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Nutrition appears to be an important environmental factornwvolved in the onset
of inammatory bowel diseases (IBD) through yet poorly undstood biological
mechanisms. Most studies focused on fat content in high caldc diets, while re ned
sugars represent up to 40% of caloric intake within industalized countries and
contribute to the growing epidemics of in ammatory diseass. Herein we aim to
better understand the impact of a high-fat-high-sucrose dit on intestinal homeostasis
in healthy conditions and the subsequent colitis risk. We irestigated the early
events and the potential reversibility of high caloric dighduced damage in mice
before experimental colitis. C57BL/6 mice were fed with a lkgh-fat or high-fat
high-sucrose or control diet before experimental colitisIn healthy mice, a high-fat
high-sucrose diet induces a pre-IBD state characterized bygut microbiota dysbiosis
with a total depletion of bacteria belonging to Barnesiellahat is associated with
subclinical endoscopic lesions. An overall down-regulaih of the colonic transcriptome
converged with broadly decreased immune cell populationsni the mesenteric lymph
nodes leading to the inability to respond to tissue injury. &h in-vivo effects on
microbiome and transcriptome were partially restored whemeturning to normal chow.
Long-term consumption of diet enriched in sucrose and fat pedisposes mice to colitis.
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Diet & Partially Reversible Pre-IBD State

Arnone et al.
This enhanced risk is preceded by gut microbiota dysbiosis =d transcriptional
reprogramming of colonic genes related to IBD. Important)ydiet-induced transcriptome
and microbiome disturbances are partially reversible afteswitching back to normal
chow with persistent sequelae that may contribute to IBD prdisposition in the
general population.
Keywords: diet-induced, IBD-in ammatory bowel diseases, co litis, gut homeostasis, high-fat high-sucrose diet
Intestinal Fat & Sugar Pre-IBD Colitis
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GRAPHICAL ABSTRACT | Overview of high-fat high-sucrose-mediated predispositin to colitis and aggravating effects during established diis. IBD, In ammatory
Bowel Disease; LT, lymphocyte T; LB, lymphocyte B; HSP, heathock proteins; MLN, mesenteric lymph node; ROS, reactive xygen species; UPR, unfolded protein

response; SCFAs, Short Chain Fatty Acids.

