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Abstract
Background and aims: Intestinal adaptation in short bowel syndrome (SBS) includes 
morphologic processes and functional mechanisms. This study investigated whether 
digestive enzyme expression in the duodenum and colon is upregulated in SBS pa-
tients. Method: Sucrase-isomaltase (SI), lactase-phlorizin hydrolase (LPH), and neu-
tral Aminopeptidase N (ApN) were analyzed in duodenal and colonic biopsies from 
nine SBS patients in a late stage of adaptation as well as healthy and disease con-
trols by immunoelectron microscopy (IEM), Western blots, and enzyme activities. 
Furthermore, proliferation rates and intestinal microbiota were analyzed in the mu-
cosal specimen. Results: We found significantly increased amounts of SI, LPH, and 
ApN in colonocytes in most SBS patients with large variation and strongest effect for 
SI and ApN. Digestive enzyme expression was only partially elevated in duodenal 
enterocytes due to a low proliferation level measured by Ki-67 staining. Microbiome 
analysis revealed high amounts of Lactobacillus resp. low amounts of Proteobacteria 
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1 |  INTRODUCTION

Clinical observations, animal studies, and in vitro experi-
ments have shown that various adaptation processes in the 
remnant bowel of patients with short bowel syndrome (SBS) 
compensate for the reduction of absorption.1

Morphological processes such as small bowel growth in 
length and diameter, increase of the total enterocyte num-
ber/crypt and villous surface area as well as functional 
changes, which include increase of glucose absorption, rep-
licative enzymes, carrier proteins, digestive enzymes such 
sucrase-isomaltase (SI), maltase-glucoamylase (MGAM), 
lactase-phloizin hydrolase (LPH), aminopeptidase N (ApN), 
and decrease of intestinal permeability, improve intestinal 
function of the short bowel.2-10 The digestive activity of di-
saccharidases is stimulated by enteral nutrients as well as the 
proliferative effect of glucagon-like peptide 2 (GLP-2) and 
epidermal growth factor (EGF).11,12 The adaptation depends 
on several factors i.a. enteral nutrients, the length and type of 
the remnant bowel, and the presence of the ileocecal valve. 
Colonic preservation reduces the need for parenteral nutri-
tion (PN).13 If an anastomosis between jejunum and colon 
has been performed, the fraction of patients needing PN is 
much lower as in patients with an end-jejunostomy.14

The remnant colon is involved in intestinal adaptation, 
which includes the adoption of small bowel features, which is 
called intestinalization. Beneath morphological changes like 
increasing mucosal length, weight, thickness, surface and 
levels of protein, DNA, RNA functional changes concerning 
expression of proteins linked to energy metabolism, oligo-
peptide transporter PepT1, and Na+/H+ exchanger have been 
described in the colon following small bowel resection.15-19 
Ursodeoxycholic acid increased SI activity significantly in a 
cat model of SBS.20 It has also been suggested that intestinal 
microbiota modulate colonic epithelium renewal.21,22 Recent 
studies demonstrate that the fecal microbiome of SBS pa-
tients affect their outcome.23-26

Prenatally digestive enzymes are expressed in the colon, 
whose proximal part is a derivative of the midgut.27 After 
8 weeks of pregnancy a simple tube develops into an early gut; 
enzymes like SI, alkaline phosphatase, Dipeptidylpeptidase 

4 (DPPIV), and ApN can be measured and a villous struc-
ture builds up.28 Until the 30th week of pregnancy the colon 
shows a low but stable expression of SI and LPH.28,29 After 
birth those enzymes can only be found at the brush border 
membrane of small intestine, except in human colon can-
cer.30 While the regulation of LPH as well as SI is primarily 
transcriptional, LPH activity is genetically determined and 
independent of luminal lactose administration in contrast to 
SI, which can be upregulated by dietary sucrose increasing 
the amount of active enzyme per cell.31 Most studies on di-
gestive enzymes in short bowel syndrome were performed 
in animal models of early stages of intestinal adaptation. 
Therefore, a translational research approach has been chosen 
for a better understanding of the functional state of the intes-
tinal epithelium in order to improve our therapeutic options 
in SBS.

In the experiments reported here the protein expression 
levels of SI, LPH, ApN, and DPPIV were assessed as protein 
amounts (Western blots, IEM) as well as enzyme activities in 
duodenal and colonic tissue together with the replication rate 
(Ki-67) and the intestinal microbiota in a cohort of children 
with SBS in a late stage of adaption. The use of immunoelec-
tron microscopy (IEM) allowed the determination of diges-
tive enzyme concentration in the apical membrane of single 
enterocytes. Our results show an (ontogenetic) upregulation 
of disaccharidases and peptidases not only in the small intes-
tine but also in the colon although the latter revealed strong 
interindividual variations most likely depending on the mu-
cosal pathology and microbiome.

