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s u m m a r y

Objective: Fecal microbiota was investigated in adult patients with chronic intestinal failure (CIF) due to
short bowel syndrome (SBS) with jejunocolonic anastomosis (SBS-2). Few or no data are available on SBS
with jejunostomy (SBS-1) and CIF due to intestinal dysmotility (DYS) or mucosal disease (MD). We
profiled the fecal microbiota of various pathophysiological mechanisms of CIF.
Methods: Cross-sectional study on 61 adults with CIF (SBS-1 30, SBS-2 17, DYS 8, MD 6). Fecal samples
were collected and profiled by 16S rRNA amplicon sequencing. Healthy controls (HC) were selected from
pre-existing cohorts, matched with patients by sex and age.
Results: Compared to HC, SBS-1, SBS-2 and MD patients showed lower alpha diversity; no difference was
found for DYS. In beta diversity analysis, SBS-1, SBS-2 and DYS groups segregated from HC and from each
other. Taxonomically, the CIF groups differed from HC even at the phylum level. In particular, CIF patients'
microbiota was dominated by Lactobacillaceae and Enterobacteriaceae, while depleted in typical health-
associated taxa belonging to Lachnospiraceae and Ruminococcaceae. Notably, compositional peculiarities
of the CIF groups emerged. Furthermore, in the SBS groups, the microbiota profile differed according to
the amount of parenteral nutrition required and the duration of CIF.
Conclusions: CIF patients showed marked intestinal dysbiosis with microbial signatures specific to the
pathophysiological mechanism of CIF as well as to the severity and duration of SBS.
1. Introduction

Chronic intestinal failure (CIF) is defined as the persistent
reduction of gut function below the minimum necessary for the
absorption of macronutrients and/or water and electrolytes, such
that intravenous supplementation (IVS) is required to maintain
health and/or growth [1]. The primary treatment for CIF is IVS
provided through home parenteral nutrition (HPN) programs [1,2].
CIF is classified into five major pathophysiological mechanisms:
short bowel syndrome (SBS), intestinal dysmotility (DYS), extensive
small bowel mucosal disease (MD), intestinal fistulas and me-
chanical obstruction [1]. In adult patients with benign CIF, the most
frequent is SBS [3], which is categorized into three anatomical
types: SBS type 1 (SBS-1, end-jejunostomy); SBS type 2 (SBS-2,
Surgical Sciences, University
jejuno-colonic anastomosis, where the remnant jejunum is in
continuity with part of the colon); SBS type 3 (SBS-3, jejuno-ileo-
colonic anastomosis with ileo-cecal valve and the intact colon in
continuity) [4].

Previous studies have investigated the fecal microbiota
composition in adult patients with SBS, either with or without CIF,
most of whom had SBS with colon in continuity. Compared to
healthy subjects, in patients with SBS-2 or SBS-3, the most frequent
observations were lower alpha diversity [5], an increase in Pro-
teobacteria [6,8,9], a reduction in Bacteroidetes [5,8e10] and Fir-
micutes [6,10], and an increase in lactobacilli [5,7,11e13]. Changes
in microbiota composition have been suggested to play a role in
post-resection intestinal adaptation [7,13e19] and CIF complica-
tions, such as D-lactic acidosis [11] and intestinal failure-associated
liver disease (IFALD) [20e22]. Only two studies in adults included
patients with SBS-1 [7,8], and only one of these reported data on
the fecal microbiota of SBS-1 separately from those of SBS-2 [8]. No
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data are available on the fecal microbiota of adult patients with
mechanisms of CIF other than SBS.

We profiled the gutmicrobiota of adult patients with the various
pathophysiological mechanisms of CIF. Specifically, we enrolled
SBS-1, SBS-2, DYS and MD patients, whose microbiota was char-
acterized from fecal samples by 16S rRNA amplicon sequencing.
The patients' gut microbiota profile was compared to that of
healthy subjects, matched by major microbiota-associated con-
founders (i.e., age, sex and geographical location) [23], and evalu-
ated in relation to CIF characteristics.
2. Materials and methods

2.1. Study design and population

This was a cross-sectional, observational study on patients
treated at the Centre for CIF of the IRCCS S. Orsola University
Hospital of Bologna, Italy. Patients who were on HPN for CIF and
attending the Centre for scheduled outpatient visits between
March 2020 and January 2022 were enrolled into the study.

Patients' inclusion criteria: age>18 years, able to follow protocol
procedures, on HPN for �6 months since last abdominal surgery,
stable clinical conditions [2]. Exclusion criteria: presence of ma-
lignant tumor.

The healthy control (HC) group consisted of Italian subjects,
matched for age and sex to the patients included in the study,
selected from the healthy subject library of the Microbiomics Unit
(Department of Medical and Surgical Sciences, University of
Bologna, Bologna, Italy). Specifically, HC fecal microbiota sequences
were selected from different cohorts tominimize study-related bias
(from De Filippis et al., deposited in NCBI SRA: Bioproject ID
SRP042234 [24], Schnorr et al., deposited in MG-RAST database:
project ID mgp12183 [25], and Biagi et al., deposited in MG-RAST
database: project ID mgp17761 [26]).
2.2. Data and sample collection

Data were collected from patients' clinical charts, which were
prospectively filled out during routine outpatient clinical visits.
Clinical and nutritional parameters were obtained within ±10 days
from fecal sampling. Data included: age, sex, body mass index e

BMI (kg/m2), pathophysiological mechanism of CIF (including type
of SBS), length of remnant small bowel in continuity (measured
from the ligament of Treitz), percentage of remnant colon in con-
tinuity (measured according to Cummings) [27], underlying dis-
ease, home parenteral nutrition (HPN) duration (months) and
program (type, volume and energy of IVS and number of infusion
days per week), type of oral diet (free food and beverage, small
amounts of food and beverage, water only, total fasting), oral en-
ergy intake and macronutrient and fiber content (assessed by di-
etary interview). The severity classification of CIF consisted of
eight-categories, based on two types of IVS, either fluid and elec-
trolyte alone (FE) or parenteral nutrition admixture containing
energy (PN), and four categories of volume, calculated as the daily
mean of the total volume infused per week (volume per day of
infusion � number of infusions per week/7) [3]: FE1 or PN1,
�1000 mL/day; FE2 or PN2, 1001e2000 mL/day; FE3 or PN3,
2001e3000 mL/day; FE4 or PN4, >3000 mL/day. Data collection
was performed using an extension of the Centre's database of the
“ESPEN CIF Action Day” study protocol [3,28].

