variant. Bioinformatic prediction tools did not estimate changes in
protein function. Therefore, it is unlikely that one of these variants influences the treatment
response to teduglutide [11,56].

4.5. Gene Expression Analysis of Multiple Epithelial Small Intestinal Genes

Beyond genes themselves and their structure, gene expression is an important regula-
tor of organ function. Therefore, gene expression analyses from mucosal biopsies for tight
junction genes and epithelial markers were performed in healthy controls, untreated SBS
patients and SBS patients treated with teduglutide by qPCR (Table 3); in 18 patients, tissue
samples were available for both clinical situations (prior and on teduglutide treatment).
The analyses of a panel of 82 tight junction-related genes revealed that the large majority of
tight junction-associated genes did not show different expression levels between healthy
controls and SBS patients or SBS patients before and with teduglutide treatment. This is,
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in fact, in concordance with the later discussed evidence of largely unaltered paracellular
transport in both teduglutide-naïve and teduglutide-treated SBS patients.

Therefore, in an extended analysis, potentially relevant gene expression beyond the
extensive tight junction panel was studied in a larger cohort, adding typical epithelial
marker genes.

Sucrase-isomaltase (SI) is an enterocyte-specific, membrane-bound brush-border en-
zyme exclusively expressed in the small intestine [57]. By qPCR, SI demonstrated reduced
gene expression in untreated SBS patients compared to healthy controls (Table 3). In con-
trast, SI gene expression increased in SBS patients treated with teduglutide compared to
untreated SBS patients, and the correct protein localization could be confirmed by IHC
(Figure 4A). Changes in SI gene expression are a regulatory step in enzyme activity [39];
for example, mouse models have shown a regulation of SI expression by a carbohydrate
diet [58]. Therefore, the reduced SI expression in untreated SBS patients might be explained
by decreased luminal availability of carbohydrates as a result of reduced oral intake and
accelerated intestinal passage. On the other hand, with teduglutide treatment, intestinal
passage decelerates, chyme thickens, and thus, the availability of luminal carbohydrates
increases, which may lead to increased SI expression. Furthermore, in a study performed
in a total parenteral nutrition (TPN) feed rat model, it could be shown that an increase in
mRNA expression was induced by GLP-2 administration and not by the TPN itself [59].
In addition, a study in neonatal piglets revealed GLP-2 stimulated jejunal SI mRNA abun-
dance [60]. Thus, our observations in SBS patients are concordant with results with SI in
animal models, and SI could be a good candidate as a mostly scientific biomarker in small
intestinal biopsies from SBS patients.

Sodium/glucose cotransporter 1 (SGLT1) is a human protein encoded by the SLC5A1
gene and is mainly expressed in the upper regions of the small intestine [61–63]. While
expression of SGLT1 was reduced in SBS patients compared to healthy controls, it was
considerably increased in SBS patients treated with teduglutide compared to treatment-
naïve SBS patients (Table 3) and its characteristic localization was confirmed by IHC
(Figure 4B). In an initial study in mice treated with native GLP-2, a higher protein activity
compared to untreated mice was found, but authors could not find elevated mRNA levels
estimated by Northern blot analysis [64]. In contrast, in an vivo GLP-2 infusion model
in rats, authors showed GLP-2 infusion not only increased the transport capacity of the
glucose transporter but also the incorporated SGLT1 protein amount [65]. Differences
between studies may be explained by different species, detection methods, and the finding
that SGLT1 mRNA expression is higher in humans than in rats or mice [66]. Thus, SGLT1
is obviously a transporter molecule regulated by GLP-2 and its analogs in SBS patients.
However, since quantitation in biopsies is difficult, and tissue qPCR is usually not possible
on routine biopsies, it is a physiologically interesting molecule but probably has limited
potential as a clinical biomarker of small intestinal function.

The calcium-calmodulin serine protein kinase (CASK) gene encodes a protein ki-
nase belonging to the membrane-associated guanylate kinase (MAGUK) family and is the
mammalian orthologue of LIN2, a Caenorhabditis elegans MAGUK required for basolateral
localization of the epidermal growth factor receptor (EGFR) in certain polarized epithelial
cells [67]. CASK is ubiquitously expressed, and its interaction with LIN7, another MAGUK,
is evolutionarily conserved. In this study, CASK demonstrated a remarkable reduction
in gene expression in SBS patients compared to healthy controls and an increased gene
expression in SBS patients treated with teduglutide (Table 3) and its characteristic protein
localization was confirmed by IHC (Figure 4C). However, the exact function of intestinal
CASK is not well understood. It is supposed to play a role in transmembrane protein an-
choring, especially on the lateral and basolateral membrane and ion channel trafficking [68].
However, a number of gut growth factors have been implicated as important modulators
for adaptive response or as direct mediators of the action of GLP-2, such as the epidermal
growth factor (EGF) and insulin-like growth factor-1 (IGF-1) [69,70]. The ErbB-2 signaling
pathway has been identified as an essential component of the signaling network regulating



Nutrients 2023, 15, 4220 19 of 27

the adaptive mucosal response to refeeding in the mouse intestine [71]. Therefore, the
observation of this study suggests that gene expression changes of CASK may be related
to changes in growth factor expression during both spontaneous intestinal adaptation
and teduglutide-stimulated intestinal rehabilitation, but this hypothesis has to be further
elucidated. Although potentially linked to the presumed mode of action of GLP-2, CASK
is, therefore, currently not a likely candidate as a routine biomarker for small intestinal
function in SBS patients.

The Ki-67 protein is well known as a cellular marker for proliferation [72,73]. In
our study, we could not reveal any relevant changes in gene expression for Ki-67 in our
analyzed groups when normalized to housekeeping genes in qPCR (Table 3). Instead,
by semi-quantitative immune staining, we could detect relevant differences in protein
expression. A reduced percentage of protein expressing enterocytes was found in SBS
patients as compared to healthy controls. In contrast, the percentage of Ki-67 expressing
cells increased in teduglutide-treated tissue samples compared to values prior to treatment
(Figure 3). The apparent discrepancies between the results of the two methods could be due
to additional Ki-67 protein expression in the lamina propria, which can falsify qPCR results.
In addition, qPCR results will be influenced by the crypt villi ratio in tissue biopsies. The
positive impact of GLP-2 on proliferation has been shown in many studies [10,41,74,75],
while the information on Ki-67 as a proliferation marker in SBS patients is limited. In a case
report for a pediatric SBS patient, no apparent changes in positive Ki-67 cells were seen
during GLP-2 treatment [76]. In contrast, another study analyzing the effects of GLP-2 on
the proliferation and apoptosis of intestinal epithelial cells in SBS rat models revealed an
elevated percentage of Ki-67 expressing cells [77]. Thus, the results of this study suggest
that spontaneous intestinal adaptation (concurrent with parenteral nutrition, reduced oral
nutrient intake, and possibly reduced endogenous GLP-2 levels due to extensive resection)
may result in decreased enterocyte proliferation, which can be reversed and even exceeded
by teduglutide treatment. As a biomarker, Ki-67 determination relies on small intestinal
biopsies, but it could be determined in routine pathology samples and thus be an interesting
response indicator for treatment with GLP-2 analogs.

Cytokeratin 20, an intermediate filament protein mainly expressed in the cytoplasm of
epithelial cells of the small and large intestine [78]. It has been shown to be highly expressed
in highly differentiated cells and is used as a marker for carcinomas of different epithelial
origin [77–83]. In this analysis, we confirmed proper protein distribution in intestinal
epithelia (Figure 4C), but no relevant changes were found in gene expression (Table 3),
suggesting that cellular differentiation of enterocytes in SBS patients was appropriate
according to CK20-expression under both conditions, teduglutide-naïve and treated SBS
patients. The use as a biomarker beyond maintained intermediate filament expression in
biopsies of SBS seems, therefore, unlikely.