2 |  MATERIALS AND METHODS

2.1 | Patients

Eleven biopsy specimens were taken endoscopically from the 
duodenum and the colon (at least from its proximal part) of 
nine children suffering from SBS from July 2009 to November 
2010; patient 2 and 3 were re-examined after half a year (2b), 
respectively, 1.5 years (3b). Indications for endoscopy included 
symptoms of bacterial overgrowth, chronic diarrhea, evaluation 

in SBS patients with preservation of colon and ileocecal valve. Colonic expression 
was associated with a better clinical course in single cases. Conclusion: In SBS pa-
tients disaccharidases and peptidases can be upregulated in the colon. Stimulation of 
this colonic intestinalization process by drugs, nutrients, and pre- or probiotics might 
offer better therapeutic approaches.
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for GI bleeding, and suspicion of peptic disease. In addition, 
four children underwent endoscopy because of Crohn's disease 
(CD) and five children because of abdominal pain; the latter 
showed no mucosal pathology and were taken as healthy con-
trol patients (HC). The biopsies were examined for histological 
criteria of inflammation. The study was approved by the ethics 
committee of the Justus-Liebig-University Giessen (reference 
number 113/10); written informed consent was obtained from 
the parents of all participants.

For each bowel side one biopsy was immediately fixed in 
paraformaldehyde (PFA) for IEM, another one frozen in liq-
uid nitrogen each for determination of disaccharidase activity 
and if available for performing a Western blot.

2.2 | Immunoelectron microscopy

After fixation in 5% paraformaldehyde in 50 mM HEPES and 
cryoprotection by polyvinylpyrolidone and sucrose, tissue 
specimens were frozen in liquid nitrogen. Sectioning and la-
belling were carried out using an ultracryomicrotome (Leica 
EM UC6 Ultracut, Leica, Bensheim, Germany) at –100°C. 
Ultrathin sections (55  nm) were blocked with cold water 
fish gelatine (Aurion, Wageningen, The Netherlands) incu-
bated with primary antibodies for 45  minutes as described 
before.32 For detection of ApN a monoclonal mouse antibody 
(Chemicon, Hofheim, Germany) was used in a dilution of 
1:10. LPH and sucrase were labelled with mouse monoclonal 
antibodies kindly provided by B. Nichols (Baylor College of 
Medicine, Houston, Texas); Mlac 2 and Mlac 10 were diluted 
to 1:640 and 1:160 and pooled (1:1) before incubation; the 
sucrase antibody was used in a concentration of 1:1000. The 
antibody toward DPPIV was a monoclonal mouse antibody 
derived from the hybridoma cell line HBB3/153 and applied 
at a dilution of 1:10.

For Ki67 a Clin MIB-1 antibody (monoclonal mouse, 
Dako) was diluted 1:10 and secondary antibody Alexa Fluor 
488 Goat-a-Mouse (Life Technologies) was diluted 1:200.

Sections were then incubated with a goat-anti-mouse an-
tibody bound to 12  nm immunogold (Dianova, Hamburg, 
Germany) for 45 minutes. After contrasting in uranyl acetate 
and embedding in 2% methylcellulose containing 0.4% ura-
nyl acetate the sections were examined using a Philips 400 
electron microscope (Philipps, Eindhoven, The Netherlands). 
All pictures were taken in a 17 700× magnification.

2.3 | Quantitation of antibody binding on 
electron microscopical level

The number of enterocytes per patient and bowel side, which 
showed labelling of sucrase, LPH, and ApN at the apical 
membrane, was counted per 100 enterocytes. In addition, a 

total of about 300 µm of apical membrane from enterocytes 
for each patient, enzyme, and bowel side (LPH, sucrase, and 
ApN in the duodenum; and colon and DPPIV in the colon) 
were used to determine labelling density as number of gold 
particles (gp) per µm apical membrane. For this randomized 
electron microscopical pictures were taken at a magnification 
of ×17 700. Positive labelling was defined as 5 or more gold 
particles per cell and 1.5 gold particles or more per µm. The 
evaluation of label per membrane length was done by point 
counting described by Griffiths.33 Briefly, the cells were 
overlayed with a grid holding a 1 µm distance between the 
square lines. The intersections with the apical membrane as 
well as the number of gold particles on the apical membrane 
were counted. The number of gold particles per membrane 
length was then calculated by the formula: number of gold 
particles divided by (π/4 × number of intersections × 1 µm). 
Results are expressed as medians with ranges. Statistical 
evaluation between groups (SBS patients, Crohn's disease 
patients and healthy control patients) was performed by the 
Mann-Whitney U test.