Patients were instructed to collect fecal samples in a sterile
container on the day before their scheduled outpatient visit. After
collection, the samples were stored at �20 �C (in the home freezer)
and then transported in a thermal bag on the visit day, when our
staff stored them at �80 �C until processing for microbiota
profiling.

2.3. Microbial DNA extraction and 16S rRNA amplicon sequencing

Microbial DNA was extracted from 0.25 g of each fecal sample
using the repeated bead-beating plus column method, as previ-
ously described with minor modifications [29,30]. Briefly, all sam-
ples were added with 1 mL of lysis buffer (500 mM NaCl, 50 mM
TriseHCl pH 8, 50 mM EDTA, and 4% SDS) and bead-beaten three
times in the presence of four 3-mm glass beads and 0.5 g of 0.1-mm
zirconia beads (BioSpec Products, Bartlesville, OK, USA) using a
FastPrep instrument (MP Biomedicals, Irvine, CA, USA), set at 5.5
movements/s for 1 min. After incubation at 95 �C for 15 min,
samples were centrifuged at 13,000 rpm to separate cell debris and
incubated with 260 mL of 10 M ammonium acetate. Supernatants
were recovered by centrifugation at 13,000 rpm and incubated
with one volume of isopropanol for 30 min on ice. Precipitated
nucleic acids werewashedwith 70% ethanol, resuspended in 100 mL
of TE buffer (10mM TriseHCl, 1 mM EDTA pH 8.0), and incubated at
37 �C for 15 min with 2 mL of 10 mg/mL DNase-free RNase. DNA
purification was performed using the DNeasy Blood and Tissue Kit
(QIAGEN, Hilden, Germany) following the manufacturer's in-
structions. DNA concentration and quality were evaluated using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA).

The V3eV4 hypervariable regions of the 16S rRNA gene were
amplified using the 341F and 785R primers with attached Illumina
adapter overhang sequences [31]. Fragment amplification was
performed using the KAPA HiFi Hot Start Ready Mix (Roche, Basel,
Switzerland), and the thermocycle was set up according to the
Illumina protocol “16S Metagenomic Sequencing Library Prepara-
tion” (Illumina, San Diego, CA, USA) [32]. Libraries were purified
using a magnetic bead-based clean-up system (Agencourt AMPure
XP; Beckman Coulter, Brea, CA, USA), and a limited-cycle PCR was
performed using Nextera technology to obtain indexed libraries,
followed by a second clean-up step. Final libraries were prepared by
pooling all samples at an equimolar concentration of 4 nM. The pool
was then denatured and diluted to 5 pM before sequencing on an
Illumina MiSeq platform using a 2 � 250 bp paired-end protocol
according to the manufacturer's instructions. Raw sequence reads
were deposited in the National Center for Biotechnology Informa-
tion Sequence Read Archive (NCBI SRA, BioProject).

2.4. Bioinformatics and statistics

Raw sequences were processed using a pipeline combining
PANDASeq [29] and QIIME 2 [33]. After length and quality filtering,
reads were binned into amplicon sequence variants (ASVs) using
the DADA2 pipeline [34]. Taxonomic assignment was carried out
using the VSEARCH algorithm [35] and the Greengenes database.
Chimeras were discarded during the analysis workflow. Fecal
microbiota sequences from healthy subjects, selected from the
healthy subject library of the Microbiomics Unit (Department of
Medical and Surgical Sciences, University of Bologna, Bologna, Italy)
to be matched to patients for major microbiota-associated con-
founding factors [23] while minimizing study-related bias, were
used as controls (HC group) as described above. Furthermore, the
HC samples had been processed in the same laboratory as the study
samples, further reducing potential experimental bias. Alpha di-
versity was assessed using the inverse Simpson index. BrayeCurtis
dissimilarities were used to construct Principal Coordinates Anal-
ysis (PCoA) graphs of beta diversity.

All statistical analyses were performed using R software. PCoA
plots were generated using the vegan and Made4 [36] packages,
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and data separation was tested by a permutation test with pseudo-
F ratio (function “Adonis” in vegan). KruskaleWallis test followed
by post-hoc Wilcoxon test was used to assess differences in alpha
diversity and microbiota composition at different taxonomic levels
between study groups. Hierarchical Ward-linkage clustering based
on Pearson's correlation coefficients of the relative abundance of
genera was performed using the Made4 package. P values were
corrected for multiple comparisons using the BenjaminieHochberg
method. A false discovery rate (FDR) �0.05 was considered statis-
tically significant.

For clinical data, continuous variables were expressed asmedian
and interquartile range (IQR, 25the75th percentiles). Categorical
data were expressed as numbers (percentages). Analysis of asso-
ciations between parameters was carried out using the Spearman
rank correlation coefficient. Comparisons between groups were
performed using non-parametric tests (KruskaleWallis and
ManneWhitney tests). Statgraphics Centurion XVI software (Stat-
Point, Inc, Warrenton, VA, USA) was used for analysis of clinical
characteristics. A p value <0.05 was considered statistically
significant.