INTRODUCTION the total caloric availability 2), the so-called Western Diet
(WD). This consumption has increased by about 10-fold
In ammatory Bowel Diseases (IBD) are chronic in ammatory over the last century in industrialized countries-§). Many
diseases of the gastrointestinal tract with increasingdienece  epidemiological studies concluded that WD is associatel ait
worldwide (1). Dietary patterns in industrialized countries increased risk of developing several human diseases, ingludi
are characterized by overconsumption of fats and sugars im ammatory conditions such as IBDZ, 6). Recent international
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recommendations expressed concerns about sugar consumptiGRESULTS
in Westernized societies as they represent quantities with n, . . .
precedent during hominin evolutionp’a’( 4). Ir? both adults ngh'Fat High-Sucrose Dlgt Causes a
and children, the World Health Organization (WHO) strongly Pre-in ammatory Bowel Disease State
recommends reducing the intake of free sugars to less thém 10Mice were fed with a Normal Chow diet (NC), High Fat
of total energy intake and suggests a further reduction towe (HF, 25% fat) or High-Fat High-Sucrose diet (HFHS, 25% fat,
5% (3-5). 30% sucrose) for 8 week§&igure 1A). No dierences were
Animal studies have shown that WD is responsible forobserved in food and water consumption, but weight gain
deleterious e ects on intestinal permeability, gut microtsip Were increased in HFHS-fed mice and blood glucose were
risk of infection, and experimental colitis7{9). While the increased in both HFHS and HF-fed compared to NC-fed mice
consequences of high-fat (HF) diets on gut microbiota dgstsi  (Figures 1B-D). Dietary intake was quite stable (2-4 g/day)
are well studied, few studies focused on sugars specic roknder ad libitum conditions, whereas energy intake was éigh
on intestinal homeostasis1(). A landmark study showed after HFHS (4,775.7 kcal/kg) and HF (4,649 kcal/kg) than
that experimental type 2 diabetes drives intestinal barrieNC (3,339 kcal/kg), as expected. Consequently, body weight
dysfunction by transcriptional reprogramming of intestinal over the 8-week dietary intervention was signi cantly hegh
epithelial cells and alteration of tight and adherens jumes in HFHS-fed mice than NC-fed mice or the HFFigure 1B).
integrity (11). A high sucrose diet (enriched with 55% sucrose)Blood glucose levels were measured after eight weeks of diet
was shown to enhance the susceptibility to experimentalisplit and 12-h fasting Kigure 10, and metabolic tests (0GTT and
but experiments were performed over a very short periodTT) conrmed that only HFHS diet induced prediabetes
(only a few days) and at a very high dosé?( More characterized by reduced impaired glucose tolerance byimsul
recently, investigated sugar-induced exacerbation dfisathen  resistanceRigures 1D,B.
adding 10% glucose or fructose in drinking water (mimicking Unexpectedly, endoscopic lesions were observed in the
sugar-sweetened beverages), dietary sugars quicklgdlteit  colonic mucosa of HFHS-fed and HF-fed mice not treated
microbial ecology 13). In agreement with these ndings, rectal With Dextran-sulfate sodium (DSS)Figure 1F), and the
insulin instillation inhibited in ammation in chemicallyinduced ~ endoscopic score F{gure 1G  Supplementary Table } was
colitis in mice (L4). Although growing evidence underpins the signi cantly higher (1.4-fold increasep D 0.0089) than
pro-in ammatory e ect of sugars {5, 16), the long-term impact in NC-fed mice not treated with DSS. These endoscopic
of combined excessive intake of dietary sugar and fat dutim-u  lesions were associated with a thinning and shortening of
processed food overconsumption (enriched in added sugar#je colon length (-10.9mmp D 0.012) Figures 1L,M. At
on healthy intestine and the underlying molecular mecharsis the histological level Higures 1H,|, Supplementary Table 2,
remain poorly describeddj. Also, the potential reversibility some HFHS-fed animals showed a chronic in ammatory cell
of high caloric diet-induced damage is unknown. Here wen ltrate (lymphoplasmacyticSupplementary Table 3 with no
investigated the e ects of long-term exposure to both dietanysigni cantincrease in the global scorgigure 11).
sugar and fat at a moderate dose (30% sucrose, 25% fat) onThen we used DSS colitis as a control and we con rmed that
the healthy intestine. We showed that combined sugar ané@linical manifestations of colitis appeared earlier in HFf¢8-
fat in diet induces a pre-IBD state characterized by decreasdhice (day 3) and that the colitis was more severe, as re ected
immune cell population in the mesenteric lymph nodes (MLNs)by decreased body weightSipplementary Figure 1A and
and associated with a gut microbiota dysbiosis, with totathe higher Disease Activity Index (DAI) in the HFHS &S
depletion of bacteria belonging tBarnesiellda genus hinted group compared with NC DSSanimals (3.8 vs. 2.7 at day
to be protective against colitis )] associated with subclinical 10, respectively;p < 0.0001) Supplementary Figure 1
endoscopic lesions. Likewise, the endoscopic score indicated a severe colonic
Furthermore, disease risk was heightened in Germ-Frel ammation (Supplementary Figures C,[p that was also
(GF)-mice that were colonized with microbiota from high- conrmed histologically ~ Gupplementary Figures 1E,F
fat high-sucrose (HFHS)-fed mice, demonstrating that guSupplementary Table}l This was further supported
microbiota dysbiosis played a critical role in the diet-imdd by the thinning and shortening of the colon length
colitis predisposition. This pre-IBD state is also associatetSupplementary Figures 1G,H In agreement with these
with an overall down-regulation of the colonic transcriptem ndings, an enlarged spleen was observed in either HFHS
characterized by di erential expression of stress and autggha DSS mice (about larger 3-fold maximum size compared to NC
related genes. Both transcriptome and microbiome alteratio DS$'; p D 0.0001) Supplementary Figures 1K,). or HFHS
induced by HFHS were partially reversible, with persistenPSS mice (1.5-fold on average compared to NC DS$
sequelae when mice were refeeding with the normaP 0.11;Figures 1J,K. In contrast, no signi cant decrease of
chow diet. colon length was observed in HF-fed mice, even with colitis
Our results are in line with the benecial eect of (Supplementary Figures1l)J On day 5 of DSS-treatment,
reducing dietary sugarsl(, 18-22). These ndings support intestinal permeability was measured by FITC-Dextran, shgw
WHO recommendations about the urgent need to reducehat only HFHS-fed mice treated with DSS had increased