2.4 | Determination of enzyme activity with 
photometric emission measurement

Frozen tissue (1  mg) was homogenized on ice in 99  µL 
0.12  M potassium chloride solution. Activity of LPH, iso-
maltase, sucrase, and maltase in the specimen were meas-
ured utilizing the substrates lactose, isomaltose, sucrose, and 
maltose, respectively, in a concentration of 0.056  M. The 
amount of glucose released was determined using the Gluco-
Quant-Kit (Roche-Hitachi, Mannheim, Germany) following 
the manufacturer's instructions. Results are expressed as me-
dians with ranges.

2.5 | Western blotting

Western blot analysis was performed for sucrase, isomaltase, 
and LPH using Triton X-100 detergent extracts of the duode-
nal and colonic biopsies and the antibodies described above. 
The secondary antibody employed sheep anti-mouse IgG 
linked to peroxidase (Amersham Biosciences). The detection 
was performed with a Super Signal ELISA Femto kit (Pierce, 
PERBIO).

2.6 | Microbiome analysis

16S rDNA sequencing for microbiome profiling was per-
formed in paraformaldehyde fixed biopsies from the colon of 
eight patients using the Nextera XT kit and the MiSeq Soap 
(Mothur vs 1.36.1) as described in the electronic supplement.
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3 |  RESULTS

3.1 | Patient characteristics

At the time of biopsy, the patients in the CD group (three 
boys, one girl) were 14.2  ±  3.3  years old. HC individuals 
(two boys, three girls) were 10.8 ± 2.2 years old.

The mean age of the SBS patients (5 boys, 4 girls) at the 
time of biopsy was 4.6  ±  2.6  years (SD) corresponding in 
most cases to a neonatal origin of bowel resection, that is, 
to a late stage of intestinal adaptation. Five of the SBS pa-
tients were able to be weaned from PN in the follow-up. In 
the course of 6.5 to 8  years one patient died, two patients 
grew satisfying, three sufficiently and the other three patients 
insufficiently. Details of surgical procedures (Bianchi or 
STEP), anatomic conditions (bowel length or dilatation, pres-
ervation of ileocecal valve), underlying diseases, involvement 

of SBBO, histological detection of mucosal inflammation, 
complications (septicaemia, GI bleeding, liver failure i.a.) 
and extent of enteral nutrition are summarized for the follow 
up in the püatient data table (Figure S2).

3.2 | Significant amounts of disaccharidases  
and ApN in the colon epithelium of 
SBS patients

Immunoelectron microscopy detection of brush border en-
zymes showed a distinct labelling for ApN, LPH, and sucrase 
on the apical membrane of colon enterocytes from most of SBS 
biopsies (Figures 1A, 2A, and 3A), which was not found in HC 
for LPH and sucrase (Figures 1B and 2B) and only in weak 
amounts for ApN (Figure 3B). While the colonic labelling for 
LPH and sucrase was weaker than in duodenal enterocytes of 

F I G U R E  1  Immunoelectron microscopical labelling of lactase (LPH) in SBS (A) and HC (B) colon. Lactase labelling density was increased 
in SBS duodenum compared to CD and HC (C), while it was lowered in duodenum and colon of CD and HC (C, D). The labelling for lactase is 
more than 5 times as high in the duodenum of SBS as in the HC group and more than 19 times in CD patients (C) (SBS 5.9; range: 1.4-10.6, CD 
0.3; range: 0.1-2.3, HC 1.0; range: 0-2.4 gp/μm). Labelling densities in the colon showed no significant difference between SBS and CD or HC 
(SBS 0.1; range: 0-0.4, HC 0.1; range: 0-0.6 gp/μm), but a lower density in CD compared to HC. For lactase there was in increase of labelled 
enterocytes between SBS and CD in duodenum (SBS 92.5%; range: 20.2-97.0% vs CD 15.6%; range: 0-33.1%) as well as in colon (SBS 2.4%; 
range: 0-28.0%, HC 1.5%; range: 0-39.0%) ***P < .001 **P < .01 *P < .05. Scale = 0.5 μm
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SBS patients, ApN staining in colonocytes of these samples 
was comparable to that in the duodenum. The labelling of LPH 
was less intense than for sucrase in SBS colon.