2.5. Ethics

The research was based on anonymized information included in
the local file of the ESPEN “CIF database” and from the patients'
records. The study was approved by the local Ethic Committee (n.
585/2019/Sper/AOUBo) and was conducted with full regard to the
confidentiality of the patients, the principles of Good Clinical
Practice (ICH Harmonized Tripartite Guidelines for Good Clinical
Practice 1996 Directive 91/507/EEC; D.M. 15.7.1997), the Declara-
tion of Helsinki and national regulations on clinical trial conduc-
tion. Voluntary written informed consent was obtained from all
patients.

3. Results

3.1. Study population

A total of 61 patients with CIF were included in the study: fe-
males 59.0%; age 49.3 (21.8) years, BMI 21.3 (4.2) kg/m2, HPN
duration 94.2 (74.7) months; SBS-1 49%, SBS-2 28%, DYS 13%, MD
10%. The four groups significantly differed in age (younger in MD),
BMI (lower in DYS), underlying disease, IVS daily volume of PN,
energy and number of infusions per week (all greater in SBS-1), oral
intake (lower in DYS) and number of patients on proton pump in-
hibitor treatment (none in the MD group) (Table 1, and
Supplemental Table 1 for statistically significant differences be-
tween each group).

3.2. Gut microbiota profile of CIF patients compared to HC

Compared to HC, the SBS-1, SBS-2 andMD groups showed lower
alpha diversity (p� 0.048), while no difference was found between
the DYS and HC groups (Fig. 1A). Notably, the gut microbiota of SBS-
2 patients showed the lowest diversity compared to the other CIF
groups (p � 0.039). Furthermore, the diversity in SBS-1 was lower
than that in DYS (p ¼ 0.009). In terms of beta diversity, there was
significant separation between groups in the PCoA based on
BrayeCurtis dissimilarities (p¼ 0.001) (Fig. 1B). In particular, all CIF
groups segregated fromHC and from each other (p� 0.002), except
for the MD group, whose samples overlapped with those of the
SBS-2 and DYS groups (p � 0.284).

From the taxonomic point of view (Figs. 2 and 3 and
Supplemental Table 2), the patients’ gut microbiota was dominated
by the phylum Firmicutes, as in HC (mean relative abundance in
SBS-1, SBS-2, DYS, MD, and HC, 67.3%, 65.2%, 53.2%, 68.1% and 61.5%,
respectively). However, all CIF groups differed fromHC by increased
proportions of Actinobacteria and Proteobacteria (p � 0.042).
Moreover, SBS-1, SBS-2 and MD patients showed lower levels of
Bacteroidetes compared to HC (p� 0.002). Conversely, DYS patients
were enriched in Bacteroidetes compared to SBS groups, and
depleted in Firmicutes compared to SBS-1 and in Actinobacteria
compared to SBS-2 (p � 0.049).

At the family level (Supplemental Table 2), in comparison to HC,
the patients' gut microbiotawas dominated by completely different
taxa, such as Lactobacillaceae (mean relative abundance in SBS-1,
SBS-2, DYS, MD, and HC, 14.2%, 39.9%, 10.2%, 22.7% and 0.05%,
respectively) and Enterobacteriaceae (mean relative abundance in
SBS-1, SBS-2, DYS, MD, and HC, 11.4%, 10.6%, 12.8%, 11.4% and 0.4%,
respectively) while Ruminococcaceae were depleted (p � 0.002).
Furthermore, compared to HC, SBS-1, SBS-2 andMD groups (but not
DYS) shared lower proportions of several Bacteroidetes families
(Bacteroidaceae, Porphyromonadaceae, Prevotellaceae and Rike-
nellaceae) as well as Lachnospiraceae and Erysipelotrichaceae, while
had higher proportions of Veillonellaceae (p � 0.049). The latter
family was particularly represented in the MD group (25.0%).
Regarding CIF group specificities, higher relative abundances of
Actinomycetaceae, Micrococcaceae, and Streptococcaceaewere found
in SBS-1 patients than in HC and other CIF groups (p� 0.045). SBS-1
patients also showed higher proportions of Gemellaceae compared
to HC, SBS-2 and MD patients (p � 0.027). DYS patients were
enriched in Coriobacteriaceae compared to HC and SBS-2 patients
(p � 0.031). They also shared a higher proportion of Fusobacter-
iaceae with SBS-1 compared to HC (p � 0.007). Finally, the SBS-2
and MD groups shared an overabundance of Bifidobacteriaceae
compared to HC and other CIF groups (p � 0.047).

At the genus level (Fig. 4 and Supplemental Table 3), the gut
microbiota of all CIF patients was depleted of typical health-
associated taxa, mainly from the families Lachnospiraceae (such as
Lachnospira, Anaerostipes, Dorea, Coprococcus, Blautia, Roseburia)
and Ruminococcaceae (Faecalibacterium, Ruminococcus and Oscil-
lospira), while enriched in Lactobacillus (p� 0.048). The latter genus
was particularly represented in the SBS-2 group (39.8%). Consistent
with the above observations, some peculiarities of the CIF groups
emerged, including an overabundance of Streptococcus, Rothia,
Actinomyces, Gemella, Atopobium, Haemophilus and Klebsiella in
SBS-1 patients (p � 0.045). SBS-1 patients also shared a higher
proportion of Veillonella with SBS-2 compared to HC (p � 0.001).
Furthermore, SBS-1, SBS-2 and MD groups (but not DYS) shared
lower proportions of the Bacteroidetes genera Bacteroides, Para-
bacteroides and Prevotella, as well as [Eubacterium] compared to HC
(p � 0.05). On the other hand, DYS patients were discriminated
mainly by Eggerthella and Fusobacterium (p � 0.041). Eggerthella
was also overrepresented in MD compared to SBS-2, and Fuso-
bacterium in SBS-1 compared to HC (p � 0.05). An over-
representation of Bifidobacterium characterized the SBS-2 and MD
groups, with the latter also showing a higher proportion of Acid-
aminococcus compared to HC, SBS-1 and SBS-2 (p � 0.047).