sugar consumption in the general population, e.g., by limitingPermeability compared to both NC or HF DSSgroup
processed food consumptioA3). (Supplementary Figure 10). Furthermore, HFHS increased
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FIGURE 1 | Additive effects of sucrose and fat in healthy mice(A) Experimental design. Mice were fed 8 weeks with normal chow gt (NC) or High-Fat (HF) diet or
High-Fat High-Sucrose (HFHS)(B) Body weight of HSHF-fed mice N D 40) was higher than HF-fed miceN D 10) or NC-fed mice (N D 36). (C) Fasting blood
glucose levels in HFHS, HF and NC-fed miceN D 10 /group). (D) Insulin tolerance test (ITT) after 8 weeks of diet (0.75 U/kg inBn, ip).(E) Oral glucose tolerance test
(0GGT) after 8 weeks of diet (2 g/kg per os) for HFHS, HF and N@d mice (N D 5/group). (F) Representative colonoscopy imagegG) Ulcerative colitis endoscopic
index of severity (UCEIS)H) Representative sections of colon, arrows show epithelialygtrophies. Scale bars, 0.10 mm.(l) Histological scores.(J) Gross pictures of
spleens, scale bars: 10 mm.(K) Spleen weight to body weight ratio.(L) Gross pictures of colons. Scale bars, 10 mm(M) Colon lengths. Data are given as mean</-
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by ANOVA (two-way for B, D and E) for parametric data dfruskal-Wallis if not.
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early mortality during DSS-colitis whereas HF-fed micedav In summary, these ndings indicate that fat and sugar
similar mortality to NC-fed (30% of HFHS-fed mice from the induced similar intestinal lesions but have a dierential
3rd day;p D 0.0066 vs. 20% of NC or HF-fed mice died after 7e ect on the immune system. In contrast to HF that
days;Supplementary Figure 1¢. increased immune cells, sucrose enrichment decreases the
Altogether, these data showed that sucrose added to faigrat number of immune cells in both MLNs and the spleen.
than fat alone) aggravates the severity of DSS-inducediscoliWhile HFHS causes impaired systemic cytokine response,
clinically, endoscopically, and histologically. Under pbjajical chemokines recruitment is maintained in the colon of
conditions, such diet induces a pre-IBD state characterizgd these animals.
endoscopic lesions, reduced colon length, and in ammataly ¢

in ltration in the coloni . . : .
In liration inthe colonic mucosa High-Fat High-Sucrose Diet Induces an

_ Overall Down-Regulation of the Colonic
Speci c Effects of Sucrose on the Transcriptome of Healthy Mice