Labelling densities on the apical membrane of colono-
cytes were three times higher for ApN in SBS than in HC 
(Figure 3D), for SI, which was significantly increased com-
pared to HC (Figure 2D) and for LPH, which was the lowest 
from the three enzymes analyzed (Figure 1D). In the colon 
of CD patients there was no distinct labelling for any of the 
enzymes marked, which suggests downregulation compared 
to HC (Figures 1D, 2D, and 3D). The variability of the la-
belling density was striking with maximal values of sucrase 
for patient 3 (7.3 gp/µm), patient 7 (1.4 gp/µm), and patient 1 
(1.2 gp/µm) and of LPH for patient 1 (0.4 gp/µm) and patient 
6 (0.2 gp/µm). Patient 3 was also characterized by the highest 
amount of DPPIV on the apical membrane of colonocytes 
from SBS patients: 0.5 gp/µm with a median labelling density 

of 0 (range: 0-0.5) gp/µm (Figure 4A); the labelling density 
for DPPIV in the duodenum of patient 3 was 0.3 gp/µm.  
We also found a significant labelling for MGAM in patient 
3 (Figure 4B) in contrast to the other SBS patients with a  
labelling density of 3.0 gp/µm in the duodenum and 0.7 gp/µm  
in the colon.

In the colon the percentage of labelled enterocytes was 
much lower in comparison to the duodenum (except for ApN) 
(Figures 1C, 2C, and 3C), but SBS patients showed tenta-
tively more of them at least for sucrase and ApN compared to 
HC (Figures 2D and 3D). The number of colonocytes posi-
tive for ApN was significantly higher in SBS than in CD pa-
tients (Figure 3D); for LPH there was no difference between 
SBS and HC in the percentage of colonocytes with positive 
labelling (Figure 1D).

In the colonic specimen of seven SBS patients, there was 
significant disaccharidase activity which was lower than in 

F I G U R E  2  Immunoelectron microscopical labelling of sucrase in SBS (A) and HC (B) colon. Sucrase labelling densities were enhanced in 
SBS duodenum and colon vs CD and HC duodenum and colon (C, D) with an increase of labelled cells in duodenum vs CD (C). Sucrase labelling is 
more than five times higher in the duodenum of SBS than of CD (SBS 8.2; range: 7.3-21.2, CD 1.4; range: 0.1-4.0, HC 2.7; range: 0.5-6.3 gp/μm)  
and more than four times in the colon of SBS than of HC (SBS 0.9; range: 0-7.3, HC 0; range: 0-0.3 gp/μm). The percentage of colonocytes 
labelled with sucrase in SBS patients was 16.7% (range: 0 - 90.4%), whereas HC individuals had 1.5% (range: 0-3.4%) and CD patients none. 
***P < .001 **P < .01 *P < .05. Scale = 0.5 μm
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the duodenum (Figure 5). The highest enzyme activities were 
obtained in the colon of patient 2 (LPH 5, maltase 22, su-
crase 5, and isomaltase 9 IU/g), patient 5 (LPH 4, maltase 30, 
sucrase 8, and isomaltase 12 IU/g), and patient 6 (LPH 14, 
maltase 24, sucrase 11, and isomaltase 12 IU/g).

Among the SBS patients Western blotting confirmed the 
presence of isomaltase or sucrase in colonic biopsies from 
two of five patients by faint but significant bands. The pa-
tient who died 5 years after taking his biopsies did not show 
a band for isomaltase nor lactase (Figure 6A). In patient 4 
the bands for isomaltase and sucrase were only present in 
the sigma, but not in the proximal colon and in patient 2 
(Figure 6B) these bands were present in the proximal as well 
as sigma specimen. We found a band for LPH in colonic 
biopsy obtained from one of four SBS patients (patient 4 

showing a corresponding band in the sigma as well as in the 
proximal colon).

The colonic values of IEM for sucrase and MGAM but not 
for LPH were highest in SBS patient 3 (Figures 2, 4, and 5, no 
material for Western blotting left); this patient showed also a 
high value for DPPIV within the colon (Figure 4) indicating a 
relative strong expression of brush border enzymes within the 
colon possibly on the basis of adult hypolactasia. Colonic bi-
opsies of patient 6 showed low labelling densities for sucrase, 
LPH, and ApN with a lacking band for isomaltase and LPH 
in Western blotting and a medium range of colonic isomal-
tase, sucrase, and LPH activities (Figure 6A). The bands in 
the Western blot for sucrase (and isomaltase) obtained from 
the colon descendens and sigma of patient 2 could be repro-
duced by enzyme activities and IEM (Figure 6B).