3.3. The gut microbiota of SBS patients in relation to CIF severity
and HPN duration

Due to the small number of patients receiving the FE IVS type,
the analysis was carried out only by PN type and volume category of
IVS (Fig. 5 and Supplemental Table 4). SBS-1 patients receiving PN3
were depleted of Veillonella, Rothia and Haemophilus compared to
those receiving PN2, and Gemella and Granulicatella compared to
those receiving PN1 (p � 0.049). In addition, SBS-1 patients
receiving PN2 showed a decrease in Bifidobacterium and Rumino-
coccus compared to those receiving PN3, and Dialister compared to



Table 1
Demographic and clinical characteristics of patients, stratified by pathophysiological mechanism of CIF. Variables are reported as median (IQR). P values were obtained using
the KruskaleWallis test. See also Supplemental Table 1.

SBS-1 SBS-2 DYS MD P

N 30 17 8 6
Sex n. (F/M) 17/13 11/6 6/2 2/4 0.427
Age (years) 52.8 (23.8) 54.2 (17.9) 52.1 (19.7) 30.2 (13.1) 0.004
BMI (kg/m2) 22.2 (4.3) 21.0 (4.0) 18.6 (3.2) 21.7 (4.7) 0.024
Serum albumin (mg/dL) 4.0 (0.4) 3.8 (0.6) 4.1 (1.4) 4.0 (1.6) 0.382
Serum prealbumin (mg/dL) 26.6 (10.4) 22.8 (4.9) 23.9 (10.0) 25.0 (4.7) 0.222
Underlying disease 0.000
Crohn's disease 9 (30%) 8 (47.1%) 0 1 (16.7%)
CIPO 7 (23.3%) 3 (17.7%) 7 (87.5%) 0
Intestinal ischemia 5 (16.7%) 1 (5.9%) 0 0
Polyposis 3 (10%) 0 0 0
Adhesions 3 (10%) 2 (11.7%) 0 0
Surgery 2 (6.7%) 0 0 0
Intestinal atresia 1 (3.3%) 0 0 0
Volvulus 0 3 (17.7%) 0 0
Tufting enteropathy 0 0 0 3 (50%)
CVID 0 0 0 2 (33.3%)
PRPN gene mutation 0 0 1 (12.5%) 0
Intestinal anatomy 0.256
Remnant small bowel (cm) 80 (50) 65 (80)
Colon (% Cummings) 0 57 (36)
HPN duration (months) 57.0 (67.3) 54.4 (64.4) 93.2 (167.6) 143.0 (275.3) 0.712
IVS schedule
Volume (mL/day) 2000 (1629) 1266 (929) 1102 (1093) 801 (357) 0.001
Energy (kcal/day) 1201 (1203) 915 (853) 635 (883) 731 (345) 0.031
Infusions (n./week) 7.0 (0.0) 5.0 (3.0) 6.5 (3.3) 5.3 (3.0) 0.031
Oral intake
Energy (kcal/day) 2050 (1291) 2200 (961) 988 (905) 2977 (1541) 0.001
Proteins (g/day) 75 (78) 84 (33) 38 (47) 106 (43) 0.010
Lipids (g/day) 64 (57) 77 (39) 41 (43) 91 (78) 0.004
Carbohydrates (g/day) 251 (195) 223 (151) 95 (95) 382 (214) 0.003
Oligosaccharides (g/day) 50 (55) 53 (29) 31 (41) 82 (29) 0.123
Fiber (g/day) 19 (15) 17 (5) 4 (5) 22 (13) 0.004
Beverages (ml/day) 1600 (1300) 1500 (700) 900 (1100) 2350 (500) 0.047
CIF classification by IVS type and volume (mL/day) 0.178*

0.039**
FE1 (�1000) 1 (3%) 1 (6%) 0 0
FE2 (1001e2000) 1 (3%) 0 0 0
PN1 (�1000) 4 (13%) 7 (41%) 4 (50%) 5 (83%)
PN2 (1001e2000) 10 (34%) 5 (29%) 3 (38%) 1 (17%)
PN3 (2001e3000) 8 (27%) 4 (24%) 1 (12%) 0
PN4 (>3000) 6 (20%) 0 0 0
Drugs (n. of patients)
- Antibioticsa 8 (27%) 6 (35%) 5 (63%) 1 (17%) 0.215
Regular treatment 6 3 5 1
Episodic treatment 22 (7%) 3 0 0

- Probiotics 3 (10%) 3 (18%) 1 (13%) 2 (33%) 0.314
- Immunosuppressorsb 3 (10%) 4 (24%) 1 (13%) 1 (17%) 0.653
- Anti-inflammatoryc 21 (70%) 2 (12%) 1 (13%) 3 (50%) 0.085
- PPI 2 (7%) 11 (65%) 6 (75%) 0 0.010
- GLP2 analogue (teduglutide) 13 (43%) 0 0 0 0.545
- Loperamide 3 (16%) 0 0 0.095

*Among all subgroups; **among PN subgroups only.
SBS-1, short bowel syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis); DYS, intestinal dysmotility; MD, extensive small
bowel mucosal disease; BMI, body mass index (kg/m2); CIPO, chronic intestinal pseudo-obstruction; CVID, common variable immunodeficiency; PRPN gene mutation, prion
gene mutation; HPN, home parenteral nutrition; IVS, intravenous supplementation; CIF, chronic intestinal failure; FE, fluid and electrolytes; PN, parenteral nutrition; PPI,
proton pump inhibitors; GLP2, glucagon-like peptide 2.

a Therapy for bacterial overgrowth (clinical symptoms: intestinal bloating and meteorism); regular treatment: last intake <4 weeks before the study; episodic treatment:
last intake �4 weeks before the study.

b Therapy for underlying disease (Crohn's disease).
c Therapy for enteropathic arthritis (2 pts) and for non-specific colitis due to underlying disease (CVID, 1 pt); for SBS-1 and SBS-2 pts, therapy for underlying disease (Crohn's

disease).
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those receiving PN1 (p � 0.049). We also found an increase in
Atopobium in SBS-1 patients receiving PN1 compared to those
receiving PN3 and PN4 (p � 0.04). For SBS-2 patients, those
receiving PN1 were enriched in Bifidobacterium compared to those
receiving PN2 and PN3 (p � 0.05). They also showed an over-
abundance of Streptococcus and a depletion of Lactobacillus
compared to those receiving PN2 (p � 0.05).
Regarding the duration of HPN (Supplemental Table 4), the
BrayeCurtis-based PCoA showed a general segregation between
the gut microbiota profiles of SBS patients who underwent surgery
more or less than 24 months previously (p ¼ 0.002) (Fig. 6A). SBS-1
patients who had undergone surgerymuch earlier were enriched in
Lactobacillus and depleted in Ruminococcus and Dialister compared
to those who had undergone surgery more recently (p � 0.05)



Fig. 1. Gut microbiota diversity of CIF patients with different pathophysiological mechanisms compared to healthy controls. (A) Boxplots showing the distribution of alpha diversity,
estimated with the inverse Simpson index, in CIF patients vs. age/sex-matched healthy subjects from previous studies as controls. Patients were stratified by pathophysiological
mechanism of CIF into SBS-1, SBS-2, DYS and MD. Less diversity was found in all patients (except DYS) compared to controls (Wilcoxon test, p � 0.048). (B) PCoA based on
BrayeCurtis dissimilarities between the gut microbiota profiles of patients and controls. Ellipses include 95% confidence area based on the standard error of the weighted average of
sample coordinates. A significant separation between study groups was found (permutation test with pseudo-F ratio, p ¼ 0.001). CIF, chronic intestinal failure; SBS-1, short bowel
syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis); DYS, intestinal dysmotility; MD, extensive small bowel mucosal disease.
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(Fig. 6B and Supplemental Table 4). An increased relative abun-
dance of Lactobacillus was also observed in SBS-2 patients who
underwent the surgical resection causing SBSmore than 24months
prior to enrolment, but the difference was not statistically
significant.

4. Discussion

This study investigated the fecal microbiota of adult patients
with CIF. Compared to published studies, a larger cohort of patients
with SBS without colon in continuity (SBS-1) and patients with CIF
due to mechanisms other than SBS were included [5e8,10,11,13].

In the SBS-1 group, fecal microbiota analysis revealed low alpha
diversity and a separate microbial cluster compared to both HC and
other CIF groups. At the phylum level, the microbiota was domi-
nated by Firmicutes, with increased proportions of Actinobacteria
and Proteobacteria, and decreased proportions of Bacteroidetes. At
the family level, we observed a decreased relative abundance of
Ruminococcaceae, Bacteroidaceae, Porphyromonadaceae, Pre-
votellaceae, Rikenellaceae, Lachnospiraceae and Erysipelotrichaceae,
and an increased relative abundance of Lactobacillaceae, Entero-
bacteriaceae, Veillonellaceae, Actinomycetaceae, Micrococcaceae,
Streptococcaceae and Gemellaceae. In particular, the last 4 families
appeared to represent SBS-1 signatures compared to both HC and
the other CIF groups. At the genus level, there was an increase in
Lactobacillus and a decrease in typical health-associated taxa,
mainly from the dominant families of the adult gut microbiota,
Lachnospiraceae (Anaerostipes, Lachnospira, Dorea, Coprococcus,
Blautia, Roseburia) and Ruminococcaceae (Faecalibacterium, Rumi-
nococcus and Oscillospira) of the Firmicutes phylum. It should be
noted that these are known producers of short-chain fatty acids
(SCFAs), mainly butyrate, which are thought to play a key multi-
factorial role in host physiology [37]. An overabundance of Strep-
tococcus, Rothia, Actinomyces, Gemella, Atopobium, Haemophilus and
Klebsiella appeared to specifically characterize SBS-1 compared to
HC and other CIF groups. SBS-1 patients were also distinguished by
a higher proportion of Veillonella, and lower proportions of Bac-
teroides, Parabacteroides, Prevotella and [Eubacterium] compared to
HC. Our data can be compared with those by Budinska et al. in
10 PN-dependent patients with jejunostomy [7] and Boutte et al. in
20 adults with jejunostomy or ileostomy, 11 PN-dependent and
9 PN-independent [8]. Similar observations were reduced alpha
diversity [7,8], increased Proteobacteria and decreased Bacter-
oidetes at the phylum level [7,8], increased Lactobacillaceae [7],
Enterobacteriaceae [7,8] and Streptococcaceae [7,8], and decreased
Lachnospiraceae [7,8] and Ruminococcaceae [8] at the family level,
and increased Veillonella [8] at the genus level. Budinska et al. re-
ported a higher relative abundance of Streptococcaceae and Staph-
ylococcaceae as specific signatures of SBS-1 patients compared to
HC and SBS-2, but they did not observe a clear subclustering be-
tween SBS-1 and SBS-2 patients [7].

Data from healthy adult subjects have shown that the small
intestinal microbiota is less diverse but more dynamic than the
colonic microbiota [38e43]. Seekatz et al. reported that the jejunal
microbiota was dominated by Firmicutes, but also included Pro-
teobacteria, Actinobacteria, and Bacteroidetes [42]. Alpha diversity
was reduced compared to stool [42]. Bacterial genera commonly
found in the small intestine include Lactobacillus, Clostridium,
Staphylococcus, Streptococcus, Veillonella, Prevotella, Rothia, Hae-
mophilus, Escherichia, Fusobacterium and Bacteroides [38e42]. The
genera Streptococcus and Veillonellawere observed to be among the
most active members of the ileostomy effluent microbiota [38].
Veillonella species are renowned utilizers of lactic acid as a carbon
and energy source and are predicted to ferment the lactic acid
produced by carbohydrate-fermenting streptococci [38e40].
Overall, it seems that most of the microbiota characteristics
observed in patients with SBS-1 reflect the physiological features
reported in healthy subjects. Differences between studies in SBS-1
patients are due to differences in the case-mix of the patient co-
horts, including the known factors able to affect the microbiota
composition (e.g., BMI, sex, age, geographical location, dietary
intake and drugs) [23].



Fig. 2. Phylum- and family-level gut microbiota composition of CIF patients with different pathophysiological mechanisms compared to healthy subjects. For each panel, top, bar
plots of relative abundance profiles of major phyla (A) and families (B) of the gut microbiota of CIF patients stratified by pathophysiological mechanism (SBS-1, SBS-2, DYS and MD)
and healthy subjects (Controls); bottom, pie charts showing the average values. Only taxa with relative abundance >0.1% in at least 7 samples are shown. CIF, chronic intestinal
failure; SBS-1, short bowel syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis); DYS, intestinal dysmotility; MD, extensive small
bowel mucosal disease.
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The fecal microbiota of our SBS-2 cohort segregated from that of
HC and the other CIF groups and, similar to the SBS-1 group,
showed low alpha diversity (the lowest of the entire study cohort)
and a compositional structure dominated by Firmicutes, with
increased Actinobacteria and Proteobacteria and decreased Bac-
teroidetes. Again, at the family level, we observed a decreased
relative abundance of Ruminococcaceae, Bacteroidaceae, Porphyr-
omonadaceae, Prevotellaceae, Rikenellaceae, Lachnospiraceae and
Erysipelotrichaceae, and an increased relative abundance of
Lactobacillaceae, Enterobacteriaceae and Veillonellaceae, together
with Bifidobacteriaceae. The overabundance of Bifidobacteriaceae
and Lactobacillaceae were the signatures that most differentiated
this group from HC and other CIF groups. At the genus level, there
were the same depletions of SCFA producers from the Lachnospir-
aceae and Ruminococcaceae families, Bacteroides, Parabacteroides,
Prevotella and [Eubacterium], as observed in the SBS-1 group, a
similar increase in Veillonella, and, in particular, an over-
representation of Lactobacillus and Bifidobacterium. These data are



Fig. 3. Potential gut microbiota compositional signatures of pathophysiological mechanism of CIF. Boxplots showing the relative abundance distribution of phyla (A) and families (B)
differentially represented in CIF patients stratified by pathophysiological mechanism (SBS-1, SBS-2, DYS and MD) and healthy subjects (Controls). Wilcoxon test, * for p � 0.05, ** for
p � 0.01, *** for p � 0.001. See also Supplemental Table 2. CIF, chronic intestinal failure; SBS-1, short bowel syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type
2 (jejuno-colonic anastomosis); DYS, intestinal dysmotility; MD, extensive small bowel mucosal disease.

Fig. 4. Potential genus-level gut microbiota signatures of pathophysiological mechanism of CIF. Heatmap showing Ward-linkage clustering based on Pearson's correlation co-
efficients of the relative abundance of genera from the gut microbiota of CIF patients stratified by pathophysiological mechanism (SBS-1, SBS-2, DYS and MD) and healthy subjects as
controls. Only taxa with relative abundance >0.1% in at least 7 samples are shown. See also Supplemental Table 3. CIF, chronic intestinal failure; SBS-1, short bowel syndrome type 1
(end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis); DYS, intestinal dysmotility; MD, extensive small bowel mucosal disease.
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generally in linewith previous observations. An overrepresentation
of Lactobacillaceae/Lactobacillus has been reported in several
studies in adults and children with SBS with colon in continuity
[7,44]. In particular, the species Lactobacillus mucosaewas observed
in SBS-2 patients but not in HC [5,13]. Overabundance of Bifido-
bacteriaceae has also been reported in adults [8,13] and children



Fig. 5. Gut microbiota signatures of CIF severity in SBS patients. Boxplots showing the relative abundance distribution of genera differentially represented in patients with SBS-1
and SBS-2 in relation to the PN volume categories (mL/day): PN1, �1000; PN2, 1001e2000; PN3, 2001e3000; PN4, >3000. Wilcoxon test, * for p � 0.05. See also Supplemental
Table 4. CIF, chronic intestinal failure; SBS-1, short bowel syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis); PN, paren-
teral nutrition.
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[45]. Lactobacillaceae and Bifidobacteriaceae are able to ferment
unabsorbed carbohydrates, with subsequent production of SCFAs,
which exert beneficial effects [46]. However, lactobacilli can also
have detrimental effects, as some species can produce d-lactic acid,
with the subsequent risk of D-lactic acidosis [11]. While in SBS-1
the increased proportion of Proteobacteria (and Enterobacteri-
aceae) and the decreased proportions of typical health-associated
taxa of dominant families of the adult gut microbiota (Lachnospir-
aceae, Ruminococcaceae and Bacteroidaceae) are somewhat ex-
pected based on data observed in the jejunum of healthy subjects
[42], these variations in SBS with colon in continuity may represent
a risk factor for CIF-related complications. For example, proteo-
bacteria produce lipopolysaccharide (LPS), which has been impli-
cated in intestinal barrier dysfunction [46], mucosal inflammation,
and liver disease [15,47e49]. Furthermore, the abundance of pro-
teobacteria has been associated with PN dependence and liver
steatosis [50,51], and Lactobacillus has been associated with
advanced steatosis and fibrosis, mostly after weaning off PN [52].
This suggests that steatosis may start during PN in response to, for
example, proinflammatory LPS produced by proteobacteria, and
progress after weaning off PN, when Lactobacillus becomes domi-
nant and affects lipid metabolism through altered bile acid
signaling [52]. Indeed, in patients with SBS-1 and SBS-2, we found a
positive association between Lactobacillus levels and the duration
of CIF, even though statistically significant only in SBS-1. Those who
underwent the surgical resection causing SBSmore than 24months
prior to enrolment had an increased relative abundance of Lacto-
bacillus and a decreased relative abundance of Ruminococcus and
Dialister compared to those who underwent surgery less than 24
months before. As a considerable amount of fermentable sugars can
be consumed by Lactobacillus, the increase in its proportion can be
interpreted as an expression of the adaptive response of the bowel
to SBS [5,16]. On the other hand, the lower relative abundance of
Ruminococcus in long-term SBS would contrast with the observa-
tion by Budinska et al., who found a higher proportion of Rumi-
nococcus in adult SBS patients who were PN-independent
compared to those who were PN-dependent [7], and with the
observation by Neelis et al. in children with CIF, who found a
negative association between the relative abundance of Rumino-
coccus 1 and 2 and energy supplied by PN, as a surrogate marker of
intestinal adaptation in SBS [45]. The reasons for this discrepancy
may again be due to differences in the characteristics of the patient
cohorts [23].

A novel finding of our study is the association between the
relative abundance of certain taxa and the type and volume of PN
required by patients with SBS, although the data need to be
confirmed by larger studies. In particular, we found that SBS-1
patients receiving PN3 were depleted of Veillonella, Rothia and
Haemophilus compared to those receiving PN2, and Gemella and
Granulicatella compared to those receiving PN1, suggesting a pro-
gressive loss of potential small bowel microbiota signatures with
increasing CIF severity. Furthermore, SBS-1 patients receiving PN2
showed a depletion in Bifidobacterium and Ruminococcus compared
to those receiving PN3, and Dialister compared to those receiving
PN1. On the other hand, the latter were enriched in Atopobium
compared to those receiving PN3 and PN4. No observation on
Atopobium in patients with SBS has been previously reported.
Atopobium belongs to the Coriobacteriaceae family and is part of the
microbiota of the gingival crevice, gastrointestinal tract, and vagina.
Atopobium in the gut and oral environment showed a significant
positive correlation with carbohydrate digestion and absorption
pathways [53,54]. It could be hypothesized that the overabundance



Fig. 6. Gut microbiota of SBS patients in relation to HPN duration. (A) PCoA based on BrayeCurtis dissimilarities between the gut microbiota profiles of SBS-1 and SBS-2 patients
stratified by time since surgery (more or less than 24 months: SBS-1, 21 vs. 9 patients; SBS-2, 11 vs. 6 patients). Ellipses include 95% confidence area based on the standard error of
the weighted average of sample coordinates. Significant separation between groups was found (permutation test with pseudo-F ratio, p ¼ 0.002). (B) Boxplots showing the relative
abundance distribution of genera differentially represented in SBS patients according to time since surgery (Wilcoxon test, * for p � 0.05). See also Supplemental Table 4. HPN, home
parenteral nutrition; SBS-1, short bowel syndrome type 1 (end-jejunostomy); SBS-2, short bowel syndrome type 2 (jejuno-colonic anastomosis).
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of Atopobium in SBS-1 patients receiving the lowest PN volume is
the result of a more efficient post-resection adaptation with
consequent improvement in energy absorption from food.
Regarding SBS-2 patients, those receiving PN1 were enriched in
Bifidobacterium compared to those receiving PN2 and PN3. They
also showed an enrichment in Streptococcus and a depletion of
Lactobacillus compared to those receiving PN2. For SBS, the nega-
tive association between PN volume and the proportion of the
carbohydrate-fermenting genera Bifidobacterium and Streptococcus
[38e40] would be consistent with increased intestinal energy ab-
sorption through the subsequent production of SCFAs. Animal
models of SBS with colon in continuity showed that the Lactoba-
cillaceae abundance in the fecal microbiota contributed to SBS
adaptation by inducing hyperphagia through increased secretion of
hormones such as the orexigenic hormone ghrelin [55,56]. While
treatment with probiotics (Lactobacillus and Bifidobacterium spp.)
potentially increased stool SCFA (butyrate) concentration [57], fecal
microbial transplant induced transient [58] or no significant [55]
changes in the intestinal microbiota. In a mice model, Berlin et al.
observed the occurrence of severe dysbiosis after removal of the
ileocecal valve, even in the absence of short bowel conditions, with
the loss of Muribaculaceae and Akkermansia and an increase of
Clostridium and Enterococcus, and suggested to improve post-
operative bacterial colonization by targeting dysbiosis on the basis
of its specific anatomical signature [59].