Intestinal and Systemic Immune To better understand how HFHS may predispose to disease
Homeostasis of Healthy Mice risk in later life, transcriptomic analyses were performed
To determine the respective impact of fat. sugar on the on colonic tissues of DSS-untreated mice. Interestinghy, i
immune system, we rst performed cytometry analysis on thehealthy mice, HFHS caused a strong gene down-regulation
spleen and MLNs of mice. Interestingly, we observed thatompared to NC-fed mice Rigure 3A). Statistical analyses
all studied immune cells population were decreased in MLN&entied 154 dierentially expressed genes, 86% (132)
of HFHS-fed mice, whereas they were increased in HF-fedeing under-expressed in HFHS-fed mice (FDR 0.05;
mice compared to NC-fed miceF{gures 2A-F. Specically, fold change> 30%) Supplementary Dataset)l These genes
numbers of leukocytes, myeloid cells, and lymphocytesydicy ~ were predominantly involved in response to diverse cellular
B and T cells, were decreased in HFHS-fed mice, whereattesses such as HSF1-mediated heat-shock, externallistimu
they were increased in HF-fed mice compared to NC-fed micenfolded protein stresgia HSP90 chaperone complex, and to a
(Figures 2A-F. However, these cells were not signi cantly lesser extent in the regulation of transcription and tratiska,
disturbed in the spleenHigures 2G—K except myeloid cells as well as in Class | MHC mediated antigen processing
representing 8.5% of leukocytes in HFHS-fed mice, whiland presentation Kigure 3B). Functional annotations with
they only represented 2.1% in NC-fed micé&idure2H, OpenTargets conrmed an association between the HFHS
Supplementary Figure 2A. Likewise, T-cells represented 25.9%gene signature and nutritional and metabolic diseases such as
of lymphocytes in HFHS-fed mice vs. 31.9% in control animalsliabetes (62 targets), abnormalities of the immune systébn (
(Figure 2J Supplementary Figure 2A. Among the lymphocytes targets), and infectious diseases (104 targets). Intaghgi
in the MLNs, while NK cells amounted to an average ofthey also unraveled an association between HFHS and ‘€oliti
18.7% CD46CD3- cells in NC-fed mice, they expanded (37 targets) or IBD (47 targets) despite the absence of DSS
to 24.6% in HFHS-fed mice and 45.8% in HFD-fed micetreatment, which is consistent with the pre-IBD state observ
(Supplementary Figure 2A. Likewise, T-cell subpopulations, at the endoscopic and histologic levels (avalues< 0.001)
including CDAC and CD& cells, were strongly decreased(Supplementary Tablet Among the upregulated genes
in HFHS-fed mice MLNs but not signi cantly in the spleen, in HFHS-fed mice, we observe8hisa5,which encodes an
compared to control animals{gures 2L—Q. Signi cantly, Th17 endoplasmic reticulum protein involved in the apoptotic process
cells were strongly decreased in MLNs of HFHS-mice and $jight(C1.5-fold; FDRD 0.029) andSlamf7,involved in cell-cell
increased in the spleen than NC-fed anima&tgres 2P,U. interactions by modulating the activation and di erentiatio
We next focused on HFHS-fed mice, and to further dissecof a wide variety of immune cells and in response to anti-TNF
the local and systemic immune response, we measured cytokitteerapy in IBD @4, 25 (C1.6-fold; FDRD 0.046). Conversely,
levels in plasma and colonic tissues. As expected, cytolkimels! Rgslwhich encodes for a protein inhibiting B cells chemotaxis,
in plasma Bupplementary Figures 2B—D were signi cantly was strongly under-expressed Z.22-fold; FDRD 0.033) in
increased in DSS-treated mice fed with NC compared tdédFHS-fed miceFigure 30), while being overexpressed in active
untreated animals (IL4: C25.39 pg/mL,p D 0.0212; IL- IBD (26). Stress-related genes were under-expressed in HFHS-
6: C77.34 pg/mL,p D 0.0005; TNFa: C108.8 pg/mL,p D  fed mice:Hsphl,which encodes a member of the heat shock
0.0351). Unexpectedly, these cytokines were not increased prnotein 70 family ( 3-fold; FDRD 0.036),Hspa8( 2.5-fold;
plasma of colitic HFHS-fed mice compared to not-treated~DR D 0.024),Hspa5( 2.1-fold; FDRD 0.013), andRblcc
HFHS-fed animals excepted for IL-6C75.56 pg/mL,p D indirectly implicated in autophagyia Atgl6L1 interaction
0.0002;Supplementary Figure 2¢. Then we measured levels ( 1.9-fold; FDRD 0.025), all coding for heat shock proteins
of several chemokines in the colonic tissues of HFHS-fe(HSP) involved in autophagy and endoplasmic reticulum stress.
mice. In contrast to plasma, chemokine levels were higher iMoreover, chaperones associated with these HSP were also
colonic tissues of HFHS-fed colitic mice compared to DSSdownregulated in HFHS-fed mic®najbl ( 1.8-fold; FDRD
untreated animals (RANTEE:295.0 pg/mLp D 0.015; Eotaxins: 0.0002) andnajal( 2.1-fold; FDRD 0.0005), both implicated
C760.7 pg/mLp D 0.037 and KCC55.67 pg/mLp D 0.026; in the regulation of heat shock proteins, @hordclencoding a
Supplementary Figures 2E-5 protein proposed to act as co-chaperone for HSP9Q.2-fold;
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FIGURE 2 | Sucrose repressed immune cell levels in mesenteric lymph wles and spleen.(A) Representative ow cytometry recording mesenteric lymph ndes
(MLNSs) and spleen(B-U) Relative abundance of indicated immune cell populations Mils or spleen for mice fed with normal chow diet (NCN D 5), high-fat diet (HF,
N D 5), or high-fat high-sucrose (HFHSN D 5). MeansC/- SEM are plotted. p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by ANOVA for parametric data or
Kruskal-Wallis if not.
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FIGURE 3 | High-fat high-sucrose diet triggers multiple cellular séss responses on the colonic transcriptome (A) Volcano plot and (B) Top Reactome pathways of
dysregulated genes for HFHS-fed miceN D 5) vs. NC-fed (N D 5). Statistical analyses identi ed 154 differentially expssed genes, 86% (132) being under-expressed
in HFHS-fed compared to NC-fed mice (FDR< 0.05; fold change > 30%). (C, D) Top dysregulated genes in mice fed a HFHS diet compared with @ diet. Mean
expression values (log2) are plotted with standard deviatns for up- and down-regulated genes. FDR * 0.05, **< 0.01, ***< 0.001.