F I G U R E  3  Immunoelectron microscopical labelling of Aminopeptidase N (ApN) in SBS (A) and HC (B) colon. ApN was upregulated in 
SBS duodenum and colon (C, D). There are more than twice as many gold particles per μm (gp/μm) for ApN in the duodenum of SBS as there 
are in the CD or in the HC group (SBS 4.4; range: 1.8-6.6, CD 1.7; range: 0.4-2.0, HC 1.6; range: 0.8-2.3 gp/μm). Labelling densities in the colon 
revealed higher values for SBS compared to HC (SBS 4.7; range: 0.1-8.9, HC 1.3; range: 0.8-2.1 gp/μm). The number of colonocytes positive for 
ApN was significantly higher in SBS than in CD patients (SBS 65.1%; range: 0.8-95.0%, CD 0%; range: 0-13.3%, HC 25.0% (range: 13.8-74.1%). 
***P < .001 **P < .01 *P < .05. Scale = 0.5 µm
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3.3 | Partial increase of disaccharidases and 
ApN in the duodenal epithelium of 
SBS patients

Evaluating the antibody labelling by IEM we found a strong 
labelling for LPH (Figure 1A), sucrase (Figure 2A), and ApN 
(Figure 3A) on the apical membrane of duodenal entero-
cytes from SBS patients in contrast to disease and healthy  
(Figures 1B, 2B, and 3B) controls.

Quantitation of labelling density on the apical mem-
brane of enterocytes revealed that the labelling for LPH is 
more than 5 times as high in the SBS as in the HC group 
and more than 19 times in CD patients (Figure 1). Sucrase 
labelling is more than five times higher in SBS than in CD 
and more than four times in SBS than in HC (Figure 2).  
There are more than twice as many gold particles per 
µm for ApN as there are in the CD or in the HC group  
(Figure 3).

Determining the percentage of labelled duodenal entero-
cytes, which also indicates to the expression level of the brush 
border enzymes, we found 80.2% positive cells for ApN in 
SBS, whereas in CD there were only 70.9% and in HC 71.3% 
(Figure 3C). In SBS the LPH containing cells made up for 
92.5% whereas in CD there were only 15.6% and in HC there 
were 31.1% (Figure 1C). The percentage of positive cells 
for sucrase was almost twice as high in SBS (95.0%) than 
in CD (34.1%); in HC the value was almost as high as in the 

SBS patients (70.4%) (Figure 2C). There was a significant 
decrease of LPH and sucrase in CD in comparison to SBS 
(Figures 1C and 2C).

The disaccharidase activities in duodenal biopsies of eight 
SBS patients indicated a lower or medium enzymatic activity 
compared to HC; only patient 2 showed an increased activity 
for MGAM, isomaltase, and SI (Figure 5).

Duodenal biopsies for Western blotting were available 
from five SBS patients for isomaltase, and sucrase, and four 
SBS patients for LPH detection. The analysis revealed clear 
protein bands corresponding to sucrase, isomaltase, and LPH 
in the duodenum and terminal ileum of all patients, albeit 
to varying expression levels. The highest expression levels 
for sucrase or isomaltase were found in patient 4 followed by  
patient 2 (Figure 6B) and the weakest in patients 5 and 6 
(Figure 6A). The protein expression pattern varied also 
when LPH was analyzed with LPH expressed at high levels 
in patients 7 and 2 (Figure 6B) and low levels in patient 5. 
Additional biopsies from the residual small bowel (jejunum 
from patient 4, 5, and 6 or ileum from patient 2) showed equal 
or even stronger bands for disaccharidases compared to a HC 
duodenal biopsy (Figure 6A,B).

The results of Western blotting, enzyme activity, and IEM 
do not correlate completely within the duodenal mucosa. 
Patient 2, for example, showed very high values for sucrase, 
LPH, and ApN measured by IEM, while on the enzyme ac-
tivity level isomaltase, sucrase, and LPH were lower and on 

F I G U R E  4  Detection of DPPIV and MGAM in the colon epithelium: Labelling densities of DPPIV with an increased amount of patient 3a 
(A); Immunoelectron microscopical detection of MGAM in the colon which was strongest in patient 3a (B). Patient 3a suffered from SBS due to 
gastroschisis (150 cm small bowel, 25 cm colon) and developed recurrent septicemias and Crohn-like lesions in the further course. The first biopsy 
was taken at the age of 8.4 years, while Bianchi procedure was performed. After initial recovery he presented with severe FTT, ileus and SBBO. 
His duodenum dilated up to 7 cm suspecting CIPO. A second biopsy from STEP at the age of 9.9 was analyzed and showed less expression of Ki67 
and sucrase within the duodenum compared to the first biopsy. After perforation due to anastomotic stenosis FTT persisted on parenteral 50% DCI 
(15 years of age: weight −4.31; height −3.73). Scale = 0.5 μm.
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the Western blot level isomaltase and LPH were similar and 
sucrase lower compared to HC (Figure 6B). Patient 6 also 
revealed high values for sucrase, LPH, and ApN by IEM 
in contrast to low values for isomaltase, sucrase, and LPH 
in Western blots and enzyme activities (Figure 6A). It is 
likely that the processing of these enzymes to a mature form 
under the examined conditions is incomplete. For example, 
O-glycosylation is one event that regulates the enzymatic ac-
tivity of sucrase and isomaltase.34 Addressing this issue was 
not possible due to tissue limitation.

3.4 | Low proliferation level of crypt and 
villi enterocytes in SBS patients—Both in the 
colon and the duodenum

Because increased proliferation of enterocytes was reported 
from animal SBS models, we performed Ki-67 staining in the 
analyzed biopsies of our SBS and HC patients to determine 
the harboring proliferation activity on immunofluorescence 
level. Villi showed only rarely Ki-67 positive enterocytes in 
SBS as well as HC specimen, in crypts the number of Ki-67 
positive cells was decreased in SBS (Figure S1). SBS pa-
tients 3 and 4 who expressed relatively high amounts of brush 
border enzymes within the duodenum showed the highest 
proliferation activity in the duodenum (25.7 and 22.1%), 
while SBS patient 3 characterized by high colonic activity 
(isomaltase, sucrase) and labelling density (sucrase, ApN) 
levels revealed the most intense Ki-67 staining in the colon 
(4.6%). The two SBS patients (patient 2 and 4), in whom we 

could confirm sucrase and isomaltase colonic expression by 
Western blotting, exhibited low cell proliferation determined 
by Ki-67 staining within crypts.

3.5 | Microbiome analysis

The eight colon biopsies showed a diverse composition of  
the intestinal microbiota (Figure 7). The two patients (1 and 5)  
with ileocecal valve had more Lactobacillus (11.15%, 
31.17% vs median 1.3% [P25 0.24%-P75 11.0%]), while 
Proteobacteria dominated in those without ileocecal valve 
(median 58.46% [P25 51.06%-P75 66.11%] vs 28.2%, 
26.47%). Shannon diversity index or pattern of microbi-
ome composition (reads >5% or >1%) was not related to 
weaning success, growth restriction, death or other patient 
relevant outcomes in mixed linear models, logistic regres-
sion or recursive partitioning models. However, microbiome 
data from the patient who died were obtained 5 years before 
death.

4 |  DISCUSSION

The impact of the remnant colon in SBS has been addressed 
in several studies.35,36 Nutritional factors increase colon 
fermentation, short chain fatty acids and Bifidobacterium 
spp.; dietary amylose correlates positively with colon 
length in pigs.37,38 Animal studies detected different effects 
on colon epithelium following small bowel resection with 

F I G U R E  5  Disaccharidase activities of SBS patients: The graph depicts single values and the median. Normal ranges for duodenal values 
are marked blue (left side).37 Only patient 2b reveals increased disaccharidase activities for maltase, sucrase, and isomaltase in the duodenum (A). 
Disaccharidase activity in eight SBS colonic biopsies are lower compared to the duodenum (B): LPH 4.0 (range: 3.0-14.0) IU/g, maltase 12.0 
(range: 4.2-30.0) IU/g, sucrase 4.0 (range: 3.0-11.0) IU/g, isomaltase 9.0 (range: 1.8-14.0) IU/g with patients 2b, 5, and 6 showing the highest 
values for the four enzymes measured and patient 4 for maltase/isomaltase
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morphological and functional adaptation, while human de-
rived data are still scarce.15-19,21,22

Especially the expression of digestive enzymes in the 
colon has been poorly investigated in human biopsy spec-
imen under SBS conditions as part of a mechanism of en-
ergy salvage, while morphological adaptation has been 
described.36 Maltase expression was found in colonic inter-
positions of a rat model,39 but there is evidence that the in-
testinal adaptation process of rodent models differ from the 
human adaptive response.20,40 This translational study in a 
small group of SBS children clearly demonstrates intestinal-
ization processes in the colon on a functional level analyzed 
by IEM, Western blotting, and enzyme activities. Induced 

expression of digestive enzymes within the colon epithelium 
is pronounced for ApN and to lesser extent for SI as shown in 
patient 2 and 3 the latter being also positive for DPPIV and 
MGAM. Patient 2 was suffering from food allergy, did not 
receive PN during the study period and showed a satisfying 
growth. The colonocytes of patient 1 and 7, the first being 
weaned (70 cm small bowel, complete colon, ileocecal valve 
preserved), the second still receiving 50% of daily caloric in-
take (DCI) by PN (30 cm small bowel, ½ colon, no ileocecal 
valve left), revealed also higher amounts of ApN and sucrase; 
both grew satisfactory. Patient 6 (43 cm small bowel, 20 cm 
colon, no ileocecal valve left, Z-score—5.58) presented very 
low digestive enzymes and a peculiar intestinal microbiota 

