
Dietary fiber guar gum-induced shift in gut microbiota metabolism and intestinal 
immune activity enhances susceptibility to colonic inflammation
Devendra Paudela, Divek V. T. Naira, Sangshan Tiana, Fuhua Haob, Umesh K. Goanda, Grace Josepha, Eleni Prodesa, 
Zhi Chaic, Chloé E.M. Robertd,e, Benoit Chassaingd,e, Andrew D. Pattersonb, and Vishal Singh a

aDepartment of Nutritional Sciences, The Pennsylvania State University, University Park, PA, USA; bDepartment of Veterinary and Biomedical 
Sciences, The Pennsylvania State University, University Park, PA, USA; cDepartment of Genetics and Genomic Sciences, Icahn School of 
Medicine at Mount Sinai, New York, NY, USA; dINSERM U1016, team “Mucosal microbiota in chronic inflammatory diseases”, CNRS UMR 8104, 
Université Paris Cité, Paris, France; eINSERM U1306, Microbiome-Host Interaction group, Institut Pasteur, Université Paris Cité, Paris, France

ABSTRACT
With an increasing interest in dietary fibers (DFs) to promote intestinal health and the growth of 
beneficial gut bacteria, there is a continued rise in the incorporation of refined DFs in processed 
foods. It is still unclear how refined fibers, such as guar gum, affect the gut microbiota activity and 
pathogenesis of inflammatory bowel disease (IBD). Our study elucidated the effect and underlying 
mechanisms of guar gum, a fermentable DF (FDF) commonly present in a wide range of processed 
foods, on colitis development. We report that guar gum containing diet (GuD) increased the 
susceptibility to colonic inflammation. Specifically, GuD-fed group exhibited severe colitis upon 
dextran sulfate sodium (DSS) administration, as evidenced by reduced body weight, diarrhea, 
rectal bleeding, and shortening of colon length compared to cellulose-fed control mice. Elevated 
levels of pro-inflammatory markers in both serum [serum amyloid A (SAA), lipocalin 2 (Lcn2)] and 
colon (Lcn2) and extensive disruption of colonic architecture further affirmed that GuD-fed group 
exhibited more severe colitis than control group upon DSS intervention. Amelioration of colitis in 
GuD-fed group pre-treated with antibiotics suggest a vital role of intestinal microbiota in GuD- 
mediated exacerbation of intestinal inflammation. Gut microbiota composition and metabolite 
analysis in fecal and cecal contents, respectively, revealed that guar gum primarily enriches 
Actinobacteriota, specifically Bifidobacterium. Guar gum also altered multiple genera belonging 
to phyla Bacteroidota and Firmicutes. Such shift in gut microbiota composition favored luminal 
accumulation of intermediary metabolites succinate and lactate in the GuD-fed mice. Colonic IL-18 
and tight junction markers were also decreased in the GuD-fed group. Importantly, GuD-fed mice 
pre-treated with recombinant IL-18 displayed attenuated colitis. Collectively, unfavorable changes 
in gut microbiota activity leading to luminal accumulation of lactate and succinate, reduced 
colonic IL-18, and compromised gut barrier function following guar gum feeding contributed to 
increased colitis susceptibility.

SUMMARY
● Guar gum increased susceptibility to colitis
● Guar gum-induced exacerbation of colitis is gut microbiota dependent
● Guar gum-induced shift in microbiota composition favored the accumulation of luminal inter

mediate metabolites succinate and lactate
● Guar gum-fed mice exhibited reduced colonic level of IL-18 and tight junction molecules.
● Exogenous IL-18 administration partly rescued mice from guar gum-induced colitis 

susceptibility
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Introduction

Guar gum is a soluble dietary fiber that is extracted 
from the seeds of Cyamopsis tetragonoloba L., com
monly known as guar or cluster bean. Guar gum is 
frequently used in commercially formulated food 

products, including ice cream, yogurt, processed 
cheeses, bakery products, salad dressings, and 
beverages.1 Food based industrial applications of 
guar gum are mainly attributable to its ability to 
form hydrogen bonding, with water molecules 
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resulting in its use as stabilizer, and thickener in 
various food products.1 Moreover, guar gum is also 
used as an emulsifier, as it can prevent oil droplets 
from coalescing. Several clinical and pre-clinical 
studies suggest that in the healthy gut, guar gum 
induces a favorable shift in the composition of the 
gut microbiota and enriches SCFA-producing 
bacteria.2–5 Nonetheless, the effect of guar gum on 
the intestinal health under an inflammatory context, 
such as during Inflammatory bowel disease (IBD), 
remains unclear.

IBD, including Crohn’s Disease (CD) and 
Ulcerative Colitis (UC), is characterized by an 
adverse immune response resulting in inflamma
tion of the gastrointestinal tract accompanied by 
a disturbance of the gut microbiota composition 
and activity. While the underlying mechanisms of 
IBD are not fully understood, a combination of 
genetic predisposition and environmental triggers, 
including atypical gut microbiota activity that dis
rupts intestinal immune homeostasis,6,7 largely 
contribute to the initiation and progression of the 
disease. Accordingly, individuals with IBD tend to 
have a microbiome characterized by decreased 
diversity and distinct metabolic activity.8,9 Key 
metabolites produced by the gut microbiota 
including short-chain fatty acids (SCFAs), 
branched-chain amino acids (BCAAs), and succi
nate, may play a role in the regulation of intestinal 
inflammation during IBD. SCFAs include propio
nate, acetate, and butyrate, and are primarily pro
duced by the bacterial fermentation of fermentable 
dietary fibers (FDFs). In the colonic epithelium, 
SCFAs act as a primary energy source and regulate 
the intestinal immune responses.10 Specific amino 
acids, including BCAAs (valine, leucine, and iso
leucine), are found in higher concentrations in 
patients with CD,11 and diets rich in protein or 
amino acids have been shown to exacerbate experi
mental colitis.11,12 Succinate, an intermediate pro
duct of the tricarboxylic acid (TCA) cycle and 
metabolite produced by gut microbiota, has been 
shown to be elevated in human and mouse models 
of IBD.13 Elevated succinate is considered an 
inflammatory signal13,14 and promotes intestinal 
inflammation.14–17 Moreover, CD patients exhibit 
increased intestinal expression of succinate recep
tor (SUCNR1),15 and mice lacking Sucnr1 are pro
tected against both intestinal inflammation and 

fibrosis.15 Collectively, in addition to an atypical 
shift in gut microbiota composition an alteration in 
the production of diet-derived microbial metabo
lites is among the primary ways by which the gut 
microbiota influences the progression of colonic 
inflammation.

Interleukin-18 (IL-18) is an IL-1 family cytokine 
constitutively expressed in intestinal epithelial cells 
(IECs). Under homeostatic conditions, IECs repre
sent the major source of IL-18,18 regulating the 
intestinal immune response,18 and providing 
defense against mucosal pathogens.19,20 Colonic 
IL-18 production is partly regulated by the com
mensal microbiota and dietary factors. Prevotella 
species (Prevotella intestinalis nov. sp.) coloniza
tion-induced shifts in microbial composition and 
metabolism have been shown to decrease colonic 
IL-18.21 Taurine, an amino acid naturally occur
ring in protein-rich foods, has been shown to 
induce IL-18 secretion in colonic explants by acti
vating the NOD-like receptor (NLR) family mem
ber NLRP6 inflammasome.22 Experimental 
findings showed that IL-18 plays a two-sided role 
in the progression of colitis.23 Nowarski R et al. 
demonstrated that mice lacking IL-18 or its recep
tor (IL-18r1) in intestinal epithelial cells were pro
tected from colitis.24 Whereas Iljazovic A et al. 
reported that diminished colonic IL-18 production 
before induction of colitis exacerbate intestinal 
inflammation, and supplementation of IL-18 did 
reduce the intestinal inflammation.21 These differ
ential effects may be due to the timing of the dis
ease with IL-18 being found to have anti- 
inflammatory effects in early stages and pro- 
inflammatory effects in later stages of IBD. IL-18 
has been shown to improve the severity of DSS- 
induced colitis and is found to have a regenerative 
effect on the epithelium, possibly by upregulating 
the production of IL-22, which is involved in 
epithelial repair.21,23 The ubiquitous production 
of IL-18 by colonic epithelial cells under normal 
conditions and its multifaceted role in preserving 
gut barrier integrity and regulating immune 
responses led us to explore the role of colonic IL- 
18 in guar gum-induced colitis susceptibility.

