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Abstract

Background and Aim: There is an increased risk of colon cancer associated with

inflammatory bowel disease (IBD). Dietary fibers (DFs) naturally present in vegetables

and whole grains offer numerous beneficial effects on intestinal health. However, the

effects of refined DFs on intestinal health remain unclear. Therefore, we elucidated

the impact of the refined DF inulin on colonic inflammation and tumorigenesis.

Methods: Four-week-old wild-type (WT) mice were fed diets containing insoluble DF

cellulose (control) or refined DF inulin for 4 weeks. A subgroup of mice was then

switched to drinking water containing dextran sulfate sodium (DSS, 1.4% wt/vol) for

colitis induction. In another subgroup of mice, colitis-associated colorectal cancer

(CRC) was initiated with three 7-day alternate cycles of DSS following an initial dose

of mutagenic substance azoxymethane (AOM; 7.5 mg/kg body weight; i.p.). Post

7 weeks of AOM treatment, mice were euthanized and examined for CRC

development.

Results: Mice consuming inulin-containing diet exhibited severe colitis upon DSS

administration, as evidenced by more body weight loss, rectal bleeding, and increased

colonic inflammation than the DSS-treated control group. Correspondingly, histologi-

cal analysis revealed extensive disruption of colon architecture and massive infiltra-

tion of immune cells in the inulin-fed group. We next examined the effect of inulin

on CRC development. Surprisingly, significant mortality (�50%) was observed in the

inulin-fed but not in the control group during the DSS cycle. Consequently, the

remaining inulin-fed mice, which completed the study exhibited extensive colon

tumorigenesis. Immunohistochemical characterization showed comparatively high

expression of the cell proliferation marker Ki67 and activation of the Wnt signaling in

tumor sections obtained from the inulin-fed group. Gut microbiota and metabolite

analysis revealed expansion of succinate producers and elevated cecal succinate in

inulin-fed mice. Human colorectal carcinoma cells (HCT116) proliferated more rapidly

when supplemented with succinate in an inflamed environment, suggesting that ele-

vated luminal succinate may contribute to tumorigenesis.
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Conclusions: Our study uncovers that supplementation of diet with refined inulin

induces abnormal succinate accumulation in the intestinal lumen, which in part con-

tributes to promoting colon inflammation and tumorigenesis.
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prebiotic fiber

1 | INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer among all

cancer types in the United States and the fourth highest worldwide.1

Both genetic (non-modifiable) and environmental (modifiable) risk fac-

tors play a role in CRC development. Recurring episodes of mucosal

inflammation in patients with inflammatory bowel disease (IBD)

increase the risk of CRC development in the long run.2,3 Therefore,

controlling and reducing intestinal inflammation in IBD patients is

viewed as a potential strategy to prevent the initiation and develop-

ment of gastrointestinal (GI) malignancies, including CRC. IBD is a

multifactorial pathology that results from genetic mutations alone or

in combination with detrimental changes in environmental factors,

including the composition and activity of the intestinal microbiota,

which collectively heightens intestinal immune activity.4,5 The two

clinical forms of human IBD, Crohn's disease (CD) and ulcerative coli-

tis (UC), result from chronic GI inflammation and are initiated by dys-

regulated intestinal immune responses.

Dietary fibers (DFs) are plant-derived complex carbohydrates that

influence the richness of the bacterial species and their metabolites in

the gut.6 In fact, the degree of solubility and chemical structures of

DFs and the ability of bacteria to degrade these DFs determine

whether gut bacteria will utilize a specific DF type to fulfill their

energy and nutrient needs.7 For example, cellulose is an insoluble

polysaccharide of D-glucose [β-(1,4)-linked D-glucose] units8 that

resists intestinal bacterial fermentation in humans and mice.9 Thus,

cellulose is considered to be a non-fermentable fiber, particularly in

humans and mice. In contrast, inulin, made of β-(2,1)-linked fructose,

is easily degraded by the human and mouse gut microbiota, mainly

by Bifidobacteria and Bacteroides.10 Thus, inulin is classified as a fer-

mentable dietary fiber (FDF), and is widely used in the food industry

to improve the texture of reduced-fat products and as a sugar substi-

tute in processed foods.11

Many studies have demonstrated that gut microbiota dysbiosis,

largely defined by reduced microbial richness or expansion of certain

species, negatively influences overall health. Reduced microbial diver-

sity due to low consumption of FDFs has been linked to poor intesti-

nal and metabolic health.12,13 Therefore, incorporation of FDFs in

processed foods is being advocated to improve overall health by cor-

recting such dysbiosis and promoting the growth of beneficial bacte-

ria. In support, clinical and pre-clinical studies suggest that inulin

consumption by healthy individuals improves the gut barrier function

and production of beneficial fermentation metabolites such as short-

chain fatty acids (SCFAs).14–17 In this effort, food manufacturers

incorporate refined inulin as prebiotics into food products to promote

the growth of specific groups of bacteria, which are believed to be

beneficial for human health. However, recent research cautions that

FDFs might not be universally beneficial for health18–20 and whether

such refined fiber-enriched food products deliver the expected health

benefits during dysbiosis remain to be ascertained. We hypothesize

that the effects of FDFs on GI inflammation and malignancies depend

on the intestinal inflammatory state, the capability of gut microbiota

utilizing the consumed FDF, and metabolites resulting from microbial

fermentation. An elegant study conducted by Armstrong HK et al.20

revealed that the presence of unfermented inulin increases the inflam-

matory response in a subset of IBD patients with reduced fermenta-

tive capacity, supporting the premise that the effect of FDF on

intestinal health is context-dependent and linked with the fermenta-

tive capability of residing microbes in the intestine.

In the present study, we investigated the effect of refined inulin,

a FDF believed to have overall health-promoting effects, on colonic

inflammation and carcinogenesis. Specifically, we fed mice with

inulin-containing diet or control diet containing the non-fermentable

fiber cellulose. The effects of inulin on intestinal inflammation were

assessed by using the dextran sulfate sodium (DSS)-induced colitis

model and on colon tumorigenesis by employing the azoxymethane

(AOM)/DSS model of CRC. DSS is a widely used classic colitogenic

substance that causes damage to the mucosal barrier and epithelial

cells to trigger intestinal immune response, preferably in the colon,

by exposing the commensal microorganisms to lamina propria

cells.21,22

2 | METHODS

2.1 | Animal model and experimental diets

Inbred four-week-old wild-type (WT, C57BL/6J) mice were housed

in a temperature- and humidity-controlled room with free access to

food (Laboratory Rodent Diet 5001) and water. One-week post-

weaning experimental mice were switched to isocaloric diets con-

taining cellulose (10% wt/wt, control diet, Con) or inulin (7.5% wt/wt

inulin plus 2.5% wt/wt cellulose; Inu) (Research Diets, Inc., New

Brunswick, NJ). The composition of the experimental diets is shown

in Table 1. Diets were replaced once a week. All procedures were

approved and performed in compliance with the Institutional Animal
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Care and Use Committee (IACUC) of The Pennsylvania State Univer-

sity. Both male and female mice were used in this study. Since there

was no difference in colitis susceptibility, we combined the data

from both sexes.

2.1.1 | Dextran sulfate sodium-induced acute colitis

WT mice were weaned at day 22 (±1 day) and maintained on the stan-

dard chow diet. After 1 week, mice were switched to one of the

experimental diets (n = 4 in each group). After 4 weeks, DSS (1.4%,

wt/vol) was added to the drinking water. Body weight was monitored

daily. Seven days post-DSS intervention, the animals were euthanized

by carbon dioxide, and blood, colon, and cecal samples were collected

as described below and stored at �80�C until further analysis. Con or

Inu-fed mice maintained on regular water were used as basal-level

control groups.

2.1.2 | Colitis-associated cancer induction

Four-week-old WT mice (n = 8–12) were maintained on experimental

diets for 3 weeks before cancer induction. Subsequently, colon tumor-

igenesis was induced by azoxymethane (AOM, Sigma-Aldrich)-DSS

administration, as previously described in detail.23 Briefly, AOM was

injected intraperitoneally (7.5 mg/kg body weight). After 7 days,

colonic inflammation was induced by the cycle of seven-day DSS

water and 7-day regular water. The DSS concentrations in the drink-

ing water were 1% wt/vol in the first cycle and 0.75% wt/vol in the

second and third cycles. The mice were euthanized 14 days post-last

DSS cycle. The body weight of the animals was collected every

3 days.

2.2 | Sample collection and preparation

2.2.1 | Serum

Blood was collected from the euthanized mice into serum-separation

tubes (BD Microtainer). Serum was then obtained by centrifugation at

700g for 8 min at 4�C and stored at �80�C until further analysis.

2.2.2 | Colon

Colons were dissected and flushed with ice-cold PBS. The proximal

part (�1.5 cm) was stored at �80�C until protein extraction. With the

remaining colon tissue, a Swiss roll formed from the proximal to

TABLE 1 Diet composition.
Diet formulas Cellulose-containing diet (Con) Inulin containing diet (Inu)

Product # D12081402 D12081401

gm% kcal% gm% kcal%

Protein 18.5 20 19 20

Carbohydrate 61.8 65 67.8 65

Fat 6.4 15 6.5 15

Total 100 100

kcal/gm 3.78 3.88

Ingredients gm kcal gm kcal

Casein, 30 mesh 200 800 200 800

L-cysteine 3 12 3 12

Corn starch 409 1636 381 1524

Maltodextrin 10 110 440 110 440

Dextrose 150 600 150 600

Cellulose, BW200 100 0 25 0

Inulin (Orafti® HP) 0 0 75 113

Soybean oil 70 630 70 630

Mineral mix S10026 10 0 10 0

Dicalcium phosphate 13 0 13 0

Calcium carbonate 5.5 0 5.5 0

Potassium citrate 16.5 0 16.5 0

Vitamin mix V10001 10 40 10 40

Choline bitartrate 2 0 2 0

FD&C red dye #40 0 0 0.05 0

FD&C blue dye #1 0.05 0 0 0
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the distal end and was fixed in 10% neutral buffered formalin (NBF,

Fisher Chemical) for 24 h, then stored in 70% ethanol until embedded

in paraffin for histology analysis.

2.2.3 | Protein extraction and quantification

Colon proteins were extracted with RIPA Lysis and Extraction Buffer

(Thermo Scientific) by adding 1% protease inhibitor (Thermo Scien-

tific) and 1% phosphatase inhibitor (Thermo Scientific). The total pro-

tein content was quantified according to the manufacturer's

instructions using Pierce™ bicinchoninic acid protein assay kit

(Thermo Scientific).

2.3 | Inflammatory markers quantification

Serum and colon lipocalin 2 (Lcn2) and serum amyloid A (SAA) levels

were measured by ELISA (R&D systems) as per the manufacturer's

instructions.

2.4 | Histochemical analysis

Colonic sections (5 μm thickness) were obtained from paraffin-

embedded colon tissue (Animal Diagnostic Laboratory, The Penn-

sylvania State University). To perform the staining, the colon sec-

tions were deparaffinized by immersing in xylene, gradient ethanol

(100%, 90%, 70%, and 50% vol/vol), and PBS with the help of Leica

ST5010 autostainer (Leica Microsystems Inc.). Hematoxylin and

eosin (H&E)-stained sections were used to examine the changes in

crypt structure, ulceration, immune cell infiltration, and extent of

tumorigenesis.

2.4.1 | Immunohistochemical staining

To assess β-catenin and Ki67 expression, deparaffinized colonic sec-

tions were immersed in pre-warmed sodium citrate buffer (10 mM tri-

sodium citrate in distilled water containing 0.05% Tween-20, pH 6.0)

for 20 min at 98�C for antigen retrieval. Subsequently, sections were

rinsed in PBS three times at 7-min intervals. The sections were then

blocked by normal donkey serum (Sigma-Aldrich, 10%) containing

0.3% triton-100 (VWR) for 90 min, followed by three washes in PBS

for 8 min. Next, the sections were incubated for 16 h at 4�C in the

dark with primary antibodies [β-catenin (Novus, NBP1-54467, 1:200)

or Ki67 (Novus, NB500-170, 1:200)] diluted in PBS containing 0.3%

triton, 1% BSA, and 1% donkey serum. Sections incubated with dilut-

ing buffer without primary antibody were used as negative controls.

Following incubation, sections were rinsed in PBS four times with

gentle rocking. Then sections were incubated with secondary anti-

bodies [anti-mouse (Alexa Fluor™ 555, Invitrogen, A- A-48270, 1:400)

and anti-rabbit (Alexa Fluor™ 488, Invitrogen, A-21206, 1:600) for

β-catenin and Ki67, respectively] for 1 h at room temperature in the

dark, followed by four times washing with PBS. Subsequently, the sec-

tions were washed and mounted with an aqueous mounting medium

containing DAPI and an anti-fading agent (Sigma Fluoroshield™,

F6057). All histology images were generated using Leica THUNDER

Imager (Leica DMi8 microscope) and the LAS X software (Leica Micro-

systems Inc.).

2.4.2 | Image quantifications

The colon tumor area was quantified by ImageJ software. The whole

colon area was automatically selected by the software via color-

dependent selection. The tumors were manually selected by the pre-

dominant circular shape and brightness on the picture. The area was

calibrated in centimeters by a ruler present aside in the image of colon

tissue.

2.5 | Quantification of bacteria using
quantitative PCR

Quantitative PCR (qPCR) was used to measure the abundance of total

bacteria, Firmicutes, Bacteroidota, and Bifidobacteria. The QIAamp

DNA Stool Mini Kit (Qiagen Inc) was used to extract bacterial DNA

from equal amounts of cecal contents. As described in our previous

studies,18,19,24 cecal bacterial DNA, SYBR green master mix, and

bacteria-specific primers (Table 2) were mixed, and qPCR was per-

formed using the Step One Plus Real-Time PCR System (Applied Bio-

systems). 16S rRNA was used as a reference gene to estimate the

relative abundance of microbial communities. The data are reported

as 2�ΔCCT.

2.6 | Assessment of microbial metabolites by 1H
NMR-based metabolomics

Sample preparation for NMR spectroscopy was performed as previ-

ously described in our previous studies.18,25 About 50 mg of cecal

content was mixed with 600 μL of ice-cold phosphate buffer (0.1 M

K2HPO4/NaH2PO4 = 4/1, pH = 7.4) containing 50% heavy water

(D2O) and 0.005% (wt/vol) of sodium 3- (trimethylsilyl) propionate-

2,2,3,3-d4 (TSP). Samples were vortexed, homogenized, subjected to

a three freeze–thaw cycle in liquid nitrogen, and centrifuged at

14000g for 10 min at 4�C. The supernatant was collected in a sepa-

rate tube, and the remaining pellet was extracted again repeating the

above steps. The two supernatants were then combined and vor-

texed. After centrifuging at 17000g for 10 min at 4�C, 550 μL of com-

bined supernatant was transferred to 5 mm NMR tubes for NMR

analysis. The 1D 1H spectra of cecal extracts were recorded at 298 K

by using Bruker Avance NEO 600 MHz NMR spectrometer (operating

at 600.15 MHz for proton, Bruker Biospin, Germany) equipped with a

5 mm TCI cryoprobe with enhanced sensitivity for 1H and a SampleJet
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autosampler for high throughput metabolomics. Spectral acquisition

parameters were: 48 scans were collected into 64 k data points using

90� pulses, 4 dummy scans, 20 ppm spectral width and 5 s relaxation

time. All spectra were analyzed via Chenomx NMR Suite (version 8.4).

The analysis consists of processing the raw spectra and profiling the

metabolites. After automatic processing, the phase, baseline, and

internal standard were checked and modified manually for each spec-

trum for quality assurance. Metabolite concentrations were exported

to an Excel spreadsheet for further statistical analysis.

2.7 | Human colorectal cancer cell
proliferation assay

The human colorectal cancer cell (HCT116) proliferation assay was

performed as follows. HCT116 cells were cultured in Dulbecco's mod-

ified Eagle's medium (DMEM; Corning) supplemented with 10% fetal

bovine serum (FBS; BioFluid), 1% penicillin–streptomycin (Sigma

Aldrich), and 0.1% plasmocin® (Invivogen) at 37�C in 5% CO2. To

assess the effect of succinate on cellular proliferation, HCT116 cells

were seeded at the density of 3000 cells per well in 96-well plates.

After 24 h, the cells received fresh media supplemented with different

concentrations (vehicle, 0.1 mM or 1 mM) of succinate (Sigma Aldrich)

in the presence or absence of an inflammatory cocktail (ICT) contain-

ing tumor necrosis factor α [TNFα (25 ng/mL); PeproTech], interferon

γ [IFNγ (20 ng/mL); PeproTech], and lipopolysaccharide [LPS (1 μg/

mL); Sigma Aldrich]. After 72 h, cell viability was assessed using a

modified Sulforhodamine B (SRB) assay.26 Briefly, cells were fixed with

50% wt/vol trichloroacetic acid (Fisher Scientific) for 1 h at 4�C. The

plates were washed with deionized water and dried for �16 h at room

temperature (�24�C). Fifty microliters (50 μL) of 0.04%; SRB dye (Alfa

Aesar) was then added to the wells and incubated in the dark for 1 h

followed by washing with 1% acetic acid (ChemPure) and incubating

in the dark for �16 h at room temperature (�24�C). Subsequently,

100 μL of 10 mM Tris base buffer (pH 10.5; Fisher Scientific) was

added to each well 10 min before the reading at 510 nm using a plate

reader.

2.8 | Statistical Analysis

All data are represented as Mean ± SEM. The normality and equal var-

iance were tested by the Shapiro–Wilk and Bartlett test in RStudio.

Statistical significance between the two groups was calculated using

an unpaired, two-tailed t test (parametric) or unpaired non-parametric

Mann–Whitney test using GraphPad Prism 9. Data from more than

two groups were compared using a one-way ANOVA followed by

Tukey's multiple comparison tests. The significant difference was

represented p < .05 as *, p < .01 as **, p < .001 as ***, and p < .0001

as ****. Sample sizes of more than three were considered for statisti-

cal analysis.

3 | RESULTS

3.1 | Inulin exacerbated DSS-induced colitis

Refined inulin, a prebiotic FDF commonly present in processed foods,

has been shown to have both beneficial and detrimental effects on

intestinal inflammation.19,20,27–29 Herein, we tested the effect of inu-

lin consumption on colonic inflammation using the DSS model. WT

mice were fed with either a cellulose containing diet (control; Con) or

an inulin-containing diet (Inu) for 4 weeks, followed by splitting into

two groups receiving drinking water without (no treatment, NT) or

with DSS (1.4% wt/vol) (Figure 1A, n = 4–6 mice in each group). Body

weight was not significantly different in the Con-NT and Inu-NT

groups. However, the Inu-DSS group displayed significantly more

reduction in body weight than the Con-DSS group (Figure 1B). Nota-

bly, the decrease of body weight in the Inu-DSS group was apparent

as early as 4-day-post DSS administration (Figure 1B), indicating the

rapid onset of colitis in the Inu-DSS group than in the Con-DSS group.

Correspondingly, Inu-DSS mice displayed shortened colon and

enlarged spleen after 7 days of DSS intervention (Figure 1C–E). The

earlier loss in body weight and shortened colons indicated that the

Inu-DSS mice were experiencing more severe colon inflammation than

the con-DSS group. Relative to NT groups, a trend of an enlarged

spleen was observed in the Con-DSS group, but Inu-DSS mice dis-

played marked splenomegaly compared to the other three groups

(Figure 1E). Lcn2, a member of the lipocalin family, is one of the

widely used disease activity markers for colitis.30–33 Similarly, SAA is

another robust marker of both systemic and intestinal inflamma-

tion.34,35 The levels of Lcn2 and SAA were not significantly different

between the Con and Inu groups at the basal level (NT groups).

Intriguingly, relative to the basal group, the colonic and serum Lcn2

was significantly elevated only in the Inu-DSS group but not in the

Con-DSS group, further supporting our observation that inulin

exacerbated DSS-induced colitis (Figure 1F,G). SAA was

significantly elevated in both Con-DSS and Inu-DSS groups

TABLE 2 List of primers used in this study.

Name Oligonucleotide sequence (50–30) forward Oligonucleotide sequence (50–30) reverse Reference

Universal 16S rRNA AGAGTTTGATCCTGGCTCAG CTGCTGCCTCCCGTAGGAGT Chassaing, 201566

Bacteroidota CRAACAGGATTAGATACCCT GGTAAGGTTCCTCGCGTAT Raetz, 201367

Firmicutes TGAAACTYAAAGGAATTGACG ACCATGCACCACCTGTC Raetz, 201367

Bifidobacterium genus CTCCTGGAAACGGGTGG GGTGTTCTTCCCGATATCTACA Murri, 201368
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(Figure 1H). Collectively, these data demonstrated that inulin

aggravated the DSS-induced colonic inflammation but did not

affect the healthy gut adversely.

3.2 | Inulin worsened colitis-associated colorectal
tumorigenesis

Prolonged intestinal inflammation is a major risk factor for CRC devel-

opment. To expand our understanding of the impact of inulin on intes-

tinal health, specifically inulin-induced exacerbation of intestinal

inflammation on the risk of developing CRC, we used the AOM/DSS

model. The combination of DSS with AOM is a well-established model

for colitis-associated cancer due to its reproducibility, potency, and

induction of tumors closely resembling human colorectal cancers.36

As outlined in Figure 2A, one-week post-AOM injection, the mice

received 1% (1 cycle) or 0.75% (2 cycles) DSS in drinking water every

other week and consumed regular water in the weeks between each

DSS week. Remarkably, a substantial mortality (�50%) during the DSS

intervention period was observed in the Inu-fed group, reinforcing our

observation that inulin worsens DSS-induced colon epithelial injury

(Figure 2B). This early death was caused by severe intestinal inflam-

mation and blood loss, as these mice lost body weight very rapidly

and had undergone severe diarrhea. As compared to the control mice,

the surviving inulin-fed mice lost more body weight during both the

DSS intervention and the normal water-feeding cycle (Figure 2C).

Remarkably, the Inu-fed group developed extensive colonic tumors

(Figure 2D,E). On average, 23.3% of the colon area in these mice was

covered by tumors, while only one control mouse developed a colon

tumor. The tumor size (7.8% of colon area) was substantially smaller in

control than in any mouse in the inulin-fed group (Figure 2E). More-

over, the spleen weight of the inulin-fed mice was almost threefold

higher than the controls (Figure 2F). In agreement, the inulin-fed

group had a significantly higher level of Lcn2 (Figure 2G) than the con-

trols. However, no difference in serum SAA was evident (Figure 2H).

Collectively, we observed that the Inu-fed group exhibited extensive

morbidity and colon tumorigenesis, indicating that inulin consumption

predisposed mice to develop CRC.

F IGURE 1 Inulin worsened
DSS-induced colitis. WT mice
were fed control (Con) or inulin
(Inu) diets for 4 weeks, followed
by 1.4% DSS intervention for
7 days. (A) Experiment layout,
(B) body weight change during
DSS treatment and NT group at
the same timeline as DSS group,

(C) gross colon and spleen
pictures, (D) colon length,
(E) spleen weight as percentage
of body weight, (F) colon Lcn2,
(G) serum Lcn2, (H) serum SAA.
Values are shown as mean
± SEM. (B) Unpaired t test. (D–H)
One-way ANOVA. *p < .05,
**p < .01, and ***p < .001.
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Histological analysis of the H&E-stained colon revealed apparent

tumors in the inulin-fed group (Figure 3A). To characterize the colon

tumors, we next performed immunostaining for ß-catenin and Ki67.

The Wnt/ß-catenin signaling pathway plays a critical role in cell prolif-

eration and homeostasis of intestinal epithelial cells; thus, it is widely

used as a marker of colon tumorigenesis.37,38 The internalization of

ß-catenin, from the cell membrane to cytosol and nucleus, is linearly

correlated with the progression stages of colon carcinoma.39 Herein,

immunostaining showed that ß-catenin was largely located on the epi-

thelial cell membrane in the control group (Figure 3Bi). In contrast,

cytosolic and nuclear ß-catenin were detected in the Inu group, sug-

gesting reduced degradation of ß-catenin and upregulation of the

Wnt signaling pathway (Figure 3Bi). Besides ß-catenin, Ki67 is another

prognostic marker in colon cancer that is highly expressed in prolifer-

ating cells in the cell cycle of G1-M phases.40 Immunohistochemical

analysis in the colon tissues from both groups showed that Ki-67 was

predominantly expressed in the tumor regions of inulin-fed groups

(Figure 3Bii). The overall evidence demonstrated that refined inulin,

compared with the control group, aggravated mouse colon

tumorigenesis.

F IGURE 2 Inulin consumption exacerbated colitis-associated CRC progression. Mice (n = 8–12) were maintained on a control (Con) or inulin
(Inu) diet for 3 weeks before azoxymethane (AOM) administration. One-week post-AOM injection, DSS in water was provided to all the mice for
7 days, followed by 7 days of regular water. The cycle of DSS/normal water was continued for 6 weeks, 3 cycles in total. Mice were sacrificed
1 week after the last (third) cycle of DSS. (A) Experiment layout, (B) probability of survival of AOM-treatment mice during DSS/water cycles,
(C) body weight change in percentage of the initial weight on AOM injection day, (D) gross colons and longitudinally opened colons illustrating
the appearance of tumors, (E) tumor area in percent of the total colon area, (F) spleen weight as the percentage of whole-body weight on the day
of euthanasia. Serum levels of G. Lcn2 and H. SAA. Values are presented as mean ± SEM. (C, E–H) Unpaired t test. *p < .05, **p < .01, and
****p < .0001.

TIAN ET AL. 7 of 12



3.3 | Inulin elevated luminal succinate and
supplementation of succinate promoted human
colorectal carcinoma cell proliferation

The extracellular accumulation of oncogenic signaling molecules, such

as succinate, fuel the initiation and progression of carcinogenesis.41,42

Both host cells and gut bacteria produce succinate; however, in the

intestinal lumen succinate is chiefly derived from bacterial metabo-

lism.43 Short-chain fatty acids (SCFAs) that include acetate, propio-

nate, and butyrate are another abundant product of microbial

fermentation in the gut lumen. The 1H-NMR-based metabolomic anal-

ysis of cecal contents revealed a marked elevation of cecal propionate

with an increasing trend in acetate and butyrate in the inulin group

than the control (Figure 4Ai–iii). Intriguingly, cecal level of succinate

was significantly augmented in the Inu-fed group (Figure 4B,C).

Bacterial species that are known to regulate luminal succinate level

belong to phyla Bacteroidota and Firmicutes. Notably, we observed

an increase in the cecal abundance of Bacteroidota in inulin-fed mice

(Figure 4Di). Intriguingly, the abundance of Firmicutes reduced in

response to inulin intervention (Figure 4Dii). Collectively, this data

suggests that the inulin-induced shift in gut microbiota supported the

elevation of succinate in the gut lumen. Of note, we did observe a dis-

proportionate enrichment of genus Bifidobacterium, which belong to

the phylum Actinobacteria in inulin-fed mice (Figure 4Diii). More

importantly, we observed increased proliferation of human colorectal

carcinoma cells (HCT116) in response to succinate treatment

(Figure 4E) in the presence of an inflammatory cocktail [ICT, a mixture

of TNFα (25 ng/mL), IFNγ (20 ng/mL) and LPS (1 μg/mL)], but not at

the basal level, indicating that succinate fuels cellular proliferation in

the inflammatory environment. Altogether, this data suggests that the

accumulation of succinate in the intestinal lumen partly contributes to

cancer development in the inflamed gut.

4 | DISCUSSION

This study investigated the effect of refined FDF inulin on mucosal

inflammation and colitis-associated CRC development. We found that

inulin consumption predisposed mice to colonic inflammation. Unex-

pectedly, �50% of the inulin-fed mice died in the colitis-associated

CRC model (AOM/DSS), possibly due to impaired mucosal healing and

higher inflammation. Notably, the inulin-fed group exhibited extensive

colon tumor load, whereas the control group had minimal apparent

colon tumors. Importantly, inulin consumption did not alter the

markers of colonic inflammation in the healthy mice but elevated

luminal succinate, an inflammatory and oncogenic metabolite,44,45

partly by augmenting the abundance of succinate-producing bacteria

in the distal gut. Increased proliferation of human colorectal carci-

noma cells upon co-treatment with inflammatory protein and succi-

nate indicates that inulin-induced elevation of luminal succinate partly

contributed to colon tumorigenesis.

The incidence of IBD and CRC are markedly higher in high-

income countries and are increasing in developing countries.46,47

Most CRCs are observed in adults after 50 years old in the

United States, but early-onset CRC in youth is emerging.48 Based on

the projection of aging and population growth, the study by Xi et al.,

predicted that the global number of CRC cases would increase

approximately from 1.9 million to 3.2 million by 2040.46 Such escalat-

ing trends of CRC warrant the identification of the factors contribut-

ing to CRC development. Our study suggests that refined inulin may

increase the risk of colon cancer in susceptible individuals.

Unprocessed FDFs found naturally in fruits and vegetables bene-

fit intestinal health predominantly by maintaining microbial diversity

in healthy individuals.49,50 Based on the long-standing notion that nat-

urally occurring DFs benefit gut health, food manufacturers advocate

consuming processed FDFs such as inulin. However, whether such

highly processed FDFs hold physiological effects similar to their natu-

rally occurring counterparts remains unclear. Studies have yielded

F IGURE 3 Apparent colon tumors with higher intracellular
β-catenin accumulation and cell proliferation were observed in the
inulin-fed group. Representative images of colon sections were
obtained from the AOM/DSS treatment group. (A) H&E staining of
colon sections at �16 (left) and �50 (right) magnification. Arrows
denote colon tumor. Red circles show colon architecture disruption
and immune cell infiltration. (B) immunohistochemical staining for
(i) ß-catenin (red) and (ii) Ki67 (green) at �400 magnification.
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conflicting evidence on whether refined FDFs attenuate or deterio-

rate IBD development.19,20,51,52 For example, fermentable oligosac-

charides, disaccharides, monosaccharides, and polyols (FODMAPs)

were shown to exacerbate clinical complications in a subgroup of IBD

patients.53,54 Moreover, the intake of DF was beneficial to reduced

flares in patients with Crohn's disease but not in patients with UC.55

The effects of FDFs in the context of IBD-associated colorectal can-

cer are also poorly understood. Whole grain fibers are found protec-

tive against CRC in the NIH-AARP Diet and Health Study cohort.56

However, the effect of refined DFs on CRC initiation and progression

is still unclear. The experimental findings suggest a protective57–59 or

minimal to no effect60,61 of inulin or inulin-derived fructo-

oligosaccharide supplementation on the risk factors of CRC. This

ambiguity is possibly due to the substantial reduction in richness and

fiber fermentation capacity of microbiota residing in the inflamed

and tumorigenic environment. The beneficial potential of dietary

fibers is primarily deduced from studies involving healthy individuals;

we propose that the response of FDFs on host intestinal health is

impacted by pre-existing dysbiosis, as in the inflamed gut. In support,

we found no protection with the isolated FDF inulin in our previous19

and in the present study; in contrast, it worsened colonic inflamma-

tion and augmented colon tumorigenesis.

An intricate relationship between FDFs, gut bacteria, and intesti-

nal immune cells helps to fine-tune intestinal immune response and

prevent chronic intestinal inflammation. We theorize that regular con-

sumption of an ultra-processed single type of DF affects such com-

plex networks of interactions detrimentally by promoting the growth

of a selective group of bacteria. For example, supplementation of inu-

lin preferentially increases the proportion of Bifidobacterium.62 A

recent study by Wei et al.63 found that Bifidobacterium was signifi-

cantly increased in the colon biopsy specimens of active UC patients

compared to those in healthy controls. In this study, the authors sug-

gested a cautious use of probiotics containing Bifidobacterium in IBD

patients during the active phase of the disease as such a dispropor-

tionate increase of mucosal Bifidobacterium could contribute to the

IBD flare-up. In agreement, we found more than �15 folds expansion

of Bifidobacterium in mice maintained only on the inulin containing

diet. Inulin is known to increase SCFAs that are considered beneficial

F IGURE 4 Inulin-induced changes in gut microbiota increased luminal succinate levels, and the presence of succinate enhanced the
proliferation of human colorectal carcinoma cells. WT mice (n = 6) were maintained on control or inulin-containing diets for 5 weeks, and cecal
contents were collected upon euthanasia for metabolomic investigation using 1H-NMR. Bar graphs represent cecal levels of (A) short-chain fatty
acids (SCFAs): (i) acetate, (ii) propionate, and (iii) butyrate, (B) succinate, and (C) glutamate. Cecal content derived from control or inulin-fed mice
were used to characterize the gut microbiota via qPCR. (D) Relative cecal abundance of phyla (i) Bacteroidota and (ii) Firmicutes, and genus
(iii) Bifidobacterium. Human colorectal carcinoma cell line (HCT116) was treated with succinate (0.1 mM or 1 mM) in the presence or absence of
an inflammatory cocktail [ICT, a mixture of TNFα (25 ng/mL), IFNγ (20 ng/mL) and LPS (1 μg/mL)], in triplicates, and assessed for cell viability/
proliferation until 72 h. E. Percent (%) cell viability. Values are presented as mean ± SEM. (A and C-D) Unpaired t test, (B) Unpaired non-
parametric Mann–Whitney test. (E) One-way ANOVA. *p < .05, **p < .01, and ****p < .0001.
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for intestinal health. In the present study, inulin-fed mice displayed

elevated levels of cecal propionate with an increasing trend in acetate

and butyrate; however, such enrichment of these SCFAs failed to pro-

tect against colonic inflammation and tumorigenesis in inulin-fed mice.

Notably, we found elevated luminal level of inflammatory and onco-

genic metabolite succinate44,45 in response to inulin intervention.

Such an increase in cecal succinate correlated with the expansion of

the phylum Bacteroidota, which contains major producers of succi-

nate in the mammalian gut.64

Collectively, inulin-induced changes in gut microbiota composi-

tion and metabolic activity were associated with exacerbated DSS-

induced colitis, delayed recovery, and mortality (�50% of inulin-fed

mice succumbed to death in AOM/DSS treatment group). Notably, no

death or a worsened colitis phenotype (abrupt loss in body weight

and severe bloody diarrhea) was observed in the control (non-

fermentable fiber) group. More importantly, all the mice that survived

from the inulin group, but not in the control group, exhibited exten-

sive colorectal tumorigenesis. We surmise that in contrast to inulin

present in whole fruits and foods, processed forms of inulin fuel selec-

tive bacterial colonization (e.g., expansion of Bifidobacterium) that pro-

longs and worsens colonic inflammation and increases colon

tumorigenesis. However, these speculations need to be tested

through detailed characterization of gut microbiota and their metabo-

lites in samples derived from both healthy and inflamed gut. The limi-

tations of our study include the lack of detailed compositional and

functional characterization of gut microbiota through metatranscrip-

tomic analysis. Incorporating functional pathway analysis such as

metatranscriptomics will help to identify the microbial metabolism

pathways that contributed to augmenting luminal succinate in the

inulin-containing diet-fed group. We have examined the effect of inu-

lin on two major bacterial phyla, Firmicutes and Bacteroidota and

genus Bifidobacterium, and a specific shift in microbial metabolism.

However, whether such inulin-induced alterations in gut microbiota

activity contributed to extensive colon tumorigenesis has also not

been elucidated. We propose testing it with well-designed studies,

including microbiota transplantation in germ-free mice. An additional

limitation of our study is using an inflammation-dependent colon can-

cer model. Such inflammation dependency of the AOM/DSS model

limits us from identifying whether inulin-gut microbiota axis-derived

products have an independent effect on colon cancer development as

inulin exacerbated colonic inflammation.

IBD patients present a 3–5-fold increase in the risk of developing

CRC.65 Atypical changes in gut microbiota composition and activity

increase the propensity to develop CRC by prolonging intestinal

inflammation and creating a tumorigenic environment. Thus, identify-

ing dietary components, including FDFs, that impact gut microbiota

unfavorably and fuel intestinal inflammation will allow IBD patients to

make informed dietary choices and help to reduce the risk of CRC

development. In line, present study advances our understanding by

demonstrating that isolated FDF, inulin, potentiates colonic inflamma-

tion and colitis-associated colon tumorigenesis in mice. Therefore,

avoiding the consumption of isolated refined inulin may help reduce

the risk of colon cancer in patients with IBD in the long run.

AUTHOR CONTRIBUTIONS

Vishal Singh conceived the project. Sangshan Tian and Vishal Singh

designed the experiments, analyzed the data, and wrote the manu-

script. Sangshan Tian conducted all the mouse experiments. Deven-

dra Paudel assisted with mouse experiments and performed

histological analysis and imaging. Fuhua Hao and Andrew

D. Patterson analyzed the metabolomics data and provided expertise

in data interpretation. Rabin Neupane and Amit K. Tiwari were

instrumental in assessing colonocyte proliferation and provided

expertise in data interpretation. Rita Castro assisted with colon

inflammation marker analysis. K. Sandeep Prabhu provided expertise

on colitis and colon carcinogenesis marker analysis and interpreta-

tion. Amit K. Tiwari, Andrew D. Patterson, Rita Castro, and

K. Sandeep Prabhu provided feedback on data analysis and manu-

script writing. All authors have read and agreed to the published ver-

sion of the manuscript.

ACKNOWLEDGMENTS

This work was supported by Career Development Award (ID# 597229)

from Crohn's and Colitis Foundation to Vishal Singh and Devendra Paudel

is supported by National Institutes of Health (NIH) grant T32DK120509.

Andrew D. Patterson and K. Sandeep Prabhu were supported in part by

the USDA National Institute of Food and Agriculture and Hatch Appropri-

ations under PEN04772 and PEN04771, respectively.

CONFLICT OF INTEREST STATEMENT

The authors have stated explicitly that there are no conflicts of inter-

est in connection with this article.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ETHICS STATEMENT

This study was approved by the Institutional Animal Care andUse

Committee (IACUC) of The Pennsylvania State University.

ORCID

Rita Castro https://orcid.org/0000-0002-4585-0741

Amit K. Tiwari https://orcid.org/0000-0002-7427-7155

Vishal Singh https://orcid.org/0000-0003-3577-1713

REFERENCES

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. GLO-

BOCAN estimates of incidence and mortality worldwide for 36 can-

cers in 185 countries. CA Cancer J Clin. 2018;68:394-424.

2. Stidham RW, Higgins PD. Colorectal cancer in inflammatory bowel

disease. Clin Colon Rectal Surg. 2018;31:168-178.

3. Johnson CM, Wei C, Ensor JE, et al. Meta-analyses of colorectal can-

cer risk factors. Cancer Causes Control. 2013;24:1207-1222.

4. Manichanh C, Borruel N, Casellas F, Guarner F. The gut microbiota in

IBD. Nat Rev Gastroenterol Hepatol. 2012;9:599-608.

5. Matsuoka K, Kanai T. The gut microbiota and inflammatory bowel dis-

ease. Seminars in Immunopathology. Springer; 2015:47-55.

10 of 12 TIAN ET AL.

https://orcid.org/0000-0002-4585-0741
https://orcid.org/0000-0002-4585-0741
https://orcid.org/0000-0002-7427-7155
https://orcid.org/0000-0002-7427-7155
https://orcid.org/0000-0003-3577-1713
https://orcid.org/0000-0003-3577-1713


6. Singh V, Vijay-Kumar M. Beneficial and detrimental effects of processed

dietary fibers on intestinal and liver health: health benefits of refined

dietary fibers need to be redefined! Gastroenterol Rep. 2020;8:85-89.

7. Cantu-Jungles T, Hamaker B. New view on dietary fiber selection for

predictable shifts in gut microbiota. MBio. 2020;11:e02179-19.

8. Heinze T. Cellulose: structure and properties. Cellulose Chemistry and

Properties: Fibers, Nanocelluloses and Advanced Materials. Springer;

2015:1-52.

9. Froidurot A, Julliand V. Cellulolytic bacteria in the large intestine of

mammals. Gut Microbes. 2022;14:2031694.

10. Niness KR. Inulin and oligofructose: what are they? J Nutr. 1999;129:

1402S-1406S.

11. Harsinay A. Inulin: Is this Commonly Used Fiber Additive Friend or Foe?

Medscape; 2019.

12. Zou J, Chassaing B, Singh V, et al. Fiber-mediated nourishment of gut

microbiota protects against diet-induced obesity by restoring IL-

22-mediated colonic health. Cell Host Microbe. 2018;23:41-53.e44.

13. Holmén Larsson JM, Thomsson KA, Rodríguez-Piñeiro AM,

Karlsson H, Hansson GC. Studies of mucus in mouse stomach, small

intestine, and colon. III. Gastrointestinal Muc5ac and Muc2 mucin

O-glycan patterns reveal a regiospecific distribution. Am J Physiol Gas-

trointest Liver Physiol. 2013;305:G357-G363.

14. Fritsch J, Garces L, Quintero MA, et al. Low-fat, high-fiber diet

reduces markers of inflammation and dysbiosis and improves quality

of life in patients with ulcerative colitis. Clin Gastroenterol Hepatol.

2021;19:1189-1199. e1130.

15. Puertollano E, Kolida S, Yaqoob P. Biological significance of short-

chain fatty acid metabolism by the intestinal microbiome. Curr Opin

Clin Nutr Metab Care. 2014;17:139-144.

16. Ishikawa H, Matsumoto S, Ohashi Y, et al. Beneficial effects of probi-

otic Bifidobacterium and galacto-oligosaccharide in patients with

ulcerative colitis: a randomized controlled study. Digestion. 2011;84:

128-133.

17. Assisi R. Combined butyric acid/mesalazine treatment in ulcerative

colitis with mild-moderate activity. Results of a multicentre pilot

study. Minerva Gastroenterol Dietol. 2008;54:231-238.

18. Singh V, Yeoh BS, Chassaing B, et al. Dysregulated microbial fermen-

tation of soluble fiber induces cholestatic liver cancer. Cell. 2018;175:

679-694.e622.

19. Singh V, Yeoh BS, Walker RE, et al. Microbiota fermentation-NLRP3

axis shapes the impact of dietary fibres on intestinal inflammation.

Gut. 2019;68:1801-1812.

20. Armstrong HK, Bording-Jorgensen M, Santer DM, et al. Unfermented

β-fructan fibers fuel inflammation in select inflammatory bowel dis-

ease patients. Gastroenterology. 2023;164(2):228-240.

21. Baydi Z, Limami Y, Khalki L, et al. An update of research animal

models of inflammatory bowel disease. Sci World J. 2021;2021:1-12.

22. Kitajima S, Morimoto M, Sagara E, Shimizu C, Ikeda Y. Dextran

sodium sulfate-induced colitis in germ-free IQI/Jic mice. Exp Anim.

2001;50:387-395.

23. Suzuki R, Kohno H, Sugie S, Nakagama H, Tanaka T. Strain differences in

the susceptibility to azoxymethane and dextran sodium sulfate-induced

colon carcinogenesis in mice. Carcinogenesis. 2005;27:162-169.

24. Singh V, Yeoh BS, Chassaing B, et al. Microbiota-inducible innate

immune siderophore binding protein lipocalin 2 is critical for

intestinal homeostasis. Cell Mol Gastroenterol Hepatol. 2016;2:

482-498.e486.

25. Singh V, Chassaing B, Zhang L, et al. Microbiota-dependent hepatic

lipogenesis mediated by Stearoyl CoA desaturase 1 (SCD1) promotes

metabolic syndrome in TLR5-deficient mice. Cell Metab. 2015;22:

983-996.

26. Orellana EA, Kasinski AL. Sulforhodamine B (SRB) assay in cell culture

to investigate cell proliferation. Bio-Protoc. 2016;6:e1984.

27. Changchien CH, Wang CH, Chen HL. Konjac glucomannan polysac-

charide and inulin oligosaccharide ameliorate dextran sodium sulfate-

induced colitis and alterations in fecal microbiota and short-chain

fatty acids in C57BL/6J mice. BioMed. 2021;11:23-30.

28. He Y, Peng X, Liu Y, et al. Long-term maternal intake of inulin exacer-

bated the intestinal damage and inflammation of offspring rats in a

DSS-induced colitis model. Food Funct. 2022;13:4047-4060.

29. Valcheva R, Koleva P, Martínez I, Walter J, Gänzle MG, Dieleman LA.

Inulin-type fructans improve active ulcerative colitis associated with

microbiota changes and increased short-chain fatty acids levels. Gut

Microbes. 2019;10:334-357.

30. Stallhofer J, Friedrich M, Konrad-Zerna A, et al. Lipocalin-2 is a dis-

ease activity marker in inflammatory bowel disease regulated by IL-

17A, IL-22, and TNF-α and modulated by IL23R genotype status.

Inflamm Bowel Dis. 2015;21:2327-2340.

31. Chassaing B, Srinivasan G, Delgado MA, Young AN, Gewirtz AT,

Vijay-Kumar M. Fecal lipocalin 2, a sensitive and broadly dynamic

non-invasive biomarker for intestinal inflammation. PLoS One. 2012;

7(9):e44328.

32. Bao GH, Ho CT, Barasch J. The ligands of neutrophil gelatinase-

associated lipocalin. RSC Adv. 2015;5:104363-104374.

33. Jaberi SA, Cohen A, D'Souza C, et al. Lipocalin-2: structure, function,

distribution and role in metabolic disorders. Biomed Pharmacother.

2021;142:112002.

34. Sack GH Jr. Serum amyloid A – a review. Mol Med. 2018;24:46.

35. Wakai M, Hayashi R, Tanaka S, et al. Serum amyloid a is a better pre-

dictive biomarker of mucosal healing than C-reactive protein in ulcer-

ative colitis in clinical remission. BMC Gastroenterol. 2020;20:1-9.

36. Thaker AI, Shaker A, Rao MS, Ciorba MA. Modeling colitis-associated

cancer with azoxymethane (AOM) and dextran sulfate sodium (DSS).

J Vis Exp. 2012;67:e4100.

37. Hirata A, Utikal J, Yamashita S, et al. Dose-dependent roles for canon-

ical Wnt signalling in de novo crypt formation and cell cycle proper-

ties of the colonic epithelium. Development. 2013;140:66-75.

38. Pinto D, Gregorieff A, Begthel H, Clevers JC. Canonical Wnt signals

are essential for homeostasis of the intestinal epithelium. Genes Dev.

2003;17:1709-1713.

39. Bhattacharya I, Barman N, Maiti M, Sarkar R. Assessment of beta-

catenin expression by immunohistochemistry in colorectal neoplasms

and its role as an additional prognostic marker in colorectal adenocar-

cinoma. Med Pharm Rep. 2019;92:246-252.

40. Sobecki M, Mrouj K, Colinge J, et al. Cell-cycle regulation accounts

for variability in Ki-67 expression LevelsKi-67 expression and the cell

cycle. Cancer Res. 2017;77:2722-2734.

41. Ternes D, Karta J, Tsenkova M, Wilmes P, Haan S, Letellier E. Micro-

biome in colorectal cancer: how to get from meta-omics to mecha-

nism? Trends Microbiol. 2020;28:401-423.

42. Kuo C-C, Wu J-Y, Wu KK. Cancer-derived extracellular succinate: a

driver of cancer metastasis. J Biomed Sci. 2022;29:1-11.

43. Huber-Ruano I, Calvo E, Mayneris-Perxachs J, et al. Orally adminis-

tered Odoribacter laneus improves glucose control and inflammatory

profile in obese mice by depleting circulating succinate. Microbiome.

2022;10:135.

44. Tannahill G, Curtis AM, Adamik J, et al. Succinate is an inflammatory

signal that induces IL-1β through HIF-1α. Nature. 2013;496:238-242.
45. Ortiz-Masiá D, Gisbert-Ferrándiz L, Bauset C, et al. Succinate acti-

vates EMT in intestinal epithelial cells through SUCNR1: a novel pro-

tagonist in fistula development. Cell. 2020;9:1104.

46. Xi Y, Xu P. Global colorectal cancer burden in 2020 and projections

to 2040. Transl Oncol. 2021;14:101174.

47. Ng SC, Shi HY, Hamidi N, et al. Worldwide incidence and prevalence

of inflammatory bowel disease in the 21st century: a systematic

review of population-based studies. Lancet. 2017;390:2769-2778.

48. Loomans-Kropp HA, Umar A. Increasing incidence of colorectal can-

cer in young adults. J Cancer Epidemiol. 2019;2019:1-9.

49. Holscher HD. Dietary fiber and prebiotics and the gastrointestinal

microbiota. Gut Microbes. 2017;8:172-184.

TIAN ET AL. 11 of 12



50. Goldsmith JR, Sartor RB. The role of diet on intestinal microbiota

metabolism: downstream impacts on host immune function and

health, and therapeutic implications. J Gastroenterol. 2014;49:

785-798.

51. McCoy KD, Ronchi F, Geuking MB. Host-microbiota interactions and

adaptive immunity. Immunol Rev. 2017;279:63-69.

52. Olendzki B, Bucci V, Cawley C, et al. Dietary manipulation of the gut

microbiome in inflammatory bowel disease patients: pilot study.

Gut Microbes. 2022;14:2046244.

53. Radziszewska M, Smarkusz-Zarzecka J, Ostrowska L, Pogodzi�nski D.

Nutrition and supplementation in ulcerative colitis. Nutrients. 2022;

14:2469.

54. Cox SR, Prince AC, Myers CE, et al. Fermentable carbohydrates

[FODMAPs] exacerbate functional gastrointestinal symptoms in

patients with inflammatory bowel disease: a randomised, double-

blind, placebo-controlled, cross-over, re-challenge trial. J Crohn's Coli-

tis. 2017;11:1420-1429.

55. Brotherton CS, Martin CA, Long MD, Kappelman MD, Sandler RS.

Avoidance of fiber is associated with greater risk of Crohn's disease

flare in a 6-month period. Clin Gastroenterol Hepatol. 2016;14:1130-

1136.

56. Hullings AG, Sinha R, Liao LM, Freedman ND, Graubard BI,

Loftfield E. Whole grain and dietary fiber intake and risk of colorectal

cancer in the NIH-AARP diet and health study cohort. Am J Clin Nutr.

2020;112:603-612.

57. Roller M, Femia AP, Caderni G, Rechkemmer G, Watzl B. Intestinal

immunity of rats with colon cancer is modulated by oligofructose-

enriched inulin combined with Lactobacillus rhamnosus and Bifidobac-

terium lactis. Br J Nutr. 2004;92:931-938.

58. Rafter J, Bennett M, Caderni G, et al. Dietary synbiotics reduce can-

cer risk factors in polypectomized and colon cancer patients.

Am J Clin Nutr. 2007;85:488-496.

59. Rowland I, Rumney C, Coutts J, Lievense L. Effect of Bifidobacterium

longum and inulin on gut bacterial metabolism and carcinogen-

induced aberrant crypt foci in rats. Carcinogenesis. 1998;19:281-285.

60. Roller M, Clune Y, Collins K, Rechkemmer G, Watzl B. Consumption

of prebiotic inulin enriched with oligofructose in combination with

the probiotics Lactobacillus rhamnosus and Bifidobacterium lactis has

minor effects on selected immune parameters in polypectomised and

colon cancer patients. Br J Nutr. 2007;97:676-684.

61. Friederich P, Verschuur J, van Heumen BWH, et al. Effects of inter-

vention with sulindac and inulin/VSL# 3 on mucosal and luminal fac-

tors in the pouch of patients with familial adenomatous polyposis. Int

J Color Dis. 2011;26:575-582.

62. Meyer D, Stasse-Wolthuis M. The bifidogenic effect of inulin and oli-

gofructose and its consequences for gut health. Eur J Clin Nutr. 2009;

63:1277-1289.

63. Wang W, Chen L, Zhou R, et al. Increased proportions of Bifidobacter-

ium and the Lactobacillus group and loss of butyrate-producing bacte-

ria in inflammatory bowel disease. J Clin Microbiol. 2014;52:398-406.

64. Connors J, Dawe N, Van Limbergen J. The role of succinate in the

regulation of intestinal inflammation. Nutrients. 2018;11:25.

65. Samadder NJ, Valentine JF, Guthery S, et al. Family history associates

with increased risk of colorectal cancer in patients with inflammatory

bowel diseases. Clin Gastroenterol Hepatol. 2019;17:1807-1813.

e1801.

66. Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers impact

the mouse gut microbiota promoting colitis and metabolic syndrome.

Nature. 2015;519:92-96.

67. Raetz M, Hwang SH, Wilhelm CL, et al. Parasite-induced TH1 cells

and intestinal dysbiosis cooperate in IFN-γ-dependent elimination of

Paneth cells. Nat Immunol. 2013;14:136-142.

68. Murri M, Leiva I, Gomez-Zumaquero JM, et al. Gut microbiota in chil-

dren with type 1 diabetes differs from that in healthy children: a

case-control study. BMC Med. 2013;11:1-12.

How to cite this article: Tian S, Paudel D, Hao F, et al. Refined

fiber inulin promotes inflammation-associated colon

tumorigenesis by modulating microbial succinate production.

Cancer Reports. 2023;6(11):e1863. doi:10.1002/cnr2.1863

12 of 12 TIAN ET AL.

info:doi/10.1002/cnr2.1863

	Refined fiber inulin promotes inflammation-associated colon tumorigenesis by modulating microbial succinate production
	1  INTRODUCTION
	2  METHODS
	2.1  Animal model and experimental diets
	2.1.1  Dextran sulfate sodium-induced acute colitis
	2.1.2  Colitis-associated cancer induction

	2.2  Sample collection and preparation
	2.2.1  Serum
	2.2.2  Colon
	2.2.3  Protein extraction and quantification

	2.3  Inflammatory markers quantification
	2.4  Histochemical analysis
	2.4.1  Immunohistochemical staining
	2.4.2  Image quantifications

	2.5  Quantification of bacteria using quantitative PCR
	2.6  Assessment of microbial metabolites by 1H NMR-based metabolomics
	2.7  Human colorectal cancer cell proliferation assay
	2.8  Statistical Analysis

	3  RESULTS
	3.1  Inulin exacerbated DSS-induced colitis
	3.2  Inulin worsened colitis-associated colorectal tumorigenesis
	3.3  Inulin elevated luminal succinate and supplementation of succinate promoted human colorectal carcinoma cell proliferation

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