F I G U R E  6  A, SBS patient without sucrase-isomaltase expression in the colon comparing experimental data (Western blots, disaccharidase 
activities, and quantitative immunoelectron microscopy) with clinical course: Duodenal values for isomaltase, sucrase, LPH, and APN varied. 
Significant enzyme activities were only measured for sucrase and LPH in the colon (sigma) in contrast to the results obtained by western blotting 
(Iso, LPH) and IEM (Suc, LPH, APN). Patient 6 suffered from SBS due to gastroschisis/volvulus and developed septicemias and Crohn-like lesions 
in the follow-up. The length of small bowel was 43 cm and of the colon (rectum) 20 cm. He developed SBBO with mucosal inflammation, severe 
FTT (low intake), liver failure, and ulcer bleeding; and died 5 years after the biopsy was taken. D, duodenum; Iso, isomaltase; J, jejunum; Lac, 
lactase; S, sigma; Suc, sucrase. 1 Normal Range Duodenum (healthy controls); 2 Mean ± SD Colon (SBS patients); 3 Mean ± SD Duodenum 
(healthy controls); 4 Mean ± SD Colon (healthy controls). B, Short bowel syndrome patient with sucrase-isomaltase expression in the colon 
comparing experimental data (Western blots, disaccharidase activities, and quantitative immunoelectron microscopy) with clinical course: 
Disaccharidases were detected by western blotting, enzyme activities (lower range), and IEM (higher range) in the duodenum. Clear bands for SI 
were found in western blots in the colon samples (CD, S) which also revealed high values by enzyme activities (SI) and IEM (Suc, APN). Patient 
2a suffered from SBS due to gastroschisis and ileal atresia; 60 cm distal colon was left, small bowel length was increased by a Bianchi procedure 
from 54 to 105 cm at the age of 1 year. The further course was characterized by septicemias (salmonella), Crohn-like lesions, ulcer bleeding 
(hematochezia) with iron deficiency anemia suggesting food allergy. This child did not receive parenteral nutrition and was fed ad lib in addition 
with soy-based formula via PEG. Seven years after taking the examined biopsy (at the age of 14.6 years) his weight was 35.8 kg (z-score—2.92) 
and his height 150 cm (z-score—2.48). CD, colon descendens; D, duodenum; Iso, isomaltase; S, sigma; Suc, sucrase; TI, terminal ileum. 1 Normal 
Range Duodenum (healthy controls); 2 Mean ± SD Colon (SBS patients); 3 Mean ± SD Duodenum (healthy controls); 4 Mean ± SD Colon 
(healthy controls)
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(71% Proteobacteria and <5% Escherichia-Shigella as well 
as Lactobacillus). A significant alteration in microbiota com-
position has been previously described as a consequence of 
SBS and a negative predictor in severe cases also toward liver 
steatosis.41,42 However, death form liver steatosis in this pa-
tient occurred 5 years after the biopsies were obtained and 
thus can hardly be linked to dysbiosis alone.

The strong expression of ApN in SBS colonocytes cor-
responds to the observed upregulation of the oligopeptide 
transporter PepT1 in the colon of adult SBS patients.16,18 
Because the up-regulation of SI is less strong in comparison 
to ApN, it could be assumed that the adaptation process in 
the SBS colon is more focused in terms of protein than of 
carbohydrate metabolism. LPH is poorly upregulated in the 
colonocytes of our SBS patients, while we did not exclude 
adult hypolactasia.

The results of duodenal disaccharidases in our SBS pa-
tients were less pronounced than reported after stimulation 
by ursodeoxycholic acid, IGF I, and GLP-2,20,43,44 A low 
proliferation status in our SBS patients as compared to HC 
patients may be responsible for the moderate expression of 
disaccharidases measured in the small intestine but also in 
the colon concomitant with a late stage of intestinal adaption 
in the SBS patients. Proliferation was highest in the duodenal 
crypts of patient 3 and 4 who showed also high values for 
sucrase. In the colonic crypts only patient 3 showed Ki67 val-
ues comparable to HC biopsies; this patient is also character-
ized by increased expression of sucrase, DPPIV, and MGAM 
in the colon epithelium.