Incorporation of refined FDFs such as guar gum 
in processed foods is actively promoted to enhance 
the diet quality based on the evidence that adequate 
intakes of plant-based dietary fibers are beneficial 
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for gastrointestinal (GI) health. However, our 
understanding of whether isolated FDFs are 
equally beneficial to their natural counterparts pre
sent in whole foods is minimal. The objective of 
this study was to understand the impact of isolated 
guar gum on the gut microbiota composition and 
intestinal inflammation development. While guar 
gum has a beneficial effect on healthy individuals, 
this benefit has not yet been proven in individuals 
with IBD. We report that guar gum-induced atypi
cal shifts in gut microbiota composition cause an 
accumulation of intermediate metabolites (lactate 
and succinate), suppress colonic IL-18 production, 
and predispose mice to colonic inflammation.

Results

Guar gum enhances susceptibility to colonic 
inflammation

To determine the effect of guar gum on colonic 
inflammation, C57BL/6 wild type (WT) mice were 
fed either cellulose (10% w/w, control) or guar- 
gum (7.5% guar gum plus 2.5% w/w cellulose) 
containing diet (GuD; Table 1) for 4 weeks fol
lowed by dextran sulfate sodium (DSS) containing 
water for 1 week. Commonly, DSS is administered 

in a range of doses from 2.5% w/v to 3% w/v to 
induce colitis in C57BL/6 WT mice.25,26 Therefore, 
after 4 weeks, mice were switched to drinking water 
containing 2.8% w/v of DSS. Unexpectedly, both 
the control and GuD-fed group displayed a loss in 
body weight (wt.) and rectal bleeding starting 
from day 4. A significant number of GuD-fed 
mice receiving 2.8% DSS died on day 7 (50%; 3 
out of 6 mice, survival curve is not shown). This 
high mortality rate prompted us to conduct 
another experiment with a similar design (2.8% 
DSS) but terminated it earlier, on day 6 (Figure 
S1a). Even 6-day-post DSS administration, the 
GuD-fed group had significant body weight loss 
(≥20% of initial body wt.) (Figure S1b). Notably, 
relative to the control group, early (day 4) and 
rapid loss of body wt., extensive rectal bleeding, 
and high serum lipocalin 2 (Lcn2), and mortality 
were observed in GuD-fed mice (Figure S1b–i), 
indicating that guar gum worsened the DSS- 
induced colitis. Off note, the one-hour fecal output 
determination, performed in triplicates at week 4 
before DSS intervention, showed no significant 
difference between the Con and GuD-fed groups 
(Figure S2). This indicates that intestinal transit 
time27 is comparable between these two groups. 
To further examine whether feeding mice with 

Table 1. Control and guar gum diet composition.

Diet Formulas Cellulose containing diet (Con) Guar gum containing diet (GuD)

Product # D12081402 D12081409

gm% kcal% gm% kcal%
Protein 18.5 20 19.0 20
Carbohydrate 61.8 65 60.8 63
Fat 6.4 15 6.5 15
Total 100 100
kcal/gm 3.78 3.88
Ingredient gm kcal gm kcal
Casein 200 800 200 800
L-Cystine 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
Guar Gum 0 0 75 112.5
Agar Agar 100 0 0 0 0
Lard 0 0 0 0
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, 1 H2O 16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40
Choline Bitartrate 2 0 2 0
Yellow Dye #5, FD&C 0 0 0.025 0
Red Dye #40, FD&C 0 0 0 0
Blue Dye #1, FD&C 0.05 0 0.025 0
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GuD increases susceptibility to colonic inflamma
tion, we next instigated colitis with lower DSS 
concentration (1.4%) than previously used 
(Figure 1(a)). Likewise, at reduced dose, the GuD- 
fed group exhibited significant loss of body weight 
and decreased colon length compared to the con
trol group (Figure 1(b,c,e)). DSS-treated GuD-fed 
mice displayed increasing trend in spleen weight 
albeit with high variability when compared to DSS 
treated control group (Figure 1(d)). Furthermore, 

histological analysis revealed relatively more dis
ruption of crypt structure and extensive immune 
cell infiltration in mucosa and submucosa in GuD- 
fed group (Figure 1(fi,g)) affirmed that guar gum 
increased susceptibility to colitis. Moreover, DSS- 
treated GuD-fed mice displayed substantial reduc
tion in colonic mucin, as evidenced by reduced 
Alcian blue-stained area and mucin 2 immunos
taining (Figure 1(fii-iii)). Immunohistochemical 
staining revealed higher colonic Lcn2 expression 

Figure 1. Guar gum exacerbated DSS-induced acute colitis. (a) Experimental design employed to investigate the effect of guar gum 
(GuD) on acute colitis. Four weeks old WT mice (n=6–7 per group) were maintained on control (Con) or GuD for 4-weeks before colitis 
was induced by switching to DSS (1.4% w/v) containing water for 7 days. (b) Percent change in body weight. (c) Gross colon 
appearance (d) Spleen weight. (e) Colon length. (f i-iv) Representative images of: H&E (i) and alcian blue (ii)-stained colon sections 
(original magnification, x100). (iii-iv) Colonic sections displaying immunohistochemical staining for mucin 2 (Muc2) (iii, green), and 
Lcn2 (iv, red). DAPI was used to visualize nucleus [blue, (original magnification, ×200)]. (g) Histopathological scores from blinded 
evaluation of H&E-stained colonic sections. (h-j) Colonic and Serum Lcn2 and SAA. (k) Disease severity was assessed by summing 
scores (0–4) for weight loss, stool consistency, fecal occult blood, and histopathological changes. Values are presented as mean ±SEM. 
(d–e and g–k) One-way ANOVA, multiple comparisons test. *p< .05, **p< .01, ***p< .001, and ****p<.0001.
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(Figure 1(fiv)) in the GuD-fed group compared to 
the DSS-treated control group. However, ELISA- 
based measurement of colonic Lcn2 in the proxi
mal region showed an upward trend (Figure 1(h)), 
but this difference did not reach statistical signifi
cance, likely due to higher variability observed 
within the GuD-fed group in the proximal colon. 
Notably, relative to DSS-treated controls, GuD-fed 
mice showed a significant elevation of systemic 
Lcn2 and serum amyloid A (SAA) (Figure 1(i,j)). 
Consistent with these observations, the GuD-fed 
group displayed increased colitis severity scores 
(Figure 1(k)). At basal level, no marked difference 
in the markers of colonic inflammation was 
observed between control and GuD-fed mice 
(Figure 1). Altogether, these results demonstrated 
that GuD worsened colonic inflammation and 
mucosal damage triggered by epithelial injury.

Gut microbiota mediates exacerbation of colitis in 
guar gum-fed mice

Alterations in microbiota composition and meta
bolism have been shown to regulate the suscept
ibility to colitis.28,29 Specifically, environmental 
factors, such as Western diet and antibiotic expo
sure, induce an imbalance in microbiota composi
tion that promotes colitis development.30,31 Hence, 
we next hypothesized that a GuD-induced shift in 
gut microbiota composition and activity predis
posed GuD-fed mice to colitis. To test the contrib
utory role of gut microbiota, we ablated microbial 
communities residing in the gut by administering 
a cocktail of antibiotics and antifungal agent (Abx) 
via drinking water. Both Abx and untreated mice 
maintained on GuD or control diet for three weeks 
were switched to DSS-containing water for seven 
days (Figure 2(a)). The Abx mixture water was 
discontinued during the DSS-intervention period. 
To our surprise, Abx intervention failed to protect 
from DSS-induced colitis in the control group 
(Figure 2(b–k)). Notably, microbiota depletion 
ameliorated colitis in GuD-fed mice, as evidenced 
by improved body weight recovery, reduced spleen 
weight, and increased colon length than the DSS 
only group (Figure 2(b–e)). H&E and Alcian blue 
staining, along with Muc2 and Lcn2 immunostain
ing, revealed considerably less crypt disruption, 
increased goblet cells, enhanced mucin production, 

and reduced Lcn2 expression compared to the 
DSS-treated control group (Figure 2(f,g)). 
Consistent with these observations, colonic and 
serum Lcn2 levels, as well as serum SAA, were 
significantly decreased in the Abx group (Figure 2 
(h–j)). Importantly, Abx intervention resulted in 
a reduced overall disease severity score in the DSS- 
treated GuD-fed group (Figure 2(k)). These results 
demonstrated that gut microbiota plays a role in 
exacerbating susceptibility to guar gum-mediated 
colitis.

Guar gum alters gut microbiota composition, 
enriching Actinobacteriota

Fermentable dietary fibers are among the chief 
modulators of the composition and function of 
gut microbiota. Intriguingly, DSS-induced colonic 
inflammation was ameliorated upon microbiota 
depletion in GuD-fed mice. Therefore, we sur
mised that GuD-induced shift in microbiota com
position may augment susceptibility to colitis. 
Next, we assessed gut microbiota composition 
alterations after 5 weeks of guar gum or control 
diet feeding in mice without inflammation 
(Figure 3(a)). Principal Coordinate Analysis 
(PCoA) plot derived from 16S rRNA analysis 
showed differences in the fecal microbiota compo
sition between GuD and control diet, albeit with 
high variability (Figure 3(b)). Moreover, Shannon 
diversity index analysis indicated a marginal reduc
tion of microbiota alpha diversity in GuD-fed mice 
compared to control (Figure 3(c)). A detailed 
microbiota composition analysis, through 
Microbiome Multivariable Associations with 
Linear Models (MaAsLin2)-based statistical analy
sis, highlighted specific alterations in groups of 
bacteria belonging to phyla Actinobacteriota, 
Bacteroidota, and Firmicutes. More specifically, 
the relative abundance of Actinobacteriota phylum 
was substantially higher in GuD than control group 
(Figure 3(d)). The increased abundance of phylum 
Actinobacteriota in GuD-fed group was largely 
derived by enrichment (>40 folds) of 
Bifidobacterium (Figure 3(e)), a known producer 
of succinic acid.32 Among the phylum 
Bacteroidota, GuD-fed mice showed a significant 
decrease in genus Bacteroides (Figure 3(f)), while 
abundance of Alloprevotella remained unchanged. 
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Phylum Firmicutes, often associated with the pro
duction of SCFA and BCAA, exhibited highest 
alterations in response to GuD intervention 
(Figure 3(g)). Notably, the relative abundance of 
Lactobacillus, which primarily produces lactate as 
the major end product of complex carbohydrate 
fermentation, was increased in response to GuD 
intervention (Figure 3(gi)). We observed, in con
trast, increased abundance of Clostridia-UCG.014 
in GuD fed mice (Figure 3(gii)) whose reduction 
has been found to be associated with impaired 
barrier function in healthy relatives of patients 
with CD.33 The other groups within the 
Firmicutes phylum showed decreased abundance 

in GuD-fed group than control mice, including 
Lachnospiraceae ASF356, Harryflintia, Tyzzerella, 
Romboutsia, Lachnoclostridium, and Blautia 
(Figure 3(giii-viii)). Interestingly, most of the bac
terial strains (listed above) reduced upon guar gum 
feeding displayed similar trend, reduction, in 
patients with UC.34–36 

Guar gum favors the production of succinate in 
intestinal lumen and elevates the colonic expression 
of succinate receptor

Dietary fibers are a primary substrate for microbial 
fermentation, and the fiber fermentation-derived 

Figure 2. Antibiotic-mediated depletion of gut microbiota rescued GuD-fed mice from DSS-induced colitis. (a) Experimental design 
showing the timeline for administration of antibiotics mixture. Experimental groups received either regular (no treatment; NT) or 
antibiotic mixture-containing (Abx) water maintained on a Con or GuD diet and switched to DSS (1.4% w/v) during the last week. (b) 
Percent change in body weight. (c) Gross colon appearance. (d) Spleen weight. (e) Colon length. (f) Representative H&E and Alcian 
blue stained images (i-ii, original magnification, x100) of colon, and sections immunostained for Muc2 (iii, green), and Lcn2 (iv, red) 
(original magnification, ×200)] (g) Histopathological scores derived from blinded evaluation of H&E-stained colonic sections. (h) 
Colonic Lcn2. Serum (i) Lcn2 and (j) SAA. (k) Disease severity score. Data, presented as mean ± SEM, were combined from two 
independent experiments. Unpaired t-test. * p < .05, ** p < .01, *** p < .001, and **** p < .0001.
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microbial metabolites influence intestinal immune 
homeostasis and gut barrier function. Therefore, 
we next quantified microbial metabolites in cecal 
contents through1H NMR-based metabolomics to 
assess GuD-induced changes in microbial metabo
lites. Cecal level of SCFAs namely acetate, butyrate, 
and propionate remain unaltered (Figure 4(a)) in 
Gud-fed group when compared to control. The 
levels of branched chain amino acids (BCAAs) 
valine and isoleucine were significantly increased 

in GuD-fed mice (Figure 4(b)). Notably, lactate, 
whose abnormal elevation in the intestinal lumen 
is associated with colitis severity37,38 was augmen
ted in the GuD-fed mice (Figure 4(c)). More 
importantly, we observed that luminal succinate, 
which fuels inflammatory signal through its recep
tor succinate receptor 1(Sucnr1),13–15,39 was sub
stantially elevated (~4 folds) in cecal contents 
obtained from GuD-fed mice (Figure 4(d)). Such 
increase in luminal lactate and succinate in 

Figure 3. Guar gum fed mice displayed shift in gut microbiota enriching Actinobacteriota. (a) Experimental layout to study the shift in 
gut microbiota profile in guar gum (GuD) fed mice. Four-week-old WT mice (n= 5–7 per group) maintained either on Con or GuD diet 
for 5 weeks. Feces were aseptically collected and used for 16S rRNA sequencing. (b-g) Microbial signature of control and GuD-fed mice. 
(b) Comparison of microbiota profiles by Principal coordinates analysis (PCoA) plot (c) Alpha diversity calculated by the Shannon index. 
(d) Relative abundance and distribution of microbial composition at the phylum level. The box plot represents the enrichment of 
Actinobacteriota following GuD intervention. (e–g) Mean relative abundance of conspicuously altered bacterial taxa at the genus level. 
The boxplot in each diagram represents the relative abundance plotted as a percentage of the total reads. Values are presented as 
mean ±SEM. (d–g) Statistical analysis was performed using MaAsLin2 (Multivariate association with linear models) approach. The 
q-value (Benjamini–Hochberg false discovery rate corrected) < 0.05 was considered as significant.
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response to guar gum intervention was aligned 
with an inordinate increase of their producers 
Bifidobacterium (>40 folds)32 (Figure 3(e)) and 
Lactobacillus (>5 folds)40,41 (Figure 3(gi)) and 
decreased abundance of their metabolizers 

(Bacteroides and Lachnoclostridium) (Figure 3fii 
and gvii). Notably, higher succinate level within 
the gut lumen is reported to be associated with 
gut dysbiosis and potentiate colonic inflammation 
and is also augmented in patients with IBD.15,42 

Figure 4. Guar gum-induced alterations in gut microbiota metabolism was associated with luminal accumulation of intermediate 
metabolites, including lactate and succinate. Four-week-old WT mice (n = 7–8 per group) were maintained on either a Con or GuD diet 
for 5 weeks. Ceca (with cecal contents) were collected in a tube and snap-frozen immediately. About 50 mg of cecal content was used 
for metabolite analysis by using quantitative1H NMR. The violin plots represent metabolites measured in µmol/g of cecal content. (a) 
Short chain fatty acids (SCFAs, acetate, propionate, and butyrate) (b) Branched-chain amino acids (BCAAs; valine, leucine, and 
isoleucine). (c) Lactate (d) Succinate (e) Fumarate. (f–g) Colon samples obtained from Con or GuD fed mice were used to determine (f) 
mRNA level of Sucnr1, and (g) colonic expression pattern of Sucnr1 via immunohistochemistry. Values are presented as mean ±SEM. 
(a-c and e-f) Unpaired t-test, (d) Unpaired non-parametric Mann–Whitney test. * p < .05, ** p < .01, and *** p < .001.
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Succinate is typically low in the intestinal lumen as 
it is rapidly converted to an intermediate in the 
production of propionate.43,44 However, we did 
not observe reduced propionate in the GuD-fed 
group. Microbial fermentation under low oxygen 
environment yields succinate primarily as a result 
of partial reversal of Krebs cycle reactions (reversed 
succinate dehydrogenase activity), where fumarate 
is converted to succinate (oxaloacetate → malate 
→ fumarate → succinate).43,44 We found increased 
levels of fumarate, the immediate precursor of suc
cinate (Figure 4(e)), suggesting that partial reversal 
of TCA contributes to luminal succinate accumula
tion. Extracellular succinate is sensed by Sucnr1 
(aka Gpr91), our mRNA expression and immuno
histochemical analysis showed heightened colonic 
expression of succinate receptor Sucnr1 in GuD 
group (Figure 4(f,g)). Altogether, guar gum- 
induced atypical changes in gut microbiota pro
moted the accumulation of luminal metabolites 
commonly present in the inflamed gut.

Guar gum fed mice display altered expression of 
mucosal barrier markers and disruptive switch in 
mucosal immunity

The mucus layer and intestinal epithelial lining 
form a critical line of defense. An intact mucosal 
barrier limits microbial invasion, fine-tunes the 
intestinal immune response, and prevents intest
inal inflammation.45–47 Therefore, we next assessed 
the effect of guar gum consumption on colonic 
mucins, epithelial junction molecules, and inflam
matory markers. Quantitative polymerase chain 
reaction (qPCR)-based analysis revealed 
a reduced colonic mRNA level of membrane- 
associated mucin 1 (Muc1; also known as episialin) 
in GuD-fed group than control (Figure 5(a)). 
However, the expressions of secreted mucin, 
mucin 2 (Muc2), and of membrane-bound Muc3 
and Muc4 were not significantly altered when com
pared to control (Figure 5(b–d)). The tight junction 
markers occludin (Ocln), zona occludin-1 (Zo-1), 
and members of claudins (claudin-8 and claudin- 
12) were decreased in GuD-fed mice compared to 
the control group (Figure 5(e,f,k,l)). Notably, colo
nic expression of epithelial adherens E-cadherin 1 
was also reduced in GuD-fed group (Figure 5(m)) . 
Conversely, the mRNA level of claudin-3 

(Figure 5(i)) was elevated in GuD-fed mice. The 
expression of tight junction proteins, including 
claudin-1, claudin-2, and claudin-7, remained 
unaltered in response to GuD feeding (Figure 5(g, 
h,j)). Such differential alterations in mucosal bar
rier function markers in GuD-fed mice likely pre
disposed them to colitis. However, future studies 
are required to understand how guar gum- 
mediated alterations in colonic expression of 
these barrier function genes mediate susceptibility 
to colitis.

We next examined whether guar gum altered the 
colonic transcript levels of inflammatory genes at 
the baseline level (without inflammation). 
Comparison of immune markers in colonic tissue 
derived from control and GuD-fed mice revealed 
heightened expression of inducible nitric oxide 
synthase (iNos) with an increasing trend in inter
leukin-6 (Il-6) (Figure 6(a,b)). Surprisingly, colonic 
Il-18 transcript level was reduced in GuD-fed mice 
(Figure 6(c)). Such decrease in IL-18 in mice fed 
GuD was confirmed by measuring in colon protein 
(Figure 6(d)) and via immunohistochemistry 
(Figure 6(e)). Jointly, our observations reported in 
Figures 5 and 6 revealed that the predisposition of 
guar gum-fed mice toward colitis was accompanied 
with reduced expression of colonic mucin and tight 
junction genes and increased expression of inflam
matory gene. Intriguingly, colonic level of IL-18 
was found substantially reduced at both mRNA 
and protein level.

Supplementation of IL-18 partly rescue guar 
gum-fed mice from colitis susceptibility

Intestinal epithelium is a major producer of IL- 
18.48 Studies using knockout mouse models and 
exogenous recombinant IL-18 (rIL-18) administra
tion have shown both protective21,49 and 
detrimental24 effects of IL-18 on colitis. As 
reported above, we observed a decreased colonic 
IL-18 at both transcript and protein levels in GuD- 
fed mice. Colonic expression of IL-18, especially on 
epithelial cells, was also diminished in these mice. 
Therefore, to understand the contribution of guar 
gum-induced suppression of colonic IL-18 in 
increasing susceptibility to colitis, the rIL-18 was 
administered to a subgroup of mice maintained on 
GuD diet for 4 weeks (28 days). Specifically, rIL-18 
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was administered on days 29, 30, and 31, then mice 
were switched to DSS on day 34 or continued on 
water and monitored for colitis development for 1  
week (Figure 7(a)). Relative to the vehicle-treated 
group, rIL-18 administration did in fact offer pro
tection against DSS-induced colonic inflammation, 
as evidenced by recovery in body weight and 
decreased spleen weight (Figure 7(b–d)). As 
expected, the colon was shortened in the DSS- 
treated groups; however, the rIL-18 treatment did 
not exhibit a significant recovery in colon length 
(Figure 7(e)). Colonic Lcn2 level was reduced in the 
GuD-fed mice supplemented with rIL-18 
(Figure 7(f)). At the basal level, no significant 

difference was observed in body weight, spleen 
weight, colon length, and Lcn2 between vehicle 
and rIL-18-treated groups (Figure 7(b–f)). To 
further characterize the effect of rIL-18 administra
tion on rescue from DSS-induced colonic inflam
mation, we examined colon Swiss roll sections via 
histochemical and immunohistochemical analysis. 
The colon sections from non-DSS treated GuD-fed 
mice with or without rIL-18 displayed intact crypt 
structure and mucin-containing goblet cells as evi
denced by Alcian blue and Muc2 immunostaining 
(Figure 7(g)). DSS-treated GuD-fed mice showed 
loss of crypt structure and extensive infiltration of 
immune cells in the submucosa. Notably, DSS- 

Figure 5. Guar gum suppressed the colonic mRNA expression of mucins and mucosal barrier proteins. Four weeks old WT mice (n= 5– 
6 per group) maintained on Con or GuD diet for 5 weeks. Colonic mRNA expression of (a–d) mucins Muc1, Muc2, Muc3, and Muc4, (e–l) 
tight junction proteins occludin (Ocln), zonula occludens-1 (Zo 1), and claudins, and (m) E-cadherin 1. Values are presented as mean 
±SEM. (a–m) Unpaired t-test. * p < .05, ** p < .01, and *** p < .001.
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treated GuD-fed mice that received rIL-18 dis
played relatively low disruption of crypt structure 
and immune cell infiltration, higher numbers of 
mucin-containing goblet cells, and reduced colonic 
Lcn2 expression suggesting that pretreatment with 
rIL-18 partly prevented DSS-induced histological 
disruption (Figure 7(g,h)). Additionally, rIL-18 
resulted in decreased serum levels of the inflamma
tion markers Lcn2 and SAA (Figure 7(i,j)). 
Altogether, GuD-fed mice pretreated with rIL-18 
displayed an improvement in overall disease sever
ity score (Figure 7(k)). In order to determine 
whether GuD-mediated elevation of colonic iNos 
(Figure 6(a)) predisposes mice to colitis, we treated 
mice with the iNOS activity inhibitor 1400W and 
examined them for markers of DSS-induced colitis 
(Figure S3). Intriguingly, both the vehicle and 
1400W-treated groups displayed comparable levels 
of colitis (Figure S3b-i), suggesting that iNOS 
induction in response to guar gum intervention is 
not contributing to colitis susceptibility in GuD-fed 

mice. Collectively, the lack of improvement in coli
tis with iNOS activity inhibition and the ameliora
tion of colonic inflammation upon pretreatment 
with rIL-18 supplementation strengthens the 
observation that reduced colonic IL-18 predisposes 
GuD-fed mice to colitis.

Discussion

Health-beneficial properties of FDFs consump
tion have been reported for decades. However, 
the influence of different forms, structures, fer
mentation profiles, and physio-chemical proper
ties of FDFs on intestinal inflammation have only 
recently begun to be understood.50–53 FDFs serve 
as the primary nutrient source for the gut micro
biota, and therefore offer the potential to modu
late the composition and activity of the gut 
microbiota favorably. In the healthy gut, FDFs, 
including guar gum, have a beneficial effect on 
the composition of the microbiota.2–5 Since 

Figure 6. Guar gum-fed mice displayed reduced expression of colonic IL-18. Four weeks old WT mice (n = 4-5 per group) maintained 
on Con or GuD diet for 5 weeks. After euthanasia, colonic tissue was collected for RNA and protein extraction and for immunohis
tochemical staining. (a-c) Colonic mRNA expression of iNos, Il-6, and Il-18. (d) Colonic IL-18 assessed by ELISA. (e) Representative 
images of colonic IL-18 immunostaining (green) (original magnification, ×200)]. Values are presented as mean ±SEM. (a–d) Unpaired 
t-test. * p < .05, ** p < .01, and *** p < .001.
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a subgroup of patients with IBD report a poor 
tolerance and experience heightened inflamma
tion upon consuming certain types of dietary 
fibers,52,54–56 it is not well understood whether 
guar gum consumption benefits intestinal health 
during ongoing colonic inflammation, which is 
characterized by extensive dysbiosis. The present 
pre-clinical study advanced our understanding of 
FDF effects in the inflamed gut by demonstrating 

that the food additive guar gum may exacerbate 
the clinical symptoms of IBD patients as it aggra
vated experimental colitis in a mouse model. We 
demonstrated that a shift in gut microbiota com
position and activity as well as alterations in 
intestinal barrier function and immunity in 
response to guar gum intervention were asso
ciated with increased susceptibility to intestinal 
inflammation.

Figure 7. Exogenous IL-18 administration reduced colitis severity in GuD-fed mice. (a) Experimental layout to assess the effect of 
exogenous recombinant IL-18 (rIL-18) on colitis severity. Four-week-old mice (n = 4–5 per group) were maintained on a GuD for 4 
weeks and were supplemented with vehicle (PBS) or rIL-18 at the dose of 1 µg/mouse (in PBS) intraperitoneally for 3 consecutive days 
before switching them to DSS (1.4% w/v)-containing water or water only for 7 days. (b) Percent change in body wt. (c) Gross colon 
appearance . (d) Spleen wt. (e) Colon length. (f) Colonic Lcn2. (g i-iv) Representative images of colon sections stained with H&E (i) and 
Alcian blue (ii) (original magnification 100x). Colonic sections immunostained for Muc2 (iii, green) and Lcn2 (iv, red) (original 
magnification, 200x). (h) Histopathological scores derived from blinded evaluation of H&E-stained colonic sections. (I-J) Serum levels 
of (i) Lcn2 and (j) SAA. (k) Disease severity score. Values are presented as mean ±SEM. (b) Unpaired t-test, (d–f and h–k) One-way 
ANOVA, multiple comparisons test. *p< .05, **p< .01, ***p< .001, and ****p<.0001.
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With the advent of the industrial revolution in 
1800’s, a shift in diet and lifestyle brought an 
increased consumption of processed foods which 
aligned with the appearance of IBD; by the end of 
the 20th century, the incidence and prevalence of 
IBD accelerated in both industrialized and newly 
industrialized countries.57 An increased awareness 
among the general public about the health benefits 
of FDFs consumption in recent times has attracted 
food companies to fortify their products with 
extracted dietary fibers in order to validate their 
food functionality claims as beneficial for gut 
health. This continued emphasis on fiber use in 
the Western diet has led to the development of 
fiber-enriched products which are consumed by 
the general population on a daily basis, however, 
the implications of these refined fibers on people 
with or at risk of IBD is still not clear. Avoidance of 
fiber intake is generally recommended in practice 
when patients with IBD experience disease flare- 
ups, but these recommendations are not based on 
scientific evidence as our current understanding of 
the specific types of fibers to be avoided is 
limited.58 In the present study, we examined the 
effect of guar gum, a commonly used food additive, 
on experimental colitis. To our surprise, guar gum 
exacerbated colonic inflammation induced by 
a colitogenic substance DSS. Although the exact 
causes of IBD are not yet known, disruption of 
microbiota composition and activity along with 
dysregulated immune response to gut microbiota 
are among the primary factors that increase sus
ceptibility to IBD. Experimental mice pre-treated 
with the cocktail of antibiotics and antifungal agent 
displayed substantial attenuation of colitis in GuD- 
fed mice, implicating the potential involvement of 
gut microbiota in guar gum-mediated susceptibil
ity to colitis. However, the lack of protection from 
DSS-induced colitis in the control group after simi
lar intervention is surprising. While this suggests 
that gut microbiota and their metabolic activity 
may not be the primary drivers of colonic inflam
mation observed in the control group, other con
founding factors, including antibiotic-mediated 
susceptibility to DSS-induced colitis, cannot be 
ruled out.59 Intriguingly, antibiotic-treatment is 
shown to increase DSS-induced epithelial injury.59 

This study suggests that the amount of remaining 
microbiota (post-antibiotic intervention) and 

regulatory T cells response modulate the severity 
of DSS-induced disease in antibiotic-treated mice. 
The extent to which control diet and guar gum 
differentially modulate microbiota composition 
and colonic immune response post antibiotic inter
vention requires further investigation. Collectively, 
the attenuation of DSS-induced colitis in antibio
tic-treated GuD-fed mice reinforces our finding 
that altered microbiota composition and activity 
in the presence of guar gum potentiates colitis in 
mice. While the antibiotics intervention approach 
indicates the involvement of gut microbiota in guar 
gum-induced predisposition to colitis, it has cer
tain limitations. These include incomplete elimina
tion of gut microbiota and the inability to establish 
a causative role for gut microbiota in increased 
susceptibility to colitis in GuD-fed mice. Future 
studies involving fecal microbiota transplantation 
will be useful to determine the causal role of guar 
gum-induced gut microbiota dysbiosis in driving 
colitis susceptibility in GuD-fed mice. Given that 
the detrimental effects of guar gum on colonic 
inflammation are mediated by gut microbiota, we 
sought to investigate the guar gum-induced altera
tions in gut microbiota composition and their 
metabolic activity. Our results revealed important 
implications regarding how guar gum changed gut 
microbial composition unfavorably, predisposing 
the host to colitis susceptibility. At the phylum 
level, we observed inordinate expansion of phylum 
Actinobacteriota compared to the control group. 
Precisely, expansion of Bifidobacterium contribu
ted to excessive increase of Actinobacteriota in 
guar gum-fed mice. The taxonomic shift with the 
enrichment of Actinobacteriota is also observed in 
patients with IBD.60 B. pseudolongum belonging to 
genus Bifidobacterium are generally considered 
anti-inflammatory and has shown to ameliorate 
disease severity in experimental mouse models of 
ulcerative colitis.61 Opposingly, increased abun
dance of Bifidobacterium and Lactobacillus along 
with loss of butyrate producing bacteria has been 
reported in patients with active IBD cautioning its 
use as probiotics during diseased state.62 Further 
analysis of gut microbiota composition revealed 
that guar gum-induced genus-level alterations in 
phyla Bacteroidota and Firmicutes favoring the 
enrichment of intermediate metabolite such as lac
tate and succinate by promoting expansion of 
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succinate and lactate producer (Bifidobacterium 
and Lactobacillus),63–65 and reducing their utilizer 
(Bacteroides).63,64,66 The cross-feeding of inter
mediate metabolites is an integral part of a highly 
diverse healthy microbiota.67 Specifically, lactate 
and succinate subsequently fermented into 
SCFAs43, 64–66, chief end products of DF fermenta
tion. Therefore, accumulation of succinate and lac
tate in the intestinal lumen of guar gum fed mice 
indicating disrupted gut microbiota metabolism 
and cross-feeding relationships.17,63 Moreover, 
microbial cross-feeding has a significant impact 
on the SCFA levels in the ceca. Therefore, the 
luminal accumulation of these intermediate meta
bolites explains why SCFA levels remained unal
tered in the GuD-fed mice. Previous studies have 
shown elevated succinate in IBD and pointed to the 
pro-inflammatory role of succinate.13 Succinate 
signals G-protein coupled receptors include 
Sucnr1, whose expression is increased in pro- 
inflammatory macrophages.68 Deletion of Sucnr1 
has a protective effect against intestinal 
inflammation.15 We observed an increase in colo
nic expression of succinate receptor Sucnr1 in the 
GuD-fed mice, suggesting that elevated succinate 
possibly potentiating the intestinal inflammation 
through engaging Sucnr1. In the intestinal lumen, 
lactate is formed as an intermediate product of 
fiber fermentation. Intestinal bacteria further fer
ment lactate into SCFAs.43,63,64 Accumulation of 
luminal lactate is viewed as gut microbiota dysbio
sis, including disturbed cross-feeding interactions 
among the microbes. Patients with IBD display 
elevated systemic and fecal lactate38,69,70 and, in 
the context of intestinal inflammation, lactate can 
play a role in both the initiation and perpetuation 
of the inflammatory response.70,71

In a continuing effort to identify how guar gum 
perturbed gut microbiota increased susceptibility 
to colitis, we examined alterations in intestinal 
barrier function and immune markers at the basal 
level. Such analysis revealed reduced colonic 
expression of tight junction markers and elevated 
mRNA level of Nos2, encoding inducible nitric 
oxide synthase (iNOS). Augmented colonic iNOS 
activity is shown to exacerbate colitis.72 

Intriguingly, intervention with 1400W, a selective 
inhibitor of iNOS,73 did not impact the progression 
of DSS-induced colitis in GuD-fed mice. This 

suggests that elevated colonic iNOS in response to 
guar gum feeding might not be contributing to 
increased colitis susceptibility. Notably, the colonic 
IL-18 was substantially reduced in mice received 
guar gum. Whether intestinal IL-18 promotes or 
attenuates intestinal inflammation remains contro
versial. IL-18 is continuously produced by intest
inal epithelial cells basally and participate in 
regulating intestinal epithelium regeneration20 

and immune activity.18 An elegant study by 
Nowarski et. al,24 using IL-18 signaling related 
multiple KO mouse models, including epithelial 
cell-specific KO showed that IL-18 promote colitis. 
Recently, another elegant study by Chiang HY20 

showed that IL-18 mediates IL-22 dependent pro
tective effect by increasing host defense. In fact, IL- 
18−/− mice were found to be more susceptible to 
AIEC infection with impaired bacterial clearance. 
Such opposing effects of IL-18 on intestinal inflam
mation have been observed in multiple studies, 
either using knockouts or administering recombi
nant IL-18 exogenously. In our study, colonic IL-18 
was reduced in mice fed guar gum, and GuD-fed 
mice that received rIL-18 were rescued from DSS- 
induced colitis. This indicates that guar gum- 
mediated suppression of colonic IL-18 predisposed 
GuD-fed mice to colitis. In agreement, a study by 
Iljazovic A et al.,21 found a protective effect of rIL- 
18 administration on the severity of colonic inflam
mation in mice. Herein, authors observed that 
colonization of mice with Prevotella intestinalis 
suppressed colonic IL-18 levels before induction 
of intestinal inflammation.21 In our study, 
Alloprevotella, belonging to the same family 
Prevotellaceae, was comparable between control 
and guar gum-fed mice, suggesting that suppres
sion of colonic IL-18 occurred through another 
mechanism and warrants further investigation to 
elucidate the precise mechanism of colonic IL-18 
suppression. The role of IL-18 in colonic inflam
mation may be time-dependent with IL-18 having 
a protective role in early stages of disease and 
a detrimental effect in later stages. A study found 
that pretreatment with IL-18 before DSS adminis
tration was associated with reduced inflammation 
while later treatment with IL-18 in mice with DSS- 
induced colitis led to increased inflammation.23 

Additionally, IL-18 is found to upregulate IL-22, 
which is involved in epithelial repair.23 Altogether, 
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some studies have shown a protective role of IL-18 
while others observed that IL-18 may exacerbate 
the severity of colonic inflammation21. While our 
results in combination with existing studies 
showed protective effect of exogenous IL-18, the 
role of endogenous IL-18 in DSS-induced colitis is 
poorly understood. Pretreating mice with IL-18 can 
attenuate DSS-induced colitis,23 therefore, 
observed amelioration of colitis in IL-18 treated 
GuD-fed mice before DSS intervention might be 
a general effect of IL-18 on DSS-induced colitis. 
The role of reduced IL‐18 at later stages of colitis in 
response to guar gum feeding requires further 
investigation.

Guar gum-induced shifts in microbiota compo
sition led to the accumulation of lactate and succi
nate in the intestinal lumen. Such abnormal 
accumulation of these intermediate metabolites, 
along with altered gut barrier function and dis
rupted immune homeostasis (reduced colonic IL- 
18), collectively increased susceptibility to colitis in 
guar gum-fed mice. While our study provides cau
tion against refined guar gum consumption in 
a subset of the population, such as patients with 
active IBD or people with a higher risk of develop
ing IBD. Further research is required, especially 
randomized clinical trials or population-based stu
dies that can better demonstrate the effects of guar 
gum consumption on IBD-associated complica
tions in the human population. More investigation 
into the role of guar gum-induced alterations in 
microbial activity, particularly in the inflamed 
intestine, will result in a better understanding of 
the dietary fiber – gut microbiota interaction and 
its impact on IBD development. A higher predis
position to develop colitis upon guar gum con
sumption is particularly important as guar gum is 
chiefly added to ultra-processed foods, which are 
also linked with increased IBD susceptibility.74,75 

Therefore, consumption of processed food con
taining guar gum may pose a relatively higher risk 
of developing IBD in the long run.

Materials and methods

Mice and diets

C57BL/6 background, Wild type (WT) mice were 
bred and maintained under specific pathogen-free 

conditions at The Pennsylvania State University, 
University Park, Pennsylvania. Mice were bred 
and housed in cages (4-5 mice/cage) with corncob 
bedding and nestlets. The mice had unrestricted 
access to food and water. The conditions of the 
experiments were approved by the Institutional 
Animal Care and Use Committee at The 
Pennsylvania State University. The minimum 
number of mice per genotype to achieve statisti
cally significant data through sample size calcula
tion was determined to be 4–7 (α = 0.05, β = 0.80). 
The experimental diets were prepared by the 
Research Diets, Inc. (New Brunswick, NJ) where 
guar gum fiber was supplied by TIC Gums Inc, 
MD, USA (88% purity). Composition of all diets 
including the source of dietary fibers cellulose and 
guar gum are provided in Table 1.

DSS-induced colitis

WT mice (male or female; 4–5 weeks old; diet only 
group (n = 6–7) and diet + DSS group (n = 6–8)) 
were maintained on control (Con) (10% cellulose 
w/w) or guar gum (GuD) containing diet (7.5% 
GuD + 2.5% Con w/w) for four weeks. Then, colo
nic inflammation was induced by the administra
tion of 1.4% DSS (w/v) through drinking water for 
7 days. All mice were maintained on respective 
fiber containing diets during DSS administration 
period. Body weight, severity of disease symptoms 
such as soft feces, traces of blood in feces and mild 
diarrhea were monitored as a readout for colitis. 
On day 7th of DSS treatment, mice were euthanized 
for sample collection. To investigate the effect of 
guar gum on acute colitis, physiological and meta
bolic changes in the gut, expression of pro- 
inflammatory cytokines such as lipocalin 2 and 
serum amyloid A (SAA), gross colon appearance, 
colon length, spleen weight, body weight and his
tochemical staining were examined.

Broad-spectrum antibiotic mixture administration

WT, male mice (n = 4–6 per group) were main
tained on chow diet until 6 weeks of age. Then, 
mice in the treatment group were provided with 
broad spectrum antibiotics through drinking water 
for 4 weeks with a chow diet for 1 week and GuD 
containing diet for 3 weeks. Mice in the control 
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group were treated similarly without antibiotics. 
The antibiotics mixture was comprised of broad- 
spectrum antibiotics [Ampicillin (1 g/L), 
Neomycin (1 g/L), Metronidazole (1 g/L), 
Vancomycin (0.5 g/L)] and an antifungal agent 
[Amphotericin B (10 mg/L)]. After 3 weeks, anti
biotics administration was discontinued and both 
groups were intervened with 1.4% DSS through 
drinking water for 7 days to induce colonic inflam
mation. On the 7th day, mice were euthanized for 
sample collection. Body weight, severity of disease 
symptoms such as soft feces, traces of blood in feces 
and mild diarrhea were monitored as a readout for 
clinical outcomes.

Intervention with recombinant IL-18 (rIL-18)

Four-week-old WT mice were fed a GuD for four 
weeks and then divided into four groups (n = 4– 
6 per group). The rIL-18 intervention procedure 
was adopted from the studies by Seregin SS et al.76 

and Levy M et al.22 From days 29 to 31, two groups 
received either recombinant mouse interleukin-18 
(rIL-18, 1 µg/mouse; BioLegend), and another two 
groups received vehicle (veh.) intraperitoneally (i. 
p.). After 2 days of last injection, experimental 
groups were either switched to DSS (1.4% w/v) 
containing water (GuD+ veh. + DSS and GuD+ 
rIL-18+ DSS) or continued on regular water 
(GuD+ veh.+ water and GuD+ rIL-18+ water). 
After 7 days of DSS administration, mice were 
euthanized to collect samples for analyzing colitis 
markers. Mice were maintained on the GuD 
throughout the study.

Treatment with iNOS inhibitor 1400W

As described in the rIL-18 intervention procedure 
above, mice were regrouped into two groups after 4 

weeks of GuD feeding (n = 4–6 per group). Next, 
both groups received seven i.p. injections (one 
per day) of either veh. or selective iNOS inhibitor 
N-[3-(aminomethyl) benzyl] acetamidine (1400W, 
Calbiochem) at a dose of 5 mg/Kg body weight. 
After the 1st injection, one group of mice was 
administered with DSS (1.4% w/v), while the 
other group remained on drinking water. 
Seven day-post DSS administration, both groups 
were euthanized for sample collection and subse
quent analysis. All groups of mice received GuD 
throughout the experimental period.

Mouse euthanasia and sample collection

The experimental mice were euthanized by exposing 
to carbon dioxide (CO2). Blood was then collected 
from the portal vein and transferred into serum 
separator tubes (Becton Dickinson). Centrifugation 
of blood in serum separator tubes yielded hemolysis- 
free serum. Colonic tissues were flushed with ice 
cold PBS and immediately transferred to container 
containing liquid nitrogen or dry ice for protein 
extraction. Colon tissues for RNA analysis was 
stored at −20°C in RNA later solution (Sigma 
Aldrich). For colon histology, Swiss-rolls were 
formed from proximal to distal end followed by 
transferring to neutral buffered formalin (NBF) for 
24 hours. Subsequently, colons were placed in 70% 
ethanol and then submitted to Penn State University 
animal diagnostic laboratory facility for embedding 
in paraffin blocks, generating 5 μm cross-sections 
and for hematoxylin and eosin (H&E) staining.

Disease severity assessment

To assess colonic inflammation severity, 
a composite disease severity scoring scheme 
was developed based on previously described 

Table 2. Composite scoring system for assessing disease severity.

Weight loss (%) compared to the initial body weight
Histopathology score 
(on a scale of 0–12)

Presence of blood in feces and stool consistency 
(± diarrhea)

Range (%) Score Range Score Observation Score

0 to 4.9 0 <2 0 Blood traces in feces and diarrhea: 
Not observed

0

5 to 9.9 1 2.1–3.9 1 Blood traces or diarrhea: Yes 2
10 to 14.9 2 4.0–6.9 2
15–18.9 3 7–9.9 3 Blood traces in feces and diarrhea: Yes 4
>19 4 >10 4
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methods77,78 with slight modifications. As out
lined in Table 2, a score of 0–4 was assigned for 
each marker: 1) weight loss compared to initial 
weight, 2) stool consistency (presence/absence 
of diarrhea), 3) presence of blood in feces, 
and 4) histology score. The final scores were 
calculated by summing the scores for each 
marker.

RNA isolation cDNA preparation and quantitative 
polymerase chain reaction (PCR)

Quantitative PCR (qPCR) was utilized to assess 
the expression of colonic genes encoding immune 
function and tight junction markers. Briefly, 
colon tissues stored in RNA later (Sigma) solu
tion was used to extract total RNA and converted 
into complementary DNA (cDNA) by using an 
RNA extraction kit (GE Healthcare) and 
qScriptTM XLT cDNA supermix kit 
(QuantaBio), respectively, as per manufacturer’s 
protocol. The concentration and purity of 
extracted RNA were determined by NanoDrop 
spectrophotometer (Thermo Scientific). One 
microgram (1 µg) of RNA was reverse transcribed 
to prepare cDNA. The expression of genes that 
encode immune function and tight junction mar
kers was measured by using QuantStudio 3 Real- 
Time PCR System (Applied Biosystems). Primer 
sequences for genes assessed in this study are 
listed in Table 3. The difference in transcript 
levels was quantified through normalization with 

housekeeping gene 36B4, and the data are 
reported as 2 −ddCT.

Enzyme-linked immunosorbent assay (ELISA)

Colon tissue was homogenized in extraction buffer 
(containing 50 mM Tris, pH 7.4, 250 mM NaCl, 5  
mM EDTA, 50 mM NaF, 1 mM Na3VO4, and 1% 
detergent; Invitrogen™) supplemented with pro
tease inhibitor cocktail (Roche). The colon homo
genates were then centrifuged at 13,000×g for 12  
minutes at 4°C, and the supernatant was stored at 
−80°C until analysis. The level of colonic IL-18 and 
Lcn2 and serum SAA and Lcn2 were measured by 
ELISA as per manufacturer’s procedure (R&D 
Systems). The level of colonic IL-18 and Lcn2 
were normalized to tissue protein content and pre
sented as per mg tissue protein.

Histochemical and immunohistochemical staining

For histochemical staining, paraffin-embedded 
colonic sections were deparaffinized using a Leica 
autostainer XL (Leica Biosystems). H&E-stained 
sections were used to evaluate changes in crypt 
structure, ulceration, thickening of mucosa, hyper
plasia, and immune cell infiltration. As per the 
manufacturer’s protocol, Alcian blue staining was 
performed in deparaffinized sections to identify 
goblet cells containing acidic mucus using the 
Alcian Blue Stain Kit (Vector Laboratories Inc). 
Next, different sets of colon sections were used 
for immunohistochemical staining to assess the 

Table 3. Primer sequences.
Target genes Forward (3’—5’) Reverse (5’—3’) Reference