FDRD 0.003) andAhsa2, gpseudogene proposed as an HSP9®ecause of the acclimatization period (diet was not the same

stimulating co-chaperone (2.2-fold; FDRD 0.003) Figure 3D).  throughout the acclimatization period and the experimentp T

Overall, HFHS modulated several molecular pathways ingblveevaluate the diet's impact beyond the initial founder e ece w

in cellular stress-related pathways in the healthy intestincalculated a fold change of tlzediversity indices at DO relative

of mice. to baseline. We observed no signi cant di erence between
each diet group's fold changes, both for Ch&ag(re 4B) and

. . . Shannon indices Supplementary Figure 3B These results
ngh'Fat ngh-Sucrose Induces Dramatic indicated that the dietary intervention did not strongly irence

Changes in Gut Microbiota and Its Derived the a-diversity of the intestinal microbiota. Considerini-
Metabolites in Healthy Mice diversity, we observed a strong association with the die¢éeh
Prior to colitis, we investigated the impact of diet on thedec time point (Supplementary Table B and for both Bray-Curtis
microbiota by comparing its diversity and composition beforeand Jaccard indicesFigure 4C Supplementary Figure 3¢,
starting the di erent diets (baseline or B) and after eighteke  with explained variance 42%. However, within diet groups, a
of dietary intervention (day zero or D0). We observed thatsigni cant di erence between time points was observed only fo
HFHS-fed mice had a lowe-diversity at baseline for the Chao HFHS-fed mice, with explained varianee5% for Jaccard index
(Figure 4A) and Shannon $Supplementary Figure 3A indices and >71% for Bray-Curtis index Supplementary Table
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FIGURE 4 | High-fat high-sucrose diet induces gut microbiota dysbios. (A) a-diversity measured by Chao index at baseline B for mice fed ith normal chow (NC,N
D 10) vs. high-fat high-sucrose diet (HFHSN D 9). (B) Evolution of species richness measured by a fold change of Glo index at DO relative to B.(C) PCoA of
Bray-Curtis b-diversity index showing no NC-fed vs. HFHS-fed mice, at B ashat DO. (D-H) Fold change of indicator OTU's abundances at DO relative to B, J) Short
Chain Fatty Acids concentrations irmmol/g of caecal content or feces of NC-fed or HFHS-fed mice. Mans C/— SEM are plotted. P < 0.05, **p < 0.01 by ANOVA for
parametric data or Kruskal-Wallis if not when more than 2 graps are compared, Mann-Whitney test ort-test for 2 groups comparison.
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These results indicate that despite the initial di erencevieeen  Incomplete Recovery of High-Fat

animal groups, the HFHS-fed mice had an essential change High-Sucrose-Induced Damage Upon
the composition of their fecal microbiota, strongly a ecting Cessation of Overconsumption

C?r? abun%anzba::tena, _and tg a l?iseil extent, _tge ;t)_re(\jﬁale 0 assess whether the changes induced by HFHS could be
of less abundant sSpecies. Lonsistently, we ident ed Verestored, we analyzed the gut microbiome and transcriptome
Operational Taxonomic Units (OTUs) indicators for diet,

. . _of mice f igh ks with N igh ks of HFH
with OTUs de ned as follows: i) abundance/prevalence |0 mice fed eight weeks with NC after eight weeks o S

. ; . . ) Figure 5A). Colonic transcriptome reprogramming detected
signi cantly associated with diet at DO but not at baselinad S( 9 ) P prog 9

ii) fold change between DO and B is signi cantly associate(%{1 HFHS-fed mice was only partially reversible in HFEISC-

with diet (Supplementary Figure J. Precisely, two OTUs ed mice Figure5B). Detailed results are described in

. 2 Supplementary Material Brie y, further hierarchical clustering
belonging to the order Clostridiales (Otu036, Otu044) shdw identi ed six dysregulated signatures in HFBSIC-fed mice,

an apparent decrease in their relative abundance in HFHS-fe edominantly involved in unfolded protein response (UPR),

mice while remaining at a similar abundance in NC-fed mice ; .
. . . autophagy, heat shock protein response, and metabolic pathways
(Figures 4D,E Supplementary Figure 3 Two OTUs belonging utophagy protet P IC pathway

! . that play a crucial role in intestinal homeostaskigure 5B,
to the _fam|ly Lachnospwacea_e (Otu052, Otul46) showed upplementary Table 8 Among upregulated genes in HFHS
?groﬂgdg?{:(?s?nig; tggzrgilitl':vg gzlg;?:::;t:&dﬁSL?:gen%%any genes involved in p53/TP53-dependent apoptosis returned
Supplementary Table 5 One OTU belonging to the genus to regular expression levels (as observed in NC-fed micej aft

. . switching diet while many HSP-related genes were down-
Ba_rne_3|ella(OTU194_1) was not found a_t baseline pUt Wasregulated in HFHS-fed mice failed to recover their baseline
ubiquitous at DO in NC-fed mice, while present in only

. . . expression in HFHSNC-fed mice Figures 5C-E. Regarding
one HFHS-fed .anlmal, in lower abundanceFidure 4H, disease-associated targets, genes from clusters 2 and 5 were
Supplgmgntary Flgures SE—pThese results.suggest tha“-"q_isstill associated with immune system diseases (75 targets) an
can signi cantly 'T“paCt individual bacteria, most Of_ them gastrointestinal diseases (60 targets) including IBD @2@eits),
be_longmg to Firmicutes, known to_ produce short_—chaln fattyulcerative colitis (20 targets), Crohn's disea$g),(“colitis” (22
acids (SCFASJ() (Supplementary Figure J. These plomgrkgrs targets), and digestive system infectious diseases (4tsa(all
represent together more than 90% of the OTUs, while Flrmmutep_ValuesK 0.09:Supplementary Table Y,
represent 50% of the entire community, indicating that bacteria ' )

belonaing to this phyl ot be siani cantly i ted by th Similar observations were made on the composition
elonging to this phylum might be signi cantly impacted by the ¢ -, o gut microbiota. Detailed results are described in
dietary intervention.

L. lementary Material Briey, NC-f mi id not var
We next measured SCFAs concentration in caecal contenSlJppe entary Material ey, NC-fed ce did not vary

|tr§ a-diversity, while HFHS-fed mice had a lower diversity

and feces of mice, and showed that microbial changeg . compared to baseline, and the HREISC-fed group

!nduced by HFHS were followed by a sllgnl.cant decreas%ad a higher diversity at DO compared to baseline only for
in caecal and fecgl SCFAs concentratlorﬁlg(lre§4l,q. the Chao index [Figures 6A,B. Regarding b-diversity, all
Indeed, caecal propionate and butyrate concentrations wer roups were signi cantly di erent from each other at DO, but
decreased, whereas isovalerate concentration increa ?{i HFHS-fed mice showed the highest distance to thé other
'(;'0 HFHS-fed mice i(omparedfto Icontrol animalsp .(< groups Figure 6C. Among the indicators identied in the
,05) Flgqre 4D). Likewise, fecal acetate, IorOIDIOnate’eight-week protocol, Otu036, Otu052, and Otul194 showed an
. . . Ynteresting pattern, where the HFKINC-fed mice were in
reduced n HFHS-fed mice compared to control anlmals”ne with NC-fed mice and opposed to HFHS-fed mice, despite
(p< 0'05.) F!gure 4). . . . . an initial dierence according to diet groupRigures 6D—|,
To. highlight the role of the gut microbiota in th'IS Supplementary Figure J,
expen:nente_ll Cogt,\jf’ we perfformedG'IecaI . m|ctr)ol;|ota These results indicate that (i) HFHS has a consistent e ect
}:}Zﬁi?nzmaggg_c(olms ) $L|npplg(:'r:<ranr;t;?§ Fiéure) 4 ;n 'Cgespﬁtgre on microbial composition, given that four out of ve biomarke
showed a similar pattern in both protocols, and (ii) a return t€N

the initial dierence in GF-mice bodyweight before FMT, " : . .
those who received microbiota from HFHS-fed mice recovered©t after eightweeks of HFHS can restore microbial abueéan

their initial weight after transplantation, contrary to NC- for four out of ve diet-specic species identi ed in the eight
fed mice transplanted Supplementary Figure 48 Then, week protocpl. Consistently, CO!ItIS severity was improved i
GF-mice that received microbiota from HFHS or HF-fed HFHS-fed mice $upplementary Figure §

mice developed higher colitis than mice transplanted with 1aken together, these results suggest that the long-
fecal microbiota from control mice, as illustrated by highert€rm harmful eects of HFHS on gut microbiota and
bodyweight loss Supplementary Figure 40), survival rate transcriptome can be partially corrected even after the metur
(Supplementary Figure 4¢. Importantly, at day 8, GF-mice 10 a normal chow: some transcriptomic imprints lasted,
that received HFHS-fed microbiota had an increased DARNd some e ects persisted after exposure to HFHS on the
(Supplementary Figure 4 gut microbiota.
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FIGURE 5 | Partially reversible effects of high-fat high-sucrose di@n the colonic transcriptome.(A) Experimental design. Mice were fed with a normal chow diet (®,
N D 10) or a high-fat high-sucrose diet (HFHSN D 10) for 16 weeks or 8 weeks and then switched back to NC for 8 weks (HFHSCNC, N D 10). (B) Hierarchical
clustering heatmap of the most variable genes in NC vs. HFHSsvHFHSCNC fed mice. (C—E) Expression levels of relevant genes in clusters C1 to C6 forgups of
mice fed with NC, HFHS or HFHENC, mean expression values (log2) are plotted with standardeviations for up- and down-regulated genes. FDR * 0.05, ** <

0.01, **< 0.001, ***< 0.001.
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FIGURE 6 | Incomplete recovery of microbiota dysbiosis(A) a-diversity measured by Chao index of NC-fed, HFHS-fed, or HFSCNC-fed (N D 10 per group) mice at
baseline B.(B) Evolution of species richness measured by a fold change of Gio index at day zero (DO) relative to B(C) Principal coordinate analysis (PCoA) of
Jaccard b-diversity index showing NC-fed, HFHS-fed, or HFHENC-fed mice, at B and DO0. (D-H) Fold change of abundances at DO relative to B of the ve
operational taxonomic units (OTUs) identi ed as an indicatdfor diet in the 8-weeks experiment (seeSupplementary Figure 6 and EV8).(I) Prevalence of indicated
OTUs at DO after 16 weeks of NC, HFHS, or NC following HFHS.
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DISCUSSION observed a broadly depressed cytokine pro le of HFHS-fed mice
(Supplementary Figure 2, which may explain the susceptibility
Dietary patterns are important environmental triggers in IBD to enteric infection observed in hyperglycemic mice 12). It
(6, 28. Overconsumption of dietary sugar has been linked tayould have been intersting to determine cytokine pro le in HF
a rise of several non-communicable disease)( Recently, fed mice compared to HFHS-mice it is one of the limitations of
hyperglycemia was shown to disrupt the intestinal barrier angur study. However, it can be assumed from other studies that
promote risk for enteric infeCtiOﬂSl(l), while a high-sugar diet HF diