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Background and aims: Anastomotic leak (AL) is a major complication in colorectal surgery. Recent evidence suggests that the gut microbiota may affect healing and may cause or prevent AL. Butyrate is a
beneﬁcial short-chain fatty acid (SCFA) that is produced as a result of bacterial fermentation of dietary
oligosaccharides and has been described as beneﬁcial in the maintenance of colonic health. To assess the
impact of oligosaccharides on colonic anastomotic healing in mice, we propose to modulate the
microbiota with oligosaccharides to increase butyrate production via enhancement of butyrateproducing bacteria and, consequently, improve anastomotic healing in mice.
Methods: Animal experiments were conducted in mice that were subjected to diets supplemented with
inulin, galacto-oligosaccharides (GOS) or cellulose, as a control, for two weeks before undergoing a
surgical colonic anastomosis. Macroscopic and histological assessment of the anastomosis was performed. Extent of epithelial proliferation was assessed by Ki-67 immunohistochemistry. Gelatin
zymography was used to evaluate the extent of matrix metalloproteinase (MMP) hydrolytic activity.
Results: Inulin and GOS diets were associated with increased butyrate production and better anastomotic
healing. Histological analysis revealed an enhanced mucosal continuity, and this was associated with an
increased re-epithelialization of the wound as determined by increased epithelial proliferation. Collagen
concentration in peri-anastomotic tissue was higher with inulin and GOS diets and MMP activity, a
marker of collagen degradation, was lower with both oligosaccharides. Inulin and GOS diets were further
associated with lower bacterial translocation.
Conclusions: Dietary supplementation with inulin and GOS may improve anastomotic healing and
reinforce the gut barrier in mice.
© 2021 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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1. Introduction
Surgical bowel resection is a standard operation in several pathologies, particularly colorectal cancer (CRC) and inﬂammatory

bowel disease (IBD), and requires an anastomosis to rejoin bowel
ends. For reasons that remain unclear, the intestine may fail to
heal and may leak at the anastomosis site, an event that is
termed “anastomotic leak” (AL). AL is a major complication in

Abbreviations: CRC, Colorectal cancer; AL, Anastomotic leak; SCFA, Short-chain fatty acid; GOS, Galacto-oligosaccharides; POD, Postoperative day; H&E, Hematoxylin and
eosin; PAS-AB, Periodic acid Schiff-Alcian blue; MMP, Matrix metalloproteinase; SEM, Standard error of the mean.
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compared to cellulose on microbiota composition [18], SCFAs production [19], and barrier function [18]. Except for the differences in
the type of supplemented study ﬁbers, the composition of the diet
and caloric intake in terms of carbohydrate, protein and fat were
the same. Diet composition is detailed in Supplementary Table S1.
The dietary supplementation with oligosaccharides was initiated
2 weeks before surgery and was resumed immediately after the
operation until sacriﬁce at POD 6.

gastrointestinal surgery, developing in up to 19% of patients, with
devastating consequences [1]. Despite improvements in techniques
and perioperative care, AL continues to alter patients’ quality of life
by lowering their bowel function, and increasing morbidity, mortality, and health care costs [1,2]. AL is further believed to be the
result of impaired tissue repair and disruption of the healing process at the anastomosis site [3].
Accumulating evidence suggests that the gut microbiota plays
an important role in anastomotic healing and AL [4] by inﬂuencing
the process of repair of damaged intestinal mucosa [5]. Anastomotic healing may be positively or negatively inﬂuenced depending on the gut microbiota composition [4,6]. These ﬁndings support
the possibility of manipulating the gut microbiota before surgery as
an approach to improve healing and prevent AL.
In the last few years, rising interest has emerged in the potentially beneﬁcial effects of some prebiotics, which serve as substrates
to gastrointestinal bacteria, in the prevention of postoperative infections and AL in colorectal surgery [7]. The beneﬁts of prebiotics
in promoting gastrointestinal health are linked to the production of
beneﬁcial metabolites, namely short-chain fatty acids (SCFAs) upon
bacterial fermentation, including butyrate, propionate and acetate
[8]. SCFAs are key players in intestinal homeostasis and contribute
to the modulation of local and systemic immune and inﬂammatory
processes [9]. In the colon, SCFAs are the primary energy source
of epithelial cells, contributing to up to 70% of their energy requirements [10]. In particular, butyrate has drawn signiﬁcant
attention in the recent years due to accumulating evidence of its
beneﬁcial effects on the preservation of the epithelial layer, the
modulation of inﬂammation, and the promotion of the intestinal
barrier function [11]. As an energetic substrate, butyrate promotes
cell proliferation and epithelial growth [12,13].
Prebiotics of potential interest in this context are oligosaccharides such as inulin and galacto-oligosaccharides (GOS), which are
known for their ability to increase SCFAs production and promote
epithelial repair [14,15]. These prebiotics have been associated with
an improvement of the barrier function and an enhancement of the
mucus layer [15,16], contributing thus to a better gut integrity and
lower bacterial translocation [17]. In this study, we tested whether
oligosaccharide supplementation with inulin and GOS may improve
anastomotic healing and prevent AL in a murine model.

2.3. Surgery and postoperative care
The experimental model of impaired anastomotic healing and
leak used in this study was based on previous publications on
mouse anastomotic leak models [20e22]. Forty-ﬁve mice were
matched for age and weight and assigned to different groups (15
per group) of dietary intervention. The number of mice used in each
group was based on previous studies using colonic anastomosis
models [20,21]. On day 15 after the initiation of custom diets, mice
underwent a surgical colonic anastomosis under general anesthesia. The surgical procedure was performed by a surgeon blinded
to the dietary intervention. On the day of surgery, mice received a
subcutaneous injection of the analgesic buprenorphine-sustainedrelease (1 mg/kg, Chiron Compounding Pharmacy Inc, Guelph, ON),
then underwent general anesthesia with isoﬂurane. The abdomen
was shaved, and the skin was disinfected with three passages of 10%
povidone-iodine and 70% ethanol solutions. An abdominal subcutaneous injection of the local anesthetic bupivacaine at 0.25%
(2 mg/kg, Aspen Pharmacare Canada Inc, Oakville, ON) was performed at the incision site. Intraoperatively, mice were kept on a
warming pad to prevent hypothermia, and the respiratory rate was
continuously monitored. Under microscopic guidance (Zeiss S7,
Dublin, CA), a midline abdominal laparotomy incision of 2 cm was
performed. The cecum was localized and exteriorized. A colotomy
was performed by transecting 70% of the circumference of the
proximal colon, distal to the cecum. The colotomy was then closed
with 6 interrupted sutures of polypropylene 8e0. Under direct
vision, the integrity of the repair was tested with rectal administration of sterile saline via a 22G plastic cannula. The abdomen was
closed in 2 layers with one running suture at the muscle level, and
one subcuticular running suture at the skin level. Mice were
resuscitated with a subcutaneous injection of warm 0.9% NaCl/5%
dextrose solution (40 mL/kg; Baxter, ON).
After surgery, mice were housed in cages with soft bedding
material. Drinking water was supplemented with 32 mg/mL acetaminophen (Tempra, Paladin Labs Inc., St-Laurent, QC) to optimize
analgesia until sacriﬁce. Mice were assessed twice a day during the
ﬁrst three days after surgery and daily thereafter until sacriﬁce.
Signs of sepsis or other surgical complications, including difﬁculty
breathing, failure to move when touched, weight loss greater than
20% or wound dehiscence, were set as intervention points to proceed with euthanasia. One mouse in the inulin-supplemented
group had to be sacriﬁced during surgery due to a major mesenteric hemorrhage. All other mice were euthanized on POD 6, when
the wound is transitioning from the acute inﬂammatory phase
to ﬁbroblast proliferation and collagen production [23,24], and
anastomotic healing was assessed both macroscopically and
microscopically.

2. Materials and methods
2.1. Animals
All procedures were performed in accordance with the Canadian Council of Animal Care guidelines after approval by the
Institutional Animal Care Committee of the Centre de recherche du
 de Montre
al (CRCHUM). C57BL/6
Centre hospitalier de l'Universite
female mice were purchased from the Jackson Laboratory (Bar
Harbor, ME), and were bred at the CRCHUM animal facility in
speciﬁc-pathogen-free (SPF) conditions. Mice were 10e15 weeks
of age at the beginning of the experiments and were maintained
under standard 12:12 light/dark conditions. They were housed at
three mice per cage and were allowed ad libitum access to food and
water.
2.2. Diets

2.4. Macroscopic anastomotic healing
Mice were fed ad libitum diets containing 10% wt/wt inulin
(Envigo Teklad Diets, TD.190,651) or GOS (Envigo Teklad Diets,
TD.190,732). A control group was fed a diet containing 10% wt/wt
cellulose (Envigo Teklad Diets, TD.190,723), a non-fermentable ﬁber. These concentrations were chosen based on previous studies
demonstrating a signiﬁcant beneﬁcial effect of oligosaccharides

Macroscopic healing of the anastomosis was performed using
the AL score as follows: 0, normal healing; 1, ﬂimsy adhesion; 2,
dense adhesion; 3, dense adhesion with gross phlegmon/abscess; 4,
overt leak with peritonitis [20,21,25]. Grading was performed by
two independent trained evaluators blinded to the intervention
3843
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2.11. Quantiﬁcation of hydroxyproline content

group. When discrepancy between evaluators was present, a third
evaluator was asked to determine the grade.

The concentration of hydroxyproline was quantiﬁed in perianastomotic colonic tissue using a colorimetric hydroxyproline
assay kit (ab222941, Abcam Inc., Toronto, ON).

2.5. Anastomotic healing score
Assessment of anastomotic healing was performed by a blinded
pathologist on H&E stained sections using the following criteria:
mucosal continuity and reepithelialization, muscular continuity,
inﬂammatory cell inﬁltration and neoangiogenesis. Each criterion
was graded as follows: 0, absent; 1, mild; 2, moderate; 3, intense
[26,27]. A histological anastomotic healing score (AH score) was
calculated by adding the individual scores.

2.12. Collagenase activity
Gelatin zymography was used to assess the hydrolytic activities
of proMMP-2 and proMMP-9. Brieﬂy, 10 mg of tissue samples were
subjected to SDS-PAGE in a gel containing 0.1 mg/mL gelatin (SigmaeAldrich Canada, G2625). The gels were then incubated in 2.5%
Triton X-100 (Bioshop, TRX506.500) and rinsed in nanopure
distilled water. Gels were further incubated at 37  C for 20 h in
20 mM NaCl, 5 mM CaCl2, 0.02% Brij-35, 50 mM TriseHCl buffer, pH
7.6 and then stained with 0.1% Coomassie Brilliant blue R-250
(Bioshop, CBB250) and destained in 10% acetic acid, 30% methanol
in water. Gelatinolytic activity was detected as unstained bands on
a blue background.

2.6. Histology
Anastomotic tissue was collected in an optimal cutting temperature compound and was frozen and cut using a cryostat. Sections were stained with hematoxylin (RICCA, VWR International,
Mississauga, ON) and eosin (H&E; Leica Biosystems Richmond Inc.
Richmond, IL) and periodic acid-Schiff-Alcian blue (Artisan Alcian
Blue kit, AR160, Dako North America Inc. Carpinteria, CA; PAS,
SigmaeAldrich, Canada).

2.13. Statistical analysis
Statistical analysis was performed using Prism 8 (GraphPad
Software, San Diego, CA). Data are presented as means ± standard
error of the mean unless speciﬁed otherwise. Multiple group
comparisons were evaluated by one-way ANOVA, followed by
post hoc Tukey's test. A P-value of less than 0.05 was considered
as statistically signiﬁcant. For associations between variables,
Spearman correlation was computed.

2.7. Epithelial mucin density
The mucin density was evaluated in the perianastomotic
epithelium on PAS-AB stained sections as previously described [28].
Brieﬂy, color thresholds were adjusted using the ImageJ image
analysis software [29], and the area of the alcian blue staining of
epithelial mucins was quantiﬁed [28]. The score was determined by
computing the average from ﬁve replicates per section.

3. Results

2.8. Immunohistochemistry

3.1. Dietary oligosaccharide supplementation induces changes in
body weight, cecal morphology, and SCFAs levels

Immunohistochemical staining was carried out on frozen sections using speciﬁc antibodies anti-Ki-67 (Biocare CRM325A, Biocare Medical, Pacheco, CA) at 1/150 dilution and anti-MUC2
(Invitrogen PA5-21329, Thermo Fisher Scientiﬁc, Waltham, MA)
at 1/500 dilution. Measurements were determined using color
deconvolution in the ImageJ software [29], followed by calculation
of the intensity of 3,30 -diaminobenzidine (DAB) staining in ﬁve
replicates of colonic crypts per section.

To evaluate the effect of feeding oligosaccharides on anastomotic healing, mice were fed diets supplemented with inulin, GOS
or cellulose, a non-fermentable ﬁber, as a control, for two weeks
before surgery and were monitored until POD 6 (Fig. 1, study
design). Body weight increased in a similar manner in all mice
before surgery, followed by a drop after surgery in all groups, as
expected (Fig. 2A) [22]. On POD 1 and 2, the total body weight
of mice fed GOS was higher than those fed cellulose (POD
1 ¼ 98.5 ± 1.2% cellulose vs. 104.0 ± 1.1% GOS; and POD
2 ¼ 95.6 ± 1.2% cellulose vs. 101.0 ± 1.2%, GOS, P < 0.05, N ¼ 14e15
per group), suggesting a less pronounced immediate postoperative
weight loss in mice that received the GOS-supplemented diet. On
POD 6, mice fed the inulin diet displayed higher body weight than
mice on the cellulose diet (POD 6 ¼ 96.4 ± 1.5% cellulose vs.
102.7 ± 1.9% inulin, P < 0.05, N ¼ 14e15 per group), reﬂecting a
faster weight recovery after surgery.
The weight of cecal content (Fig. 2B) and of the empty cecal wall
(Fig. 2C) were signiﬁcantly higher in mice fed inulin and GOS when
compared to mice on cellulose diet, as conﬁrmed from the observed
respective larger cecal volume and morphology (Fig. 2D). Next, to
further conﬁrm that oligosaccharide-supplemented diets increase
SCFAs levels [14], levels of butyrate, propionate and acetate were
quantiﬁed in the fecal content of the cecum. Mice fed inulin or GOS
diets were found to display signiﬁcantly higher levels of butyrate
(Fig. 3A), propionate (Fig. 3B), and acetate (Fig. 3C), as compared to
those on the control cellulose-supplemented diet.
These data show that, in our experimental setting, dietary
supplementation with oligosaccharides accelerates postoperative

2.9. Bacterial translocation
The spleen was collected under sterile conditions and kept
at 80  C. Total tissue DNA was extracted using the Qiagen DNeasy
PowerSoil® kit (Qiagen, Toronto, ON). Bacterial DNA was quantiﬁed
using a spectrophotometer (DeNovix DS-11 FX, Wilmington, DE)
and was ampliﬁed using 16S ribosomal-DNA universal primers.
Real-time quantitative PCR was performed using 25 ng of total DNA
with the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™, Thermo Fisher Scientiﬁc, Waltham, MA, USA) in a Rotor
Gene 3000A (Corbett Research, Australia) as previously reported
[30]. Bacterial concentrations were determined by computing the
16S concentration on a puriﬁed 16S standard curve.
2.10. Quantiﬁcation of SCFAs
Fecal material from the cecum was snap-frozen and kept
at 80  C until analysis. Quantiﬁcation of SCFAs was performed
using electrospray ionization mass spectrometry at the Metabolomics core facility of the CRCHUM as previously reported [31].
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Fig. 1. Schematic depiction of the study design starting with a diet supplemented with cellulose, inulin, or GOS for two weeks, followed by a surgical anastomosis of the proximal
colon and postoperative follow-up for six days after the surgery.

3.3. Oligosaccharide-supplemented diets are associated with
enhanced epithelial proliferation, higher anastomotic collagen
content and improved gut barrier

body weight recovery, increases the thickness of the colonic wall,
and leads to augmented SCFAs production in our AL mouse model.
3.2. Dietary oligosaccharide supplementation decreases
anastomotic leakage incidence and improves anastomotic healing

Enhanced re-epithelialization and mucosal continuity at the
anastomotic site suggest that oligosaccharides may promote
epithelial cell proliferation. Hence, we assessed cell proliferation by
quantifying Ki-67-positive cells in perianastomotic colonic crypts
in histological samples (Fig. 5A). A higher expression of Ki-67 was
found in mice fed inulin compared to cellulose or GOS diets (Fig. 5B).
Next, we assessed mucus production in the perianastomotic colonic
epithelium using alcian-blue staining and immunocytochemistry
for MUC2, the main expressed mucin in the colon [32]. The Alcian
blue-stained area and MUC2 staining intensity were similar between mice fed cellulose, inulin and GOS (Fig. 5C-D).
As the tensile strength and the solidity of a colonic anastomotic
tissue are conferred by its submucosa and collagen content [33], we
further assessed the levels of hydroxyproline, a vital amino acid
constituent of collagen, in perianastomotic tissue [25,34]. The
colonic perianastomotic tissue of mice fed the inulin and GOS diets
harbored higher concentrations of hydroxyproline than those fed
the cellulose diet (cellulose vs. inulin 2.1-increase, P < 0.0001; and
cellulose vs. GOS 1.9-increase, P < 0.01, N ¼ 14e15 per group,
Fig. 6A). Since lower collagen content may be the result of higher
collagen degradation by colonic collagenases, we next assessed by
zymography (Fig. 6E) whether matrix metalloproteinases (MMPs) at
the anastomosis site were inﬂuenced by the dietary ﬁber supplementation. Mice fed the inulin and GOS supplemented diets showed
lower total collagenolytic activity than those fed the cellulose diet
(Fig. 6B). Furthermore, we found that the expression of proMMP-2,
but not that of proMMP-9, was lower in mice fed the inulin and GOS
diets (Fig. 6C-D).
Increased epithelization, promotion of mucosal continuity, and
decreased degradation of the extracellular matrix could impact on

To assess the impact of oligosaccharide-supplemented diets on
anastomotic healing, macroscopic assessment of the anastomotic
site was performed at POD 6 using the AL score. Mice fed the
inulin diet had a signiﬁcantly lower score, denoting less leakage,
compared with those fed the control, cellulose diet (AL score:
2.3 ± 0.2 cellulose vs. 1.0 ± 0.2 inulin, P < 0.001, N ¼ 14e15 per
group, Fig. 4A). Similarly, mice fed the GOS-supplemented diet also
had a lower AL score (1.3 ± 0.3, N ¼ 15) than those fed the cellulose
diet (P < 0.05). No mice had to be sacriﬁced before POD 6 due to
poor health, and no cases of fecal peritonitis e AL score grade 4 e
were found in any of the groups.
Next, we performed microscopic evaluation at the anastomosis
site (Fig. 4B) to calculate the AH score using histological criteria.
Mucosal continuity and reepithelization scores were signiﬁcantly
increased in mice fed inulin (AH score: 2.73 ± 0.14, N ¼ 11) and GOS
(AH score: 2.67 ± 0.21, N ¼ 6) diets compared to the cellulose diet
(AH score: 0.86 ± 0.46, P < 0.001, N ¼ 7, Fig. 4C). No signiﬁcant
differences were found in terms of muscular continuity, inﬂammatory reaction, or neoangiogenesis (Fig. 4C). When calculating the
total AH score based on the criteria shown on Fig. 4C, mice fed the
inulin diet, but not the GOS diet, had a signiﬁcantly higher AH score
when compared to mice maintained on the cellulose diet (AH
score: 5.3 ± 0.5 cellulose vs. 6.8 ± 0.3 inulin, P < 0.05, N ¼ 6e11 per
group Fig. 4D).
These ﬁndings demonstrate a substantial beneﬁcial effect of
oligosaccharides,particularly inulin, on preventing AL and promoting anastomotic healing via enhancement of re-epithelialization and
mucosal continuity at the anastomotic site in this mouse model.
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Fig. 2. Body and cecal weight changes induced by oligosaccharide-supplemented diets. (A) Body weights of mice fed cellulose, inulin and GOS supplemented diets (means ± SEM),
N ¼ 14e15 per group. (B) Cecal fecal weight/total body weight ratio. (C) Empty cecal weight/total body weight ratio. (D) Macroscopic views of ceca. In (B) and (C), each symbol
represents one mouse, N ¼ 14e15 per group. *P < 0.05 comparing inulin to cellulose; #P < 0.05 comparing GOS to cellulose; ****P < 0.0001, ANOVA.

Fig. 3. Oligosaccharide-supplemented diets increase SCFAs levels in the cecum. Concentration of (A) butyrate (B) propionate (C) acetate, and (D) combined levels of butyrate,
propionate, and acetate in the fecal content of the cecum in mice fed cellulose, inulin and GOS. In (AeC), each symbol represents one mouse, N ¼ 14e15 per group. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, ANOVA.

indication of bacterial translocation [22]. Signiﬁcantly lower levels
of ampliﬁed 16S were found in splenic samples collected form mice
fed the inulin and GOS diets when compared to the cellulose diet
(Fig. 5E).

the barrier function of the colon, an important aspect since AL may
be linked not only to bacterial dissemination and sepsis but also to
cancer recurrence [35]. To assess intestinal barrier function, total
bacterial 16S expression was quantiﬁed in splenic tissue as an
3846
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Fig. 4. Decreased anastomotic leakage and improved mucosal continuity and reepithelialization at the anastomotic site in mice fed oligosaccharide-supplemented diets (A)
Incidence of AL score. Each symbol represents one mouse, N ¼ 14e15 per group (B) Example of a histological section to evaluate anastomotic healing (C) Microscopic evaluation of
anastomotic healing (D) Anastomotic healing score (AH score). Each symbol represents one mouse. In (CeD), N ¼ 6e11 per group. *P < 0.05 and ***P < 0.001, ANOVA.

4. Discussion

Since collagen degradation has been shown to be inﬂuenced by
butyrate [36,37], we next assessed whether there was a correlation
between hydroxyproline levels or collagenolytic activity and SCFAs
concentration. Hydroxyproline levels positively correlated with
SCFAs (Fig. 7A-C), while collagenolytic activity negatively correlated with the levels of butyrate, propionate and acetate (Fig. 7D-F).
Taken together, these results suggest that inulin and GOS dietary
supplementation in mice prevents AL and improves healing by
stimulating epithelial proliferation, reducing MMPs activity and
consequent collagen degradation, and results in improved intestinal barrier function after colonic surgery.

The objective of this study was to evaluate the effects of oligosaccharides, namely inulin and GOS, on preventing AL and promoting anastomotic healing after colonic surgery. To this end, mice
were fed a diet containing the fermentable ﬁbers, inulin or GOS, or
a non-fermentable ﬁber, cellulose, for two weeks before undergoing colonic anastomotic surgery and monitored them for six days
after surgery.
We found that oligosaccharides improved the general health of
the operated mice as indicated by both the body weight recovery
3847
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Fig. 5. Oligosaccharides supplementation increases epithelial proliferation and decreases bacterial translocation (A) Ki-67 staining in anastomotic tissue. Quantiﬁcation of (B) Ki-67
expression (C) Alcian blue staining and (D) MUC2 expression in peri-anastomotic tissue samples from mice fed cellulose, inulin and GOS diets (E) Quantiﬁcation of bacterial 16S
expression in splenic tissue. In (BeE), each symbol represents one mouse, N ¼ 12e15 per group. *P < 0.05, **P < 0.01, ANOVA. Arrows indicate strongly positive staining. MUC2,
mucin2; ns, non-signiﬁcant. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 6. Oligosaccharides supplementation leads to increased hydroxyproline levels and decreased collagen degradation at the anastomosis site (A) Hydroxyproline concentration in
peri-anastomotic tissue in mice fed cellulose, inulin and GOS, N ¼ 14e15 per group. Measurement of (B) total collagenolytic activity and expression of (C) proMMP2 and (D)
proMMP9 in anastomotic tissue (E) Zymographic gel with gelatin digestion bands depicting collagenase activity at the anastomotic site. In (BeD), N ¼ 9 per group. In (AeD), each
symbol represents one mouse. In D, each lane represents one mouse. In **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, non-signiﬁcant.

of the mucosal layer. Similar effects have been previously reported
in rats with radiation-induced colonic injury [25]. A faster reepithelialization at the anastomotic site could have a sealing effect on the sectioned colon, hence preventing AL.
The enhanced re-epithelialization and mucosal continuity were
consistent with the increased cell proliferation as determined by

after surgery and the induced thickening of the colonic wall.
Furthermore, inulin and GOS supplementation signiﬁcantly
increased the production of SCFAs such as butyrate, similar to
previously reported data [38,39]. Most importantly, mice receiving
oligosaccharides showed a lower incidence of AL and improved
anastomotic healing, mostly due to an enhanced reepithelialization
3848
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Fig. 7. Hydroxyproline levels and collagenolytic activity are correlated with short-chain fatty acids levels. Scatter plots with linear regression lines and 95% conﬁdence limits are
shown for hydroxyproline levels in peri-anastomotic tissue with (A) butyrate (B) propionate and (C) acetate; and total collagenolytic activity in anastomotic tissue with (D) butyrate
(E) propionate, and (F) acetate. r, Spearman correlation coefﬁcient. Each symbol represents one mouse. In (AeC), N ¼ 14e15 per group. In (DeF), N ¼ 9 per group.

butyrate enemas in rats undergoing colonic anastomosis were
shown to reduce proMMP-9 activity as well [45]. Although in our
model inﬂammatory inﬁltration and neoangiogenesis were found
to be similar between groups at POD 6, previous studies have
shown that increased inﬂammatory reaction and decreased
angiogenesis impair anastomotic healing in a rat model of anastomotic leak [46].
Finally, improved anastomotic healing and sealing of the
wounded colonic area could lead to faster and better gut barrier
restoration, which we assessed in our model by measuring bacterial
translocation. Importantly, local CRC recurrence occurs mainly in
the tissue surrounding the anastomotic site, thus suggesting a potential role for the leaky barrier to allow the dissemination and
implantation of residual cancer cells [47]. In fact, previous reports
have described that inulin, compared to cellulose supplementation
of a high-fat diet, was able to strengthen the mucus layer against
translocation of luminal bacteria, and to prevent its deterioration
[16,38]. For GOS, whereas its addition to cultures of the colon
adenocarcinoma LS174T cell line increased the expression of MUC2
[48], recent ﬁndings revealed that GOS required a lactose component to modulate the mucus barrier in cultures of the same cell line
[49]. The effect of oligosaccharides on mucus production and
maintenance will still require further characterization, as no differences were found in our model in terms of mucus production.

the Ki-67 expression in the group fed inulin. Accordingly, studies
supplementing a high-fat diet with inulin in mice have found a
positive effect on the proliferation of colonic epithelial cells and
the prevention of colonic atrophy [38]. In mice fed inulin, weight
recovery and healing scores were found to be the highest, which
suggests that mucosal restoration is strongly associated with
anastomotic healing in our experimental setting. The promotion of
epithelial proliferation mediated by oligosaccharides is likely due to
the production of SCFAs, particularly butyrate [40] and propionate,
which has been shown in human colonic cells exposed to SCFAs
[41]. These observations were further corroborated in vitro in pig
colonic epithelial cells where the addition of butyric acid to
the culture medium promoted epithelial proliferation in a dosedependent manner [42].
Colonic healing is not limited uniquely to mucosal continuity.
The submucosa harbors the most important tensile strength due to
its collagen content [33] and may be a signiﬁcant contributor to the
healing of the injured bowel wall. Elevated collagen levels at the
anastomosis of mice fed inulin and GOS would enhance the capacity of the newly confectioned anastomosis to support mechanical stress [34]. A contributing factor to the increased collagen
content includes lower degradation at the wound site via a
decreased expression of collagenases, such as MMPs, which are
involved in the degradation of the extracellular matrix and collagen
[37,43]. Accordingly, we show that inulin and GOS have an inhibitory effect on MMPs activity, and that levels of butyrate, but also
those of propionate and acetate, seem to be associated with MMPs
expression and collagen levels. In human subepithelial colonic
myoﬁbroblasts, both butyrate and propionate have been shown to
decrease MMP secretion [44]. In line with these ﬁndings, a previous
study has shown that in rats subjected to radiotherapy and undergoing a colonic anastomosis, the oral administration of soluble
ﬁbers combined to the rectal administration of SCFAs decreased
MMP-2 activity [25]. Furthermore, another study has reported that

5. Conclusion
In summary, inulin and GOS seem to improve anastomotic
healing in mice. This enhanced recovery may be explained by a
promotion of mucosal and submucosal healing. Oligosaccharides
accelerated re-epithelialization and stimulated collagenization of
the wound, contributing thus to an increased strengthening of the
submucosa. These effects, which may be attributed to an increased
3849
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production of SCFAs, culminated in an enhanced gut barrier and
improved healing after surgery.
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