No relevant changes in gene expression could be detected for the tight junction
proteins occludin (OCLN), zonula occludens protein (ZO-1), claudin 10, and 15 (CLDN10,
-15), and Crumbs cell polarity complex component 3 (CRB3) (Table 3). This corresponds
to the findings of Reiner et al. [84], who used a mouse SBS model to study the tight
junction leak pathway. The expression of tight junction genes OCLN, ZO-1, and ZO-2
were analyzed, but their expression levels were stable in the SBS situation and were not
influenced by teduglutide. Therefore, direct study of components of tight junctions has
not been shown to be substantially disturbed by small intestinal resection or response to it,
i.e., intestinal adaptation. The analyzed tight junction molecules, therefore, seem neither
to be substantially involved in the pathophysiology nor to be candidates as biomarkers in
SBS patients.

4.6. Functional Assessment of Intestinal Barrier by Intestinal Permeability Testing

Intestinal barrier function is finely regulated to balance between protection against
pathogens and facilitate the absorption of nutrients and fluids [85]. The term intestinal
permeability is often used imprecisely in the context of a so-called “leaky gut” suggesting
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the passage of harmful substances such as toxins and bacteria through the intestinal
epithelium into the underlying tissue. While larger molecules can only pass the epithelium
through the paracellular route, which is highly regulated by junctional complexes between
the cells, smaller molecules can also pass along the transcellular route either via passive
flux through membranes, aqueous pores, endocytosis, or even active carrier-mediated
absorption [86]. Different in vitro or in vivo methods were used for intestinal permeability
testing. Transepithelial electrical resistance (TEER) measures ionic conductance of the
paracellular pathway in the epithelial monolayer, while mounted tissue can be studied
in Ussing chamber experiments [87–92]. Other in vitro methods determine the flow of
biomolecules of different sizes from the apical to the luminal side of the cell monolayers
or mounted tissue [93,94]. All of these methods gave valuable information; however, this
information only describes the paracellular route [95,96].

For the study of epithelial transport, oral gavage of biomolecules (e.g., carbohydrates,
fluorescently labeled dextrans, polyethylen glycol, or 51Cr-EDTA) followed by detection
of the recovery rate in blood or urine are commonly used methods in animals [94,97,98].
Administration of harmless and inert carbohydrates is used for humans [99,100], where the
most common assay is the measurement of lactulose and mannitol and the calculation of
the lactulose/mannitol ratio as permeability index [101,102]. Studies by Bijlsma et al. and
Delahunty et al. revealed strong differences among species in mannitol recovery and further
reduced lactulose/mannitol ratios. Differences in villus heights, which are much higher in
humans as compared to rodents, may at least in part explain this [103,104]. In vitro, a high
mannitol recovery rate gets lost with the absence of blood flow because the antidromic
blood flow in villus vessels maintains hyperosmolality at the villus tips [103,105,106].

In this study, we used defined oral ingestion of sucrose, lactulose and mannitol
and measured urinary excretion to estimate intestinal permeability [29,107]. Lactulose
recovery reflects the paracellular transport and is typically increased in patients with a
leaky gut syndrome, while mannitol recovery is used as a marker for the transcellular
pathway and is rather attributed to the gut length or enterocyte mass [108]. We found
high lactulose/mannitol ratios in SBS patients (Figure 5A), but this elevated ratio was
caused by a reduced mannitol recovery (Figure 5B) rather than a higher lactulose recovery
(Figure 5C) as typically seen in inflammatory diseases [102,109]. Lactulose recovery in the
SBS cohort was instead comparable to heathy controls and gave no signals for impairment
of the paracellular route. This was further supported by our findings for sucrose recovery,
which serves as a marker for gastroduodenal permeability since it is immediately cleaved
by disaccharidases upon entering the jejunum [33]. Since the stomach or duodenum were
not resected, the recovery rate of sucrose was comparable to healthy controls (Figure 5D).
For comparison, a true “leaky gut” situation is often associated with an increased sucrose
recovery [33,87], which is not the case in SBS patients. In contrast, in teduglutide-treated SBS
patients, we found elevated levels of mannitol recovery compared to untreated SBS patients
(Figure 7), while we could not find significant changes for lactulose or sucrose recovery.
These findings are supported by a placebo-controlled crossover study, where a small cohort
of eight SBS patients were analyzed for intestinal permeability (lactulose/mannitol ratio)
prior to and after 7 days of teduglutide. In concordance with our results, they observed
an increase in mannitol uptake but no relevant changes in lactulose recovery during
teduglutide treatment [110]. Concordantly, Sigalet et al. analyzed rats in an SBS model for
adaptation and reported adaptation of the intestinal epithelium as measured by an increase
in intestinal surface area (increased villus height) and an increase in mannitol absorption
while lactulose absorption remained unaltered [111].

Several animal studies reported a decreased ion conductance or decreased flux of
inert molecules caused by GLP-2 administration in Ussing chamber experiments in various
settings. In all cases, this reduced transepithelial resistance or the decreased flux was
interpreted as decreased permeability [8,112,113], but because the underlying mechanisms
leading to change in transepithelial resistance in the context of GLP-2 administration are
not fully understood, they harbor the risk of being misinterpreted as changes in paracellular
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transport. A revised interpretation is supported by Reiner et al. [84], who analyzed the
impact of teduglutide administration in an SBS mouse model, where the flux of 4 kDa
dextran was reduced with GLP-2 administration. The authors state that this is more likely
due to the altered anatomy of hypertrophied villi rather than by changes in the paracellular
pathway. It is also important to note that only mannitol recovery correlated statistically
significantly with parenteral calorie requirements in SBS patients (Figure 8), which has
been demonstrated in humans here.

In further analyses, we found a correlation between mannitol recovery and the remain-
ing small bowel length (Figure 6) in contrast to weak or absent correlation with lactulose
or sucrose recovery. In humans, it is hypothesized that high urinary recovery of mannitol
moieties is caused by solvent drag through pores that allow passage of mannitol but not
that of lactulose. Therefore, the lactulose/mannitol ratio is primarily a standard for the
normal functioning of villus epithelial cells in metabolite absorption as well as for normal
villus blood flow [103]. Therefore, we conclude that in untreated SBS patients, reduced
mannitol recovery is correlated with reduced enterocyte mass, while increased recovery
on teduglutide treatment is correlated with an increase in enterocyte mass due to villus
elongation as shown previously [25] and by increased proliferation rate (Figure 3) as well
as increased blood flow [103,105,106]. Furthermore and importantly, mannitol recovery
correlates significantly and inversely with parenteral calorie administration (Figure 8),
which supports the concept of transcellular nutrient absorption being essentially influenced
by enterocyte mass and activity, the latter being also suggested by increased SI and SGLT-1
expression (Table 3 and Figure 4). This suggests the use of 5 h urinary mannitol recovery af-
ter standardized oral ingestion as a valuable and clinically applicable functional biomarker
to estimate the absorptive capacity of the gut and to monitor the improvement of small
intestinal function in SBS patients.

4.7. Limitations of the Studies

In SBS patients, available biomarkers assisting the interpretation of intestinal adapta-
tion and response to GLP-2 analog treatment are extremely rare, prompting our current
comprehensive comparison of potential markers. However, the presented study has some
limitations. The SBS patient cohort is highly heterogeneous and includes confounders
(e.g., parenteral support, unrecognized comorbidities or behavioral incompliances by the
patients), which are more difficult to control in patients than in animal models. Since
an attempt was made to exclude these, this led to a subset analysis with incompletely
available biomaterials from some of the examined patients. Therefore, paired analysis
was not always possible; however, in a substantial subset, this was possible and hitherto
unpublished in humans treated with teduglutide. In this pilot study, multiple statistical
comparisons were performed, which were not corrected for multiple testing, in particular
in Table 3, although the biological independence of each of the tested molecules in SBS can
be assumed. With adjustments for multiple testing, most of the reported results will lose
statistical significance in this sub-study. Further studies with larger sample cohorts have
to be performed to confirm these preliminary results. However, the important strength of
the presented study is the analysis of the clinical “real world” situation in patients and,
furthermore, in a subset cohort of no vs. teduglutide treatment.

5. Conclusions

Biomarker studies for small intestinal adaptation and treatment response to GLP-2
analogs in SBS patients are extremely limited. The impact of tight junction genes regulating
paracellular transport has been discussed widely. In our study, gene expression analyses for
tight junction-associated genes in SBS patients prior to and while on teduglutide treatment
revealed no important or relevant impact of the paracellular route, but in contrast, altered
specific gene expression was shown for genes involved in nutrient transport. Analyses
of intestinal permeability in SBS patients give important insights into changes of small
intestinal carbohydrate and presumably other nutrients’ absorption. Therefore, analysis
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of intestinal permeability proves to be applicable in SBS patients, but results have to be
interpreted with the understanding that the mere use of the widely accepted calculated
marker lactulose/mannitol ratio may lead to misinterpretation of results if not analyzed
properly for actual measured mannitol recovery. In SBS patients, mannitol recovery does
indeed correlate with remaining small bowel length and caloric parenteral requirements.
Furthermore, the mannitol recovery rate was higher in patients with teduglutide treatment.
Therefore, we suggest that mannitol can serve as a biomarker in order to obtain information
about small intestinal absorptive processes or changes induced by GLP-2 treatment in
future studies and even in clinical routine.

Author Contributions: Conceptualization, J.B., S.G. and U.-F.P.; methodology, J.B., S.G. and A.K.;
validation, J.B., E.B., S.E., S.M. and J.U.; investigation, J.B., E.B., S.G. and U.-F.P.; resources, E.B.,
A.K., S.E., S.M., J.U. and U.-F.P.; data curation, J.B. and S.G.; writing—original draft preparation, J.B.;
writing—review and editing, E.B., S.G., F.T. and U.-F.P.; visualization, J.B.; supervision and project
administration, C.J., F.T. and U.-F.P.; funding acquisition, J.B., S.G. and U.-F.P. All authors have read
and agreed to the published version of the manuscript.

Funding: The study was supported by the Takeda */Shire Investigator Initiated Research Program
IIR-DE-002562, by Zealand Pharma Denmark ID 130208, and by the Forschungsförderung of the
Charité—Universitätsmedizin Berlin. (* the company Takeda formerly was Shire Pharmaceuticals,
which formerly was NPS Pharmaceuticals).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Charité Ethics Committee EA2_245_18 date of approval 5 April 2019.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to institutional guidelines.

Acknowledgments: We thank Bettina Bochow-Fitzner, Sabina Naranjo, Dana Thurmann, Marika
Saegebrecht, and Martina Werich for their technical assistance. We thank all the patients who
participated in this evaluation.

Conflicts of Interest: J.B. receives research support from Takeda/Shire Pharmaceuticals/NPS *,
Zealand Pharma, and the Forschungsförderung of the Charité—Universitätsmedizin Berlin (see
funding). E.B. received consultation/lecture/advisory board honoraria and grant/research support
from Takeda/Shire Pharmaceuticals/NPS *, and is a participant in the BIH-Charité Junior Clinician
Scientist Program funded by the Charité—Universitätsmedizin Berlin and the Berlin Institute of
Health. S.G. received consultation/lecture honoraria for Takeda/Shire Pharmaceuticals/NPS *.
U.-F.P. received consultation/lecture/advisory board honoraria and grant/research support from
Takeda/Shire Pharmaceuticals/NPS *, received consultation/lecture/advisory board honoraria from
Zealand Pharma. (* the company Takeda formerly was Shire Pharmaceuticals, which formerly was
NPS Pharmaceuticals).

Abbreviations

SBS: Short bowel syndrome, GLP-2: Glucagon-like peptide-2, GLP-2R: Glucagon-like-peptide-2
receptor, TED: teduglutide, rSBL: remaining small bowel length, IP: Intestinal permeability.

References
1. Jeppesen, P.B. Spectrum of short bowel syndrome in adults: Intestinal insufficiency to intestinal failure. JPEN J. Parenter. Enter.

Nutr. 2014, 38 (Suppl. S1), 8S–13S. [CrossRef]
2. Massironi, S.; Cavalcoli, F.; Rausa, E.; Invernizzi, P.; Braga, M.; Vecchi, M. Understanding short bowel syndrome: Current status

and future perspectives. Dig. Liver Dis. 2020, 52, 253–261. [CrossRef]
3. Pironi, L.; Arends, J.; Bozzetti, F.; Cuerda, C.; Gillanders, L.; Jeppesen, P.B.; Joly, F.; Kelly, D.; Lal, S.; Staun, M.; et al. Chronic

Intestinal Failure Special Interest Group of, ESPEN guidelines on chronic intestinal failure in adults. Clin. Nutr. 2016, 35, 247–307.
[CrossRef] [PubMed]

4. Jeppesen, P.B. The Long Road to the Development of Effective Therapies for the Short Gut Syndrome: A Personal Perspective.
Dig. Dis. Sci. 2019, 64, 2717–2735. [CrossRef]

https://doi.org/10.1177/0148607114520994
https://doi.org/10.1016/j.dld.2019.11.013
https://doi.org/10.1016/j.clnu.2016.01.020
https://www.ncbi.nlm.nih.gov/pubmed/26944585
https://doi.org/10.1007/s10620-019-05779-0


Nutrients 2023, 15, 4220 23 of 27

5. Pape, U.F.; Maasberg, S.; Pascher, A. Pharmacological strategies to enhance adaptation in intestinal failure. Curr. Opin. Organ.
Transplant. 2016, 21, 147–152. [CrossRef]

6. Tappenden, K.A. Intestinal adaptation following resection. JPEN J. Parenter. Enter. Nutr. 2014, 38 (Suppl. S1), 23S–31S. [CrossRef]
[PubMed]

7. Drucker, D.J. Minireview: The glucagon-like peptides. Endocrinology 2001, 142, 521–527. [CrossRef] [PubMed]
8. Benjamin, M.A.; McKay, D.M.; Yang, P.-C.; Cameron, H.; Perdue, M.H. Glucagon-like peptide-2 enhances intestinal epithelial

barrier function of both transcellular and paracellular pathways in the mouse. Gut 2000, 47, 112–119. [CrossRef]
9. Drucker, D.J. Biologic actions and therapeutic potential of the proglucagon-derived peptides. Nat. Clin. Pract. Endocrinol. Metab.

2005, 1, 22–31. [CrossRef]
10. Brubaker, P.L. Glucagon-like Peptide-2 and the Regulation of Intestinal Growth and Function. Compr. Physiol. 2018, 8, 1185–1210.
11. Munroe, D.G.; Gupta, A.K.; Kooshesh, F.; Vyas, T.B.; Rizkalla, G.; Wang, H.; Demchyshyn, L.; Yang, Z.-J.; Kamboj, R.K.; Chen, H.;

et al. Prototypic G protein-coupled receptor for the intestinotrophic factor glucagon-like peptide 2. Proc. Natl. Acad. Sci. USA
1999, 96, 1569–1573. [CrossRef] [PubMed]

12. Yusta, B.; Huang, L.; Munroe, D.; Wolff, G.; Fantaske, R.; Sharma, S.; Demchyshyn, L.; Asa, S.L.; Drucker, D.J. Enteroendocrine
localization of GLP-2 receptor expression in humans and rodents. Gastroenterology 2000, 119, 744–755. [CrossRef]

13. Drucker, D.J. The Discovery of GLP-2 and Development of Teduglutide for Short Bowel Syndrome. ACS Pharmacol. Transl. Sci.
2019, 2, 134–142. [CrossRef] [PubMed]

14. Jeppesen, P.B.; Sanguinetti, E.L.; Buchman, A.; Howard, L.; Scolapio, J.S.; Ziegler, T.R.; Gregory, J.; A Tappenden, K.; Holst, J.;
Mortensen, P.B. Teduglutide (ALX-0600), a dipeptidyl peptidase IV resistant glucagon-like peptide 2 analogue, improves intestinal
function in short bowel syndrome patients. Gut 2005, 54, 1224–1231. [CrossRef] [PubMed]

15. Pape, U.-F.; Iyer, K.R.; Jeppesen, P.B.; Kunecki, M.; Pironi, L.; Schneider, S.M.; Seidner, D.L.; Lee, H.-M.; Caminis, J. Teduglutide
for the treatment of adults with intestinal failure associated with short bowel syndrome: Pooled safety data from four clinical
trials. Ther. Adv. Gastroenterol. 2020, 13, 1–18. [CrossRef] [PubMed]

16. Pironi, L.; Allard, J.P.; Joly, F.; Geransar, P.; Genestin, E.; Pape, U. Use of teduglutide in adults with short bowel syndrome-
associated intestinal failure. Nutr. Clin. Pract. 2023, online ahead of print. [CrossRef]

17. Schwartz, L.K.; O’Keefe, S.J.D.; Fujioka, K.; Gabe, S.M.; Lamprecht, G.; Pape, U.-F.; Li, B.; Youssef, N.N.; Jeppesen, P.B. Long-Term
Teduglutide for the Treatment of Patients with Intestinal Failure Associated with Short Bowel Syndrome. Clin. Transl. Gastroenterol.
2016, 7, e142. [CrossRef]

18. Seidner, D.L.; Gabe, S.M.; Lee, H.; Olivier, C.; Jeppesen, P.B. Enteral Autonomy and Days Off Parenteral Support with Teduglutide
Treatment for Short Bowel Syndrome in the STEPS Trials. JPEN J. Parenter. Enter. Nutr. 2020, 44, 697–702. [CrossRef]

19. Tee CTWallis, K.; Gabe, S.M. Emerging treatment options for short bowel syndrome: Potential role of teduglutide. Clin. Exp.
Gastroenterol. 2011, 4, 189–196.

20. Pironi, L. Definitions of intestinal failure and the short bowel syndrome. Best Pract. Res. Clin. Gastroenterol. 2016, 30, 173–185.
[CrossRef]

21. Jeppesen, P.B.; Pertkiewicz, M.; Messing, B.; Iyer, K.; Seidner, D.L.; O’Keefe, S.J.; Forbes, A.; Heinze, H.; Joelsson, B. Teduglutide
reduces need for parenteral support among patients with short bowel syndrome with intestinal failure. Gastroenterology 2012, 143,
1473–1481.e3. [CrossRef]

22. Crenn, P.; Coudray–Lucas, C.; Thuillier, F.; Cynober, L.; Messing, B. Postabsorptive plasma citrulline concentration is a marker of
absorptive enterocyte mass and intestinal failure in humans. Gastroenterology 2000, 119, 1496–1505. [CrossRef] [PubMed]

23. Moran, G.W.; O’Neill, C.; McLaughlin, J.T. GLP-2 enhances barrier formation and attenuates TNFalpha-induced changes in a
Caco-2 cell model of the intestinal barrier. Regul. Pept. 2012, 178, 95–101. [CrossRef] [PubMed]

24. Greif, S.; Maasberg, S.; Wehkamp, J.; Fusco, S.; Zopf, Y.; Herrmann, H.J.; Lamprecht, G.; Jacob, T.; Schiefke, I.; von Websky, M.W.;
et al. Long-term results of teduglutide treatment for chronic intestinal failure—Insights from a national, multi-centric patient
home-care service program. Clin. Nutr. ESPEN 2022, 51, 222–230. [CrossRef] [PubMed]

25. Pevny, S.; Maasberg, S.; Rieger, A.; Karber, M.; Blüthner, E.; Knappe-Drzikova, B.; Thurmann, D.; Büttner, J.; Weylandt, K.-H.;
Wiedenmann, B.; et al. Experience with teduglutide treatment for short bowel syndrome in clinical practice. Clin. Nutr. 2019, 38,
1745–1755. [CrossRef]

26. Crenn, P.; Vahedi, K.; Lavergne-Slove, A.; Cynober, L.; Matuchansky, C.; Messing, B. Plasma citrulline: A marker of enterocyte
mass in villous atrophy-associated small bowel disease. Gastroenterology 2003, 124, 1210–1219. [CrossRef]

27. Maric, S.; Flüchter, P.; Guglielmetti, L.C.; Staerkle, R.F.; Sasse, T.; Restin, T.; Schneider, C.; Holland-Cunz, S.G.; Crenn, P.;
Vuille-Dit-Bille, R.N. Plasma citrulline correlates with basolateral amino acid transporter LAT4 expression in human small
intestine. Clin. Nutr. 2021, 40, 2244–2251. [CrossRef] [PubMed]

28. Lovshin, J.; Estall, J.; Yusta, B.; Brown, T.J.; Drucker, D.J. Glucagon-like peptide (GLP)-2 action in the murine central nervous
system is enhanced by elimination of GLP-1 receptor signaling. J. Biol. Chem. 2001, 276, 21489–21499. [CrossRef] [PubMed]

29. Prager, M.; Durmus, T.; Büttner, J.; Molnar, T.; de Jong, D.J.; Drenth, J.P.; Baumgart, D.C.; Sturm, A.; Farkas, K.; Witt, H.; et al.
Myosin IXb variants and their pivotal role in maintaining the intestinal barrier: A study in Crohn’s disease. Scand. J. Gastroenterol.
2014, 49, 1191–1200. [CrossRef] [PubMed]

30. Ng, P.C.; Henikoff, S. Predicting deleterious amino acid substitutions. Genome Res. 2011, 11, 863–874. [CrossRef]

https://doi.org/10.1097/MOT.0000000000000296
https://doi.org/10.1177/0148607114525210
https://www.ncbi.nlm.nih.gov/pubmed/24586019
https://doi.org/10.1210/endo.142.2.7983
https://www.ncbi.nlm.nih.gov/pubmed/11159819
https://doi.org/10.1136/gut.47.1.112
https://doi.org/10.1038/ncpendmet0017
https://doi.org/10.1073/pnas.96.4.1569
https://www.ncbi.nlm.nih.gov/pubmed/9990065
https://doi.org/10.1053/gast.2000.16489
https://doi.org/10.1021/acsptsci.9b00016
https://www.ncbi.nlm.nih.gov/pubmed/32219218
https://doi.org/10.1136/gut.2004.061440
https://www.ncbi.nlm.nih.gov/pubmed/16099790
https://doi.org/10.1177/1756284820905766
https://www.ncbi.nlm.nih.gov/pubmed/32341691
https://doi.org/10.1002/ncp.11015
https://doi.org/10.1038/ctg.2015.69
https://doi.org/10.1002/jpen.1687
https://doi.org/10.1016/j.bpg.2016.02.011
https://doi.org/10.1053/j.gastro.2012.09.007
https://doi.org/10.1053/gast.2000.20227
https://www.ncbi.nlm.nih.gov/pubmed/11113071
https://doi.org/10.1016/j.regpep.2012.07.002
https://www.ncbi.nlm.nih.gov/pubmed/22809889
https://doi.org/10.1016/j.clnesp.2022.08.027
https://www.ncbi.nlm.nih.gov/pubmed/36184208
https://doi.org/10.1016/j.clnu.2018.07.030
https://doi.org/10.1016/S0016-5085(03)00170-7
https://doi.org/10.1016/j.clnu.2020.10.003
https://www.ncbi.nlm.nih.gov/pubmed/33077272
https://doi.org/10.1074/jbc.M009382200
https://www.ncbi.nlm.nih.gov/pubmed/11262390
https://doi.org/10.3109/00365521.2014.928903
https://www.ncbi.nlm.nih.gov/pubmed/25098938
https://doi.org/10.1101/gr.176601


Nutrients 2023, 15, 4220 24 of 27

31. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A method and
server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248–249. [CrossRef] [PubMed]

32. Bamias, G.; Goukos, D.; Laoudi, E.; Balla, I.G.; Siakavellas, S.I.; Daikos, G.L.; Ladas, S.D. Comparative study of candidate
housekeeping genes for quantification of target gene messenger RNA expression by real-time PCR in patients with inflammatory
bowel disease. Inflamm. Bowel Dis. 2013, 19, 2840–2847. [CrossRef]

33. Buhner, S.; Reese, I.; Kuehl, F.; Lochs, H.; Zuberbier, T. Pseudoallergic reactions in chronic urticaria are associated with altered
gastroduodenal permeability. Allergy 2004, 59, 1118–1123. [CrossRef]

34. Wyatt, J.; Vogelsang, H.; Hübl, W.; Waldhoer, T.; Lochs, H. Intestinal permeability and the prediction of relapse in Crohn’s disease.
Lancet 1993, 341, 1437–1439. [CrossRef]

35. Buchman, A.L. The medical and surgical management of short bowel syndrome. MedGenMed 2004, 6, 12.
36. Buchman, A.L.; Scolapio, J.; Fryer, J. AGA technical review on short bowel syndrome and intestinal transplantation.

Gastroenterology 2003, 124, 1111–1134. [CrossRef]
37. D’Agostino, R. Tests for Normal Distribution. In Goodness-of-Fit Techniques; D’Agostino, R.B., Stepenes, M.A., Eds.; Macel Decker:

New York, NY, USA, 1986.
38. Motulsky, H.J. Test for Appropriate Weighting/Homoscedasticity. GraphPad Prism 10 Curve Fitting Guide 2023. 13 June 2023.

Available online: https://www.graphpad.com/guides/prism/latest/curve-fitting/reg_test_for_homoscedasticity.htm (accessed
on 5 September 2023).

39. Traber, P.G.; Yu, L.; Wu, G.D.; Judge, T.A. Sucrase-isomaltase gene expression along crypt-villus axis of human small intestine is
regulated at level of mRNA abundance. Am. J. Physiol. 1992, 262, G123–G130. [CrossRef]

40. Cohen, A.R.; Wood, D.F.; Marfatia, S.M.; Walther, Z.; Chishti, A.H.; Anderson, J.M. Human CASK/LIN-2 binds syndecan-2 and
protein 4.1 and localizes to the basolateral membrane of epithelial cells. J. Cell Biol. 1998, 142, 129–138. [CrossRef] [PubMed]

41. Drucker, D.J.; Yusta, B. Physiology and pharmacology of the enteroendocrine hormone glucagon-like peptide-2. Annu. Rev.
Physiol. 2014, 76, 561–583. [CrossRef] [PubMed]

42. Tsai, C.H.; Hill, M.; Asa, S.L.; Brubaker, P.L.; Drucker, D.J. Intestinal growth-promoting properties of glucagon-like peptide-2 in
mice. Am. J. Physiol. 1997, 273, E77–E84. [CrossRef]

43. Jeppesen, P.B.; Gilroy, R.; Pertkiewicz, M.; Allard, J.P.; Messing, B.; O’Keefe, S.J. Randomised placebo-controlled trial of teduglutide
in reducing parenteral nutrition and/or intravenous fluid requirements in patients with short bowel syndrome. Gut 2011, 60,
902–914. [CrossRef] [PubMed]

44. Joly, F.; Seguy, D.; Nuzzo, A.; Chambrier, C.; Beau, P.; Poullenot, F.; Thibault, R.; Debeir, L.A.; Layec, S.; Boehm, V.; et al. Six-month
outcomes of teduglutide treatment in adult patients with short bowel syndrome with chronic intestinal failure: A real-world
French observational cohort study. Clin. Nutr. 2020, 39, 2856–2862. [CrossRef]

45. Jeppesen, P.B.; Gabe, S.M.; Seidner, D.L.; Lee, H.-M.; Olivier, C. Factors Associated with Response to Teduglutide in Patients with
Short-Bowel Syndrome and Intestinal Failure. Gastroenterology 2018, 154, 874–885. [CrossRef] [PubMed]

46. Crenn, P.; Messing, B.; Cynober, L. Citrulline as a biomarker of intestinal failure due to enterocyte mass reduction. Clin. Nutr.
2008, 27, 328–339. [CrossRef]

47. Curis, E.; Crenn, P.; Cynober, L. Citrulline and the gut. Curr. Opin Clin. Nutr. Metab. Care 2007, 10, 620–626. [CrossRef] [PubMed]
48. Curis, E.; Nicolis, I.; Moinard, C.; Osowska, S.; Zerrouk, N.; Bénazeth, S.; Cynober, L. Almost all about citrulline in mammals.

Amino Acids 2005, 29, 177–205. [CrossRef]
49. Walker, V. Ammonia metabolism and hyperammonemic disorders. Adv. Clin. Chem. 2014, 67, 73–150.
50. Windmueller, H.G.; Spaeth, A.E. Source and fate of circulating citrulline. Am. J. Physiol. 1981, 241, E473–E480. [CrossRef]
51. Picot, D.; Garin, L.; Trivin, F.; Kossovsky, M.P.; Darmaun, D.; Thibault, R. Plasma citrulline is a marker of absorptive small bowel

length in patients with transient enterostomy and acute intestinal failure. Clin. Nutr. 2010, 29, 235–242. [CrossRef]
52. Fragkos, K.C.; Forbes, A. Citrulline as a marker of intestinal function and absorption in clinical settings: A systematic review and

meta-analysis. United Eur. Gastroenterol. J. 2018, 6, 181–191. [CrossRef]
53. Lau, T.; Owen, W.; Yu, Y.M.; Noviski, N.; Lyons, J.; Zurakowski, D.; Tsay, R.; Ajami, A.; Young, V.R.; Castillo, L. Arginine, citrulline,

and nitric oxide metabolism in end-stage renal disease patients. J. Clin. Investig. 2000, 105, 1217–1225. [CrossRef]
54. Marini, J.C.; Agarwal, U.; Robinson, J.L.; Yuan, Y.; Didelija, I.C.; Stoll, B.; Burrin, D.G. The intestinal-renal axis for arginine

synthesis is present and functional in the neonatal pig. Am. J. Physiol. Endocrinol. Metab. 2017, 313, E233–E242. [CrossRef]
[PubMed]

55. Reddy, Y.S.; Kiranmayi, V.S.; Bitla, A.R.; Krishna, G.S.; Rao, P.V.; Sivakumar, V. Nitric oxide status in patients with chronic kidney
disease. Indian J. Nephrol. 2015, 25, 287–291. [PubMed]

56. Lovshin, J.; Yusta, B.; Iliopoulos, I.; Migirdicyan, A.; Dableh, L.; Brubaker, P.L.; Drucker, D.J. Ontogeny of the glucagon-like
peptide-2 receptor axis in the developing rat intestine. Endocrinology 2000, 141, 4194–4201. [CrossRef]

57. Wu, G.D.; Wang, W.; Traber, P.G. Isolation and characterization of the human sucrase-isomaltase gene and demonstration of
intestine-specific transcriptional elements. J. Biol. Chem. 1992, 267, 7863–7870. [CrossRef] [PubMed]

58. Honma, K.; Mochizuki, K.; Goda, T. Carbohydrate/fat ratio in the diet alters histone acetylation on the sucrase–isomaltase gene
and its expression in mouse small intestine. Biochem. Biophys. Res. Commun. 2007, 357, 1124–1129. [CrossRef]

https://doi.org/10.1038/nmeth0410-248
https://www.ncbi.nlm.nih.gov/pubmed/20354512
https://doi.org/10.1097/01.MIB.0000435440.22484.e8
https://doi.org/10.1111/j.1398-9995.2004.00631.x
https://doi.org/10.1016/0140-6736(93)90882-H
https://doi.org/10.1016/S0016-5085(03)70064-X
https://www.graphpad.com/guides/prism/latest/curve-fitting/reg_test_for_homoscedasticity.htm
https://doi.org/10.1152/ajpgi.1992.262.1.G123
https://doi.org/10.1083/jcb.142.1.129
https://www.ncbi.nlm.nih.gov/pubmed/9660868
https://doi.org/10.1146/annurev-physiol-021113-170317
https://www.ncbi.nlm.nih.gov/pubmed/24161075
https://doi.org/10.1152/ajpendo.1997.273.1.E77
https://doi.org/10.1136/gut.2010.218271
https://www.ncbi.nlm.nih.gov/pubmed/21317170
https://doi.org/10.1016/j.clnu.2019.12.019
https://doi.org/10.1053/j.gastro.2017.11.023
https://www.ncbi.nlm.nih.gov/pubmed/29174926
https://doi.org/10.1016/j.clnu.2008.02.005
https://doi.org/10.1097/MCO.0b013e32829fb38d
https://www.ncbi.nlm.nih.gov/pubmed/17693747
https://doi.org/10.1007/s00726-005-0235-4
https://doi.org/10.1152/ajpendo.1981.241.6.E473
https://doi.org/10.1016/j.clnu.2009.08.010
https://doi.org/10.1177/2050640617737632
https://doi.org/10.1172/JCI7199
https://doi.org/10.1152/ajpendo.00055.2017
https://www.ncbi.nlm.nih.gov/pubmed/28611027
https://www.ncbi.nlm.nih.gov/pubmed/26628794
https://doi.org/10.1210/endo.141.11.7773
https://doi.org/10.1016/S0021-9258(18)42593-8
https://www.ncbi.nlm.nih.gov/pubmed/1560017
https://doi.org/10.1016/j.bbrc.2007.04.070


Nutrients 2023, 15, 4220 25 of 27

59. Kitchen, P.A.; Fitzgerald, A.J.; Goodlad, R.A.; Barley, N.F.; Ghatei, M.A.; Legon, S.; Bloom, S.R.; Price, A.; Walters, J.R.F.; Forbes, A.;
et al. Glucagon-like peptide-2 increases sucrase-isomaltase but not caudal-related homeobox protein-2 gene expression. Am. J.
Physiol. Gastrointest. Liver Physiol. 2000, 278, G425–G428. [CrossRef] [PubMed]

60. Petersen, Y.M.; Elnif, J.; Schmidt, M.; Sangild, P.T. Glucagon-like peptide 2 enhances maltase-glucoamylase and sucrase-isomaltase
gene expression and activity in parenterally fed premature neonatal piglets. Pediatr. Res. 2002, 52, 498–503. [CrossRef]

61. Chen, J.; Williams, S.; Ho, S.; Loraine, H.; Hagan, D.; Whaley, J.M.; Feder, J.N. Quantitative PCR tissue expression profiling of the
human SGLT2 gene and related family members. Diabetes Ther. 2010, 1, 57–92. [CrossRef] [PubMed]

62. Koepsell, H. Glucose transporters in the small intestine in health and disease. Pflugers Arch. 2020, 472, 1207–1248. [CrossRef]
[PubMed]

63. Lehmann, A.; Hornby, P.J. Intestinal SGLT1 in metabolic health and disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 310,
G887–G898. [CrossRef] [PubMed]

64. Brubaker, P.L.; Izzo, A.; Hill, M.; Drucker, D.J. Intestinal function in mice with small bowel growth induced by glucagon-like
peptide-2. Am. J. Physiol. 1997, 272, E1050–E1058. [CrossRef]

65. Cheeseman, C.I. Upregulation of SGLT-1 transport activity in rat jejunum induced by GLP-2 infusion in vivo. Am. J. Physiol. 1997,
273, R1965–R1971. [CrossRef]

66. Kim, H.R.; Park, S.W.; Cho, H.J.; Chae, K.A.; Sung, J.M.; Kim, J.S.; Landowski, C.P.; Sun, D.; El-Aty, A.M.A.; Amidon, G.L.; et al.
Comparative gene expression profiles of intestinal transporters in mice, rats and humans. Pharmacol. Res. 2007, 56, 224–236.
[CrossRef]

67. Kaech, S.M.; Whitfield, C.W.; Kim, S.K. The LIN-2/LIN-7/LIN-10 complex mediates basolateral membrane localization of the
C. elegans EGF receptor LET-23 in vulval epithelial cells. Cell 1998, 94, 761–771. [CrossRef] [PubMed]

68. Lozovatsky, L.; Abayasekara, N.; Piawah, S.; Walther, Z. CASK deletion in intestinal epithelia causes mislocalization of LIN7C
and the DLG1/Scrib polarity complex without affecting cell polarity. Mol. Biol. Cell 2009, 20, 4489–4499. [CrossRef] [PubMed]

69. Grimes, J.; Schaudies, P.; Davis, D.; Williams, C.; Curry, B.J.; Walker, M.D.; Koldovsky, O. Effect of short-term fasting/refeeding on
epidermal growth factor content in the gastrointestinal tract of suckling rats. Proc. Soc. Exp. Biol. Med. 1992, 199, 75–80. [CrossRef]

70. Nelson, D.W.; Murali, S.G.; Liu, X.; Koopmann, M.C.; Holst, J.J.; Ney, D.M. Insulin-like growth factor I and glucagon-like
peptide-2 responses to fasting followed by controlled or ad libitum refeeding in rats. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2008, 294, R1175–R1184. [CrossRef] [PubMed]

71. Bahrami, J.; Yusta, B.; Drucker, D.J. ErbB activity links the glucagon-like peptide-2 receptor to refeeding-induced adaptation in
the murine small bowel. Gastroenterology 2010, 138, 2447–2456. [CrossRef]

72. Gerdes, J.; Lemke, H.; Baisch, H.; Wacker, H.H.; Schwab, U.; Stein, H. Cell cycle analysis of a cell proliferation-associated human
nuclear antigen defined by the monoclonal antibody Ki-67. J. Immunol. 1984, 133, 1710–1715. [CrossRef] [PubMed]

73. Scholzen, T.; Gerdes, J. The Ki-67 protein: From the known and the unknown. J. Cell Physiol. 2000, 182, 311–322. [CrossRef]
74. Drucker, D.J.; Erlich, P.; Asa, S.L.; Brubaker, P.L. Induction of intestinal epithelial proliferation by glucagon-like peptide 2. Proc.

Natl. Acad. Sci. USA 1996, 93, 7911–7916. [CrossRef]
75. Ørskov, C.; Hartmann, B.; Poulsen, S.S.; Thulesen, J.; Hare, K.J.; Holst, J.J. GLP-2 stimulates colonic growth via KGF, released by

subepithelial myofibroblasts with GLP-2 receptors. Regul. Pept. 2005, 124, 105–112. [CrossRef] [PubMed]
76. Falco, E.C.; Lezo, A.; Calvo, P.; Rigazio, C.; Opramolla, A.; Verdun, L.; Cenacchi, G.; Pellegrini, M.; Spada, M.; Canavese, G. Case

Report: Morphologic and Functional Characteristics of Intestinal Mucosa in a Child with Short Bowel Syndrome After Treatment
with Teduglutide: Evidence in Favor of GLP-2 Analog Safety. Front. Nutr. 2022, 9, 866048. [CrossRef] [PubMed]

77. Cheng, W.; Wang, K.; Zhao, Z.; Mao, Q.; Wang, G.; Li, Q.; Fu, Z.; Jiang, Z.; Wang, J.; Li, J. Exosomes-mediated Transfer of
miR-125a/b in Cell-to-cell Communication: A Novel Mechanism of Genetic Exchange in the Intestinal Microenvironment.
Theranostics 2020, 10, 7561–7580. [CrossRef]

78. Zhou, Q.; Toivola, D.M.; Feng, N.; Greenberg, H.B.; Franke, W.W.; Omary, M.B. Keratin 20 helps maintain intermediate filament
organization in intestinal epithelia. Mol. Biol. Cell 2003, 14, 2959–2971. [CrossRef] [PubMed]

79. Bayrak, R.; Haltas, H.; Yenidunya, S. The value of CDX2 and cytokeratins 7 and 20 expression in differentiating colorectal
adenocarcinomas from extraintestinal gastrointestinal adenocarcinomas: Cytokeratin 7-/20+ phenotype is more specific than
CDX2 antibody. Diagn. Pathol. 2012, 7, 9. [CrossRef]

80. Chan, C.W.M.; Wong, N.A.; Liu, Y.; Bicknell, D.; Turley, H.; Hollins, L.; Miller, C.J.; Wilding, J.L.; Bodmer, W.F. Gastrointestinal
differentiation marker Cytokeratin 20 is regulated by homeobox gene CDX1. Proc. Natl. Acad. Sci. USA 2009, 106, 1936–1941.
[CrossRef] [PubMed]

81. Chen, Z.M.; Wang, H.L. Alteration of cytokeratin 7 and cytokeratin 20 expression profile is uniquely associated with tumorigenesis
of primary adenocarcinoma of the small intestine. Am. J. Surg. Pathol. 2004, 28, 1352–1359. [CrossRef]

82. Moll, R.; Franke, W.W.; Schiller, D.L.; Geiger, B.; Krepler, R. The catalog of human cytokeratins: Patterns of expression in normal
epithelia, tumors and cultured cells. Cell 1982, 31, 11–24. [CrossRef]

83. Moll, R.; Schiller, D.L.; Franke, W.W. Identification of protein IT of the intestinal cytoskeleton as a novel type I cytokeratin with
unusual properties and expression patterns. J. Cell Biol. 1990, 111, 567–580. [CrossRef] [PubMed]

84. Reiner, J.; Berlin, P.; Wobar, J.; Schäffler, H.; Bannert, K.; Bastian, M.; Vollmar, B.; Jaster, R.; Lamprecht, G.; Witte, M. Teduglutide
Promotes Epithelial Tight Junction Pore Function in Murine Short Bowel Syndrome to Alleviate Intestinal Insufficiency. Dig. Dis.
Sci. 2020, 65, 3521–3537. [CrossRef]

https://doi.org/10.1152/ajpgi.2000.278.3.G425
https://www.ncbi.nlm.nih.gov/pubmed/10712262
https://doi.org/10.1203/00006450-200210000-00007
https://doi.org/10.1007/s13300-010-0006-4
https://www.ncbi.nlm.nih.gov/pubmed/22127746
https://doi.org/10.1007/s00424-020-02439-5
https://www.ncbi.nlm.nih.gov/pubmed/32829466
https://doi.org/10.1152/ajpgi.00068.2016
https://www.ncbi.nlm.nih.gov/pubmed/27012770
https://doi.org/10.1152/ajpendo.1997.272.6.E1050
https://doi.org/10.1152/ajpregu.1997.273.6.R1965
https://doi.org/10.1016/j.phrs.2007.06.005
https://doi.org/10.1016/S0092-8674(00)81735-3
https://www.ncbi.nlm.nih.gov/pubmed/9753323
https://doi.org/10.1091/mbc.e09-04-0280
https://www.ncbi.nlm.nih.gov/pubmed/19726564
https://doi.org/10.3181/00379727-199-43332
https://doi.org/10.1152/ajpregu.00238.2007
https://www.ncbi.nlm.nih.gov/pubmed/18256135
https://doi.org/10.1053/j.gastro.2010.03.006
https://doi.org/10.4049/jimmunol.133.4.1710
https://www.ncbi.nlm.nih.gov/pubmed/6206131
https://doi.org/10.1002/(SICI)1097-4652(200003)182:3%3C311::AID-JCP1%3E3.0.CO;2-9
https://doi.org/10.1073/pnas.93.15.7911
https://doi.org/10.1016/j.regpep.2004.07.009
https://www.ncbi.nlm.nih.gov/pubmed/15544847
https://doi.org/10.3389/fnut.2022.866048
https://www.ncbi.nlm.nih.gov/pubmed/35811959
https://doi.org/10.7150/thno.41802
https://doi.org/10.1091/mbc.e03-02-0059
https://www.ncbi.nlm.nih.gov/pubmed/12857878
https://doi.org/10.1186/1746-1596-7-9
https://doi.org/10.1073/pnas.0812904106
https://www.ncbi.nlm.nih.gov/pubmed/19188603
https://doi.org/10.1097/01.pas.0000135520.72965.50
https://doi.org/10.1016/0092-8674(82)90400-7
https://doi.org/10.1083/jcb.111.2.567
https://www.ncbi.nlm.nih.gov/pubmed/1696264
https://doi.org/10.1007/s10620-020-06140-6


Nutrients 2023, 15, 4220 26 of 27

85. Camilleri, M.; Madsen, K.; Spiller, R.; Van Meerveld, B.G.; Verne, G.N. Intestinal barrier function in health and gastrointestinal
disease. Neurogastroenterol. Motil. 2012, 24, 503–512. [CrossRef]

86. Schoultz, I.; Keita, A.V. The Intestinal Barrier and Current Techniques for the Assessment of Gut Permeability. Cells 2020, 9, 1909.
[CrossRef]

87. Bischoff, S.C.; Barbara, G.; Buurman, W.; Ockhuizen, T.; Schulzke, J.-D.; Serino, M.; Tilg, H.; Watson, A.; Wells, J.M.; Pihlsgård, M.;
et al. Intestinal permeability—A new target for disease prevention and therapy. BMC Gastroenterol. 2014, 14, 189. [CrossRef]

88. Fischer, A.; Gluth, M.; Pape, U.-F.; Wiedenmann, B.; Theuring, F.; Baumgart, D.C. Adalimumab prevents barrier dysfunction and
antagonizes distinct effects of TNF-α on tight junction proteins and signaling pathways in intestinal epithelial cells. Am. J. Physiol.
Gastrointest. Liver Physiol. 2013, 304, G970–G979. [CrossRef] [PubMed]

89. Fischer, A.; Gluth, M.; Weege, F.; Pape, U.-F.; Wiedenmann, B.; Baumgart, D.C.; Theuring, F. Glucocorticoids regulate barrier
function and claudin expression in intestinal epithelial cells via MKP-1. Am. J. Physiol. Gastrointest. Liver Physiol. 2014, 306,
G218–G228. [CrossRef]

90. Schulzke, J.-D.; Fromm, M.; Bentzel, C.J.; Zeitz, M.; Menge, H.; Riecken, E.-O. Ion transport in the experimental short bowel
syndrome of the rat. Gastroenterology 1992, 102, 497–504. [CrossRef]

91. Schulzke, J.; Fromm, M.; Hippel, C.V.; Sandforth, F.; Menge, H.; Bentzel, C.; Riecken, E. Adaptation of epithelial ion transport in
the short bowel syndrome. Digestion 1990, 46 (Suppl. S2), 467–471. [CrossRef] [PubMed]

92. Srinivasan, B.; Kolli, A.R.; Esch, M.B.; Abaci, H.E.; Shuler, M.L.; Hickman, J.J. TEER measurement techniques for in vitro barrier
model systems. J. Lab. Autom. 2015, 20, 107–126. [CrossRef]

93. Brown, D.R.; O’Grady, S.M. The Ussing chamber and measurement of drug actions on mucosal ion transport. Curr. Protoc.
Pharmacol. 2008, 7, 12. [CrossRef] [PubMed]

94. Galipeau, H.J.; Verdu, E.F. The complex task of measuring intestinal permeability in basic and clinical science. Neurogastroenterol.
Motil. 2016, 28, 957–965. [CrossRef] [PubMed]

95. Fromm, M.; Krug, S.M.; Zeissig, S.; Richter, J.F.; Rosenthal, R.; Schulzke, J.-D.; Günzel, D. High-resolution analysis of barrier
function. Ann. N. Y. Acad. Sci. 2009, 1165, 74–81. [CrossRef]

96. Krug, S.M.; Schulzke, J.D.; Fromm, M. Tight junction, selective permeability, and related diseases. Semin. Cell Dev. Biol. 2014, 36,
166–176. [CrossRef]

97. Awad, K.; Barmeyer, C.; Bojarski, C.; Nagel, O.; Lee, I.-F.M.; Schweiger, M.R.; Schulzke, J.-D.; Bücker, R. Impaired Intestinal
Permeability of Tricellular Tight Junctions in Patients with Irritable Bowel Syndrome with Mixed Bowel Habits (IBS-M). Cells
2023, 12, 236. [CrossRef] [PubMed]

98. González-González, M.; Díaz-Zepeda, C.; Eyzaguirre-Velásquez, J.; González-Arancibia, C.; Bravo, J.A.; Julio-Pieper, M. Investi-
gating Gut Permeability in Animal Models of Disease. Front. Physiol. 2018, 9, 1962. [CrossRef]

99. Khoshbin, K.; Khanna, L.; Maselli, D.; Atieh, J.; Breen-Lyles, M.; Arndt, K.; Rhoten, D.; Dyer, R.B.; Singh, R.J.; Nayar, S.; et al.
Development and Validation of Test for “Leaky Gut” Small Intestinal and Colonic Permeability Using Sugars in Healthy Adults.
Gastroenterology 2021, 161, 463–475.e13. [CrossRef]

100. Meddings, J.B. Review article: Intestinal permeability in Crohn’s disease. Aliment. Pharmacol. Ther. 1997, 11 (Suppl. S3), 47–53;
discussion 53–56. [CrossRef] [PubMed]

101. Buhner, S.; Buning, C.; Genschel, J.; Kling, K.; Herrmann, D.; Dignass, A.; Kuechler, I.; Krueger, S.; Schmidt, H.H.-J.; Lochs, H.
Genetic basis for increased intestinal permeability in families with Crohn’s disease: Role of CARD15 3020insC mutation? Gut
2006, 55, 342–347. [CrossRef]

102. Büning, C.; Geissler, N.; Prager, M.; Sturm, A.; Baumgart, D.C.; Büttner, J.; Bühner, S.; Haas, V.; Lochs, H. Increased small intestinal
permeability in ulcerative colitis: Rather genetic than environmental and a risk factor for extensive disease? Inflamm. Bowel Dis.
2012, 18, 1932–1939. [CrossRef]

103. Bijlsma, P.B.; Peeters, R.A.; Groot, J.A.; Dekker, P.R.; Taminiau, J.A.; Van Der Meer, R. Differential in vivo and in vitro intestinal
permeability to lactulose and mannitol in animals and humans: A hypothesis. Gastroenterology 1995, 108, 687–696. [CrossRef]

104. Delahunty, T.; Hollander, D. A comparison of intestinal permeability between humans and three common laboratory animals.
Comp. Biochem. Physiol. Part A Physiol. 1987, 86, 565–567. [CrossRef]

105. Hallbäck, D.-A.; Hultén, L.; Jodal, M.; Lindhagen, J.; Lundgren, O. Evidence for the existence of a countercurrent exchanger in the
small intestine in man. Gastroenterology 1978, 74, 683–690. [CrossRef] [PubMed]

106. Hallback, D.A.; Jodal, M.; Mannischeff, M.; Lundgren, O. Tissue osmolality in intestinal villi of four mammals in vivo and in vitro.
Acta Physiol. Scand. 1991, 143, 271–277. [CrossRef]

107. Prager, M.; Büttner, J.; Grunert, P.; Ellinghaus, D.; Büning, C. A Promoter Variant Within the Aryl Hydrocarbon Receptor Gene Is
Associated with an Epithelial Barrier Defect in Smokers with Crohn’s Disease. Inflamm. Bowel Dis. 2016, 22, 2356–2368. [CrossRef]
[PubMed]

108. Bjarnason, I. Intestinal permeability. Gut 1994, 35 (Suppl. S1), S18–S22. [CrossRef]
109. Prager, M.; Büttner, J.; Haas, V.; Baumgart, D.C.; Sturm, A.; Zeitz, M.; Büning, C. The JAK2 variant rs10758669 in Crohn’s disease:

Altering the intestinal barrier as one mechanism of action. Int. J. Color. Dis. 2012, 27, 565–573. [CrossRef]
110. Iturrino, J.; Camilleri, M.; Acosta, A.; O’neill, J.; Burton, D.; Varayil, J.E.; Carlson, P.J.; Zinsmeister, A.R.; Hurt, R. Acute Effects of a

Glucagon-Like Peptide 2 Analogue, Teduglutide, on Gastrointestinal Motor Function and Permeability in Adult Patients with
Short Bowel Syndrome on Home Parenteral Nutrition. JPEN J. Parenter. Enter. Nutr. 2016, 40, 1089–1095. [CrossRef] [PubMed]

https://doi.org/10.1111/j.1365-2982.2012.01921.x
https://doi.org/10.3390/cells9081909
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1152/ajpgi.00183.2012
https://www.ncbi.nlm.nih.gov/pubmed/23538493
https://doi.org/10.1152/ajpgi.00095.2013
https://doi.org/10.1016/0016-5085(92)90096-H
https://doi.org/10.1159/000200425
https://www.ncbi.nlm.nih.gov/pubmed/2262074
https://doi.org/10.1177/2211068214561025
https://doi.org/10.1002/0471141755.ph0712s41
https://www.ncbi.nlm.nih.gov/pubmed/22294233
https://doi.org/10.1111/nmo.12871
https://www.ncbi.nlm.nih.gov/pubmed/27339216
https://doi.org/10.1111/j.1749-6632.2009.04047.x
https://doi.org/10.1016/j.semcdb.2014.09.002
https://doi.org/10.3390/cells12020236
https://www.ncbi.nlm.nih.gov/pubmed/36672170
https://doi.org/10.3389/fphys.2018.01962
https://doi.org/10.1053/j.gastro.2021.04.020
https://doi.org/10.1111/j.1365-2036.1997.tb00808.x
https://www.ncbi.nlm.nih.gov/pubmed/9467978
https://doi.org/10.1136/gut.2005.065557
https://doi.org/10.1002/ibd.22909
https://doi.org/10.1016/0016-5085(95)90440-9
https://doi.org/10.1016/0300-9629(87)90542-1
https://doi.org/10.1016/0016-5085(78)90244-5
https://www.ncbi.nlm.nih.gov/pubmed/631505
https://doi.org/10.1111/j.1748-1716.1991.tb09232.x
https://doi.org/10.1097/MIB.0000000000000910
https://www.ncbi.nlm.nih.gov/pubmed/27598741
https://doi.org/10.1136/gut.35.1_Suppl.S18
https://doi.org/10.1007/s00384-011-1345-y
https://doi.org/10.1177/0148607115597644
https://www.ncbi.nlm.nih.gov/pubmed/26223941


Nutrients 2023, 15, 4220 27 of 27

111. Sigalet, D.L.; Martin, G.R.; Poole, A. Differential sugar absorption as a marker for adaptation in short bowel syndrome. J. Pediatr.
Surg. 2000, 35, 661–664. [CrossRef]

112. Hadjiyanni, I.; Li, K.K.; Drucker, D.J. Glucagon-like peptide-2 reduces intestinal permeability but does not modify the onset of
type 1 diabetes in the nonobese diabetic mouse. Endocrinology 2009, 150, 592–599. [CrossRef]

113. Kouris, G.J.; Liu, Q.; Rossi, H.; Djuricin, G.; Gattuso, P.; Nathan, C.; A Weinstein, R.; A Prinz, R. The effect of glucagon-like
peptide 2 on intestinal permeability and bacterial translocation in acute necrotizing pancreatitis. Am. J. Surg. 2001, 181, 571–575.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1053/jpsu.2000.5937
https://doi.org/10.1210/en.2008-1228
https://doi.org/10.1016/S0002-9610(01)00635-3
https://www.ncbi.nlm.nih.gov/pubmed/11513789

	Introduction 
	Materials and Methods 
	Study Individuals 
	Citrulline Concentrations 
	Sequence Analysis of GLP-2 Receptor Gene 
	RNA Extraction, cDNA Synthesis, and Real-Time qRT-PCR 
	Immunohistochemistry 
	Intestinal Permeability Measuring 
	Statistical Analysis 

	Results 
	Study Cohort 
	Parenteral Support 
	Citrulline 
	Sequence Analysis of GLP-2 Receptor Gene 
	qPCR Expression Profiles of Tight Junction Genes and Epithelial Markers 
	Immunohistochemistry 
	Intestinal Permeability Testing 
	Intestinal Permeability in Short Bowel Syndrome 
	Linear Regression of Intestinal Permeability Testing with Remaining Small Bowel Length 
	Intestinal Permeability Testing and Treatment with Teduglutide 
	Correlation of Intestinal Permeability Testing and Parenteral Support 


	Discussion 
	Summary of Results 
	Parenteral Support as a Clinical Surrogate for Small Intestinal Function 
	Citrulline as a Biomarker 
	GLP-2 Receptor Gene Analysis 
	Gene Expression Analysis of Multiple Epithelial Small Intestinal Genes 
	Functional Assessment of Intestinal Barrier by Intestinal Permeability Testing 
	Limitations of the Studies 

	Conclusions 
	References