Our data on the analysis of the intestinal microbiota in 
SBS are in line with observations that the microbiome of 
patients with complete colon and preserved ileocecal valve 

F I G U R E  7  Microbiome Analysis: A,B Escherichia-Shigella species are absent in patients 4 and 6 and Lactobacillus in patients 2b, 3a, 6, and 
7. Among those bacteria with relative abundance (more than 5% of total reads) only two patients revealed Clostridium (1 and 8), Acinetobacter  
(4 and 6), and Haemophilus (4 and 6); three patient biopsies contained Pseudomonas (4, 6, and 8), Veillonella (1, 3a, and 5), Enterobacter (3a, 5, 
and 7), Methylbacterium (4, 6, and 8), and Enterococcus (3a, 4, and 6). In higher amounts Listeria was found only in biopsy of patient 7,  
Peptostreptococcus only in patient 1 and Fusobacterium as well as Lachnospira only in patient 2b; C In patients with ICV there were more 
Lactobacillus, while without ICV proteobacteria dominated. D Shannon Index did not relate to disease course and clinical data (especially patient 6, 
who died 5 years after the biopsy was taken, did not show a reduced diversity of the microbiome) 
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(patient 1 and 5) is enriched in Lactobacillus and contains a 
low amount of Proteobacteria, which may increase the risk 
of D-lactate acidosis and encephalopathy depending on the 
metabolic activity of the microbiota and individual ability to 
metabolize D-lactic acid.35,45,46 The association between an 
increased abundance of the LPS producers, proteobacteria, 
with inflammation in the distal small bowel as well as he-
patic injury in SBS remains controversial.42,47 A recent study 
unravelled an association of Firmicutes with a remnant small 
bowel length >35 cm.48

The gut microbiome diversity of the SBS cohort in this 
study was not reduced as previously reported25,41 One factor 
may be the use of biopsies instead of luminal content or stool 
and the high amount of enteral feeds. Previously, jejunal as-
pirates in SBS patients, especially with enteral feeds showed 
a greater diversity than stool samples.41 Very few studies an-
alyzed biopsies, but epithelial adherent bacteria may be the 
most important ecological system for intestinal adaptation. In 
healthy adult volunteers luminal samples revealed great biolog-
ical diversity as compared to the mucosa-associated microbiota 
that was relatively more conserved.49 One frequent influence 
would be recurrent courses of antibiotic treatment, which occur 
more frequently in SBS children than healthy controls.26

Patient 6, who is characterized by the worst outcome 
(death 5  years after the examined biopsy), revealed a high 
amount of Proteobacteria (71%) and a loss of Escherichia-
Shigella and Lactobacillus, comparable to severe dysbiosis 
previously described with worse outcome.25,26 In contrast, 
patient 4 showing a similar composition of the microbiome 
as patient 6 was successfully weaned but without satisfactory 
growth, raising the question what can be relevant predictors of 
success or metrics of performance in pediatric SBS. Further 
exploration of the SBS microbiome will help to understand 
the expression patterns of the remnant colon.50,51 It is import-
ant to consider the source of information, either from intes-
tinal fresh samples or samples fixed in formaldehyde, which 
can alter results and the situation (antibiotics, inflammation, 
metabolic situation) in which they were obtained.

While our results reveal correlations of experimental data 
and clinical course within single SBS patients, we have to 
recognize that our patient group is very heterogeneous and 
characterized by complications, underlying diseases such 
as CIPO or food allergy, different surgical interventions 
(STEP = Serial Transverse Enteroplasty Procedure or Bianchi 
gut lengthening), insufficient adherence to intestinal rehabil-
itation therapies such as low intake of calories, and a very 
restricted indication for diagnostic endoscopy. Therefore, our 
study does not allow to identify distinct general prognostic 
factors for the clinical course of SBS or therapeutic impli-
cations. Nevertheless, it provides strong evidence that the 
human remnant colon is capable to take over digestive func-
tions of the small intestine as part of the intestinal adaption 
after bowel resection, which is ultimately associated with a 

more favorable outcome. Further prospective studies in larger 
and more delineated patient groups (early vs late stage of ad-
aptation) could lead to the identification of drugs, nutrients 
as well as pre- or probiotics, which allow the targeted use of 
colonic intestinalization expression mechanisms. For intesti-
nal microbiota analysis this would ideally include intestinal 
biopsies in addition to stool samples.
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