36B4 GAAAGAAGCCGAGGACCAC TCTGTCACCGCCTTACCAAT 79

Sucnr1 ACAGAAGCCGACAGCAGAAT GCACAGGAAAGCAAAGTCAG 80

Muc1 CCCTACCTACCACACTCACGGACG GTGGTCACCACAGCTGGGTTGGTA 81

Muc2 AAGTACAGATCAAGACCGTGAGG CCACTAACTGCTTGTTCACCTG 81

Muc3 CGTGGTCAACTGCGAGAATGG CGGCTCTATCTCTACGCTCTCC 76

Muc4 GAGGGCTACTGTCACAATGGAGGC AGGGTTCCGAAGAGGATCCCGTAG 81

Claudin-1 CAACCCGAGCCTTGATGGTA ACTAATGTCGCCAGACCTGA 82

Claudin-2 GTCATCGCCCATCAGAAGAT ACTGTTGGACAGGGAACCA 83

Claudin-3 TCATCGGCAGCAGCATCATCAC ACGATGGTGATCTTGGCCTTGG 84

Claudin-7 AGGGTCTGCTCTGGTCCTT GTACGCAGCTTTGCTTTCA 85

Claudin-8 GCCGGAATCATCTTCTTCAT CATCCACCAGTGGGTTGTAG 85

Claudin-12 GTCCTCTCCTTTCTGGCAAC ATGTCGATTTCAATGGCAGA 85

Occludin ATGTCCGGCCGATGCTCTC TTTGGCTGCTCTTGGGTCTGTAT 83

E Cadherin-1 ACTTGGGGACAGCAACATCA GGGTTTAAATCGGCCAGCA 86

Zonula occludens-1 ACCCGAAACTGATGCTGTGGATAG AAATGGCCGGGCAGAACTTGTGTA 83

iNos CTTTGCCACGGACGAGAC TCATTGTACTCTGAGGGCTGAC 87

Il-6 CCACTTCACAAGTCGGAGGCTTA GCAAGTGCATCATCGTTGTTCATAC 88

Il-18 CATGTACAAAGACAGTGAAGTAAGAGG TTTCAGGTGGATCCATTTCC 89
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expression of mucin 2 (MUC2, Abcam), Lcn2 
(R&D Systems) and IL-18 (Invitrogen). 
Specifically, sections were first deparaffinized then 
antigen retrieval was performed by transferring 
slides to pre-warmed sodium citrate buffer (pH 
6.0) and allowing incubation at 98°C for 20 min
utes in a water bath. After cooling down and wash
ing with PBS, the nonspecific sites were blocked by 
incubating the sections with 10% donkey serum 
containing 0.3% Triton X-100 (VWR Life 
Sciences) for 90 minutes at room temperature. 
Primary antibodies (Lcn2, IL-18 or MUC2) were 
diluted in PBS containing 1% bovine serum albu
min (BSA) and 0.3% Triton X-100 and applied on 
sections and incubated at 4°C overnight. 
Subsequently, sections were washed with PBS and 
incubated with secondary antibody Alexa Fluor 
488 (anti-rabbit IgG) for 90 minutes at 37°C. 
Tissues were mounted with an antifade reagent 
containing 4‘,6’-diamidino-2-phenylindole 
(DAPI) for DNA staining. All the images were 
captured using a Leica DMi8 microscope (Leica 
Microsystems).

Histopathologic assessment

Histological scoring was blindly determined on 
each colon as previously described.26,90 Briefly, 
each colon was assigned four scores based on the 
degree of epithelial damage and inflammatory infil
tration in the mucosa, submucosa, and muscularis/ 
serosa.90 Each of the four scores was multiplied by 
a coefficient 1 if the change was focal, 2 if it was 
patchy and 3 if it was diffuse26 and the 4 individual 
scores per colon were added, resulting in a total 
scoring range of 0–36 per mouse.

Assessment of metabolites by 1H NMR-based 
metabolomics

NMR-based metabolomics was used to quantify the 
metabolites in cecal contents (~50 mg) obtained 
from control and GuD-fed mice. As described in 
our previous studies,53,91–94 the1H spectra of cecal 
content extracts were recorded at 298 K using 
a Bruker Avance NEO 600 MHz spectrometer 
(Bruker Biospin) equipped with a 5 mm TCI cryop
robe and a SampleJet sample changer. The noe
sygppr1d pulse sequence was used for 

recording1H 1D experiments with pre-saturation 
water suppression during relaxation and mixing 
time. The used parameters were: spectral width 20 
ppm, time domain data points 64 K, acquisition 
time 2.75 s, relaxation delay 5 s, mixing time 100  
ms, number of scans 64 with dummy scans 4. All 1  
H NMR spectra were processed automatically with 
Chenomx NMR Suite (Chenomx Inc. version 10), 
then were checked and adjusted manually for 
phase, baseline, and chemical shift reference 
(TMSP, at 0.00 ppm) for each spectrum for meet
ing quality requirements. The metabolites were 
identified and fit using the in-build library and 
the metabolite concentration was calculated 
according to internal standard (TMSP, 0.29 mM).

Microbiota analysis through 16S rRNA gene 
sequencing

16S rRNA gene amplification and sequencing were 
performed using the Illumina MiSeq technology 
following the protocol of the Earth Microbiome 
Project (www.earthmicrobiome.org/emp- 
standardprotocols),95 with some modifications. 
Briefly, the 16S rRNA genes, region V4, were PCR 
amplified from each sample using a composite for
ward and reverse primer containing a unique 12- 
base barcode, designed with the Golay error- 
correcting scheme used to tag PCR products from 
respective samples.95 The forward primer 515F was 
used 5’-AATGATACGGCGACCACCGAGATC 
TACACGCTXXXXXXXXXXXXTATGGTAATT
GTGTGYCAGCMGCCGCGGTAA-3’: the itali
cized sequence is the 5’ Illumina adapter, the 12X 
sequence is the Golay barcode and the bold 
sequence is the primer pad, the italicized a bold 
sequence is the primer linker and the underlined 
sequence is the conserved bacterial primer 515F. 
The 806 R primer used was 5’-CAAG 
CAGAAGACGGCATACGAGATAGTCAGCCAG
CCGGACTACNVGGGTWTCTAAT-3’: the itali
cized sequence is the 3’ reverse complement 
sequence of Illumina adapter, the bold sequence is 
the primer pad, the italicized and bold sequence is 
the primer linker and the underlined sequence is 
the conserved bacterial primer 806 R. PCR reac
tions consisted of 5PRIME HotMasterMix 
(Quantabio, Beverly, MA, USA) 0.2 µM of each 
primer, 10–100 ng template, and reaction 
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conditions were set as follow: 3 min at 95°C, fol
lowed by 30 cycles of 45 s at 95°C, 60 s at 50°C and 
90 s at 72°C on a Biorad thermocycler. PCR pro
ducts were then visualized by gel electrophoresis 
and quantified using Quanti-iT PicoGreen dsDNA 
assay). A master DNA pool was generated from the 
purified products in equimolar ratios, and subse
quently purified with Ampure magnetic purifica
tion beads (Agencourt, Brea, CA, USA). The 
obtained purified pool was quantified with the 
Quanti-iT PicoGreen dsDNA assay, followed by 
sequencing using an Illumina MiSeq sequencer 
(pair-end reads, 2 × 250bp) at the GENOM’IC 
core facility at Cochin Institut, Paris, France.

16S rRNA gene sequence analysis

QIIME2-version 2022 was used to analyze 16s 
rRNA sequences.96 These sequences were demulti
plexed and quality filtered using Dada2 method97 

with QIIME2 default parameters to detect and cor
rect Illumina amplicon sequence data, generating 
a table of Qiime 2 artifact. Then, a tree was gener
ated using the align-to-tree-mafft-fasttree com
mand for phylogenetic diversity analysis and we 
computed alpha and beta diversity parameters 
using the core-metrics-phylogenetic command. 
Principal Coordinate Analysis (PCoA) plots were 
used to assess variations between experimental 
groups (beta diversity). Alpha diversity was com
puted with the Evenness index. For the taxonomic 
analyzes, features were assigned to operational 
taxonomic units (OTUs) with a 99% threshold of 
pairwise identity to the SILVA reference database. 
We employed the Microbiome Multivariable 
Associations with Linear Models (MaAsLin2) 
approach to identify differentially abundant micro
bial communities.98 Unprocessed sequencing data 
are deposited in the European Nucleotide Archive 
under accession number PRJEB64411.

Statistical analysis

The normal distribution of the data was tested via 
the D-Agostino-Pearson omnibus normality test. 
Data are represented as the Mean ± Standard 
Error of the Mean (SEM). An unpaired, two- 
tailed t-test was used to test the statistical signifi
cance between two groups. If more than two 

groups were compared, a one-way ANOVA test 
followed by Tukey’s multiple comparison tests 
were used. Any p value less than 0.05 was deemed 
statistically significant. GraphPad Prism 7.0 pro
gram (GraphPad, Inc.) was used to perform all 
statistical analyzes.
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