The gut microbiota of patients with MD showed low alpha di-
versity (although higher than SBS-2) and a compositional structure
that partially overlapped with that of SBS-2 and DYS patients, as
revealed by beta diversity analysis. Compared to HC, the MD group
showed higher proportions of Actinobacteria and Proteobacteria
(especially Enterobacteriaceae) like all other CIF groups, and lower
proportions of Bacteroidetes (especially families Bacteroidaceae,
Porphyromonadaceae, Prevotellaceae and Rikenellaceae, and genera
Bacteroides, Parabacteroides and Prevotella) like the SBS-1 and SBS-2
groups. In addition, MD patients shared with SBS-1 and SBS-2 pa-
tients lower proportions of Lachnospiraceae and Erysipelotrichaceae
(especially [Eubacterium]), and higher proportions of Veillonella-
ceae, a family that was particularly overrepresented in this group.
Furthermore, at the genus level, MD patients, like all other CIF
groups, were depleted of health-associated taxa from the Lachno-
spiraceae and Ruminococcaceae families. Similar to DYS patients,
they showed an increased relative abundance of the pathobiont
Eggerthella, while similar to SBS-2 patients, they harbored
increased levels of Bifidobacterium and Lactobacillus. The latter
result is probably related to the fact that these patients, even if they
have the whole bowel in transit, do not properly absorb nutrients,
which remain in the lumen and are fermented by bacteria. MD
patients were also characterized by an increase in Acidaminococcus,
which is known to use amino acids (particularly glutamate) as the
sole energy source for growth [60]. The depletion of Lachnospir-
aceae and Ruminococcaceae was somewhat to be expected, espe-
cially in SBS, given the extensive bowel loss and consequent
changes in the gut lumen, including oxidative stress. Members of
Lachnospiraceae and Ruminococcaceae are indeed known to be
obligate anaerobes, among the first to shrink in the event of adverse
changes in their niche. On the other hand, they are also known for
their ability to ferment complex polysaccharides (i.e., fiber), leading
to the production of short-chain fatty acids. Indeed, fiber intakewas
the lowest in the DYS group (4 g/day), which may have contributed
to the observed reduction in these taxa even in patients without
SBS. Similarly, in MD, the decrease in Lachnospiraceae and Rumi-
nococcaceae may be related to dietary changes, mucosal damage
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and malabsorption, which could have led to drastic changes in the
available nutrient sources and thus in the interaction networks of
the gut microbiota, as evidenced by the overrepresentation of
generally subdominant taxa, such as lactate producers (e.g. lactic
acid bacteria) and utilizers (e.g. Veillonella).

Finally, the DYS group was characterized by an alpha diversity
level that did not differ fromHC andMD and was higher than that of
SBS and, as mentioned above, did not segregate from the MD group
in the beta diversity analysis. At the phylum level, the gut microbiota
showed increased proportions of Actinobacteria and Proteobacteria
compared to HC, as found in all CIF groups. It was also enriched in
Bacteroidetes compared to both SBS groups and depleted in Firmi-
cutes compared to SBS-1 and Actinobacteria compared to SBS-2. At
the family level, the DYS microbiota shared an overabundance of
Lactobacillaceae and Enterobacteriaceae and a depletion of Rumino-
coccaceae with all CIF groups compared to HC. Potential composi-
tional signatures included an increased abundance of
Coriobacteriaceae and Fusobacteriaceae. Consistently, at the genus
level, DYS patients were mainly discriminated by an over-
representation of the pathobionts Eggerthella and Fusobacterium. It
should be noted that, in contrast to all other CIF groups, they
maintained healthy-like proportions of some Bacteroidetes genera
(i.e., Bacteroides, Parabacteroides and Prevotella), which are typical
commensals of the adult gut microbiota. Unfortunately, there are no
studies in adults to compare the results of CIF due to DYS andMD. To
date, only Neelis et al. [45] have characterized the gut microbiota of
DYS andMD patients, but in children and analyzing DYS andMD as a
unique group. The differences observed between SBS and DYS orMD
are the consequences of the differences in bowel anatomy and oral
food intake and absorption among the mechanisms of CIF, mainly
represented by extensive bowel resection in SBS and integrity of the
bowel length in DYS and MD, accelerated bowel transit in SBS,
slowed bowel transit in DYS, lower food intake in DYS, malabsorp-
tion with the entire colon in continuity in MD.

The major limitation of the study is the difference between the
CIF groups in some demographic and clinical variables that are
known to influence the microbiota composition [23], namely age,
BMI, oral food intake and absorption, probiotics and medications,
namely antibiotics, immunosuppressors and PPIs. PPIs were the
ongoing treatment in most patients. In patients without CIF, the
fecal microbiota of PPI users showed decreased Shannon's diversity,
a significant increase in Enterococcus, Streptococcus, Staphylococcus
and Escherichia coli, and an overrepresentation of oral bacteria
(genus Rothia) [61]. In clinical practice, most patients with CIF
receive drug treatment. Some of the published studies on the
microbiota in adults with CIF excluded patients taking medication
[5,6], whereas others did not describe the type of ongoing drugs
[7,8]. Indeed, it is difficult to elucidate the impact of current treat-
ments on the fecal microbiota of patients with CIF because of the
high variability in gut anatomy and oral food intake and absorption,
two factors that make the CIF cohorts very different from the co-
horts of patients included in published studies investigating the
effects of various treatments on the fecal microbiota.

In conclusion, our results confirm the gut microbiota dysbiosis
previously observed in patients with CIF due to SBS (particularly
SBS-2), show an association of dysbiosis with the duration and
severity (represented by the amount of PN required) of SBS-related
CIF, and identify potential compositional signatures specific to the
pathophysiological mechanism of CIF, including DYS and MD.
Further studies in larger cohorts, possibly using longitudinal sam-
pling and other omics approaches, such as shotgun metagenomics,
metatranscriptomics and metabolomics for high-resolution
compositional and functional profiling, are needed to validate the
present findings and further elucidate the role of gut microbiota in
CIF and any CIF-related complications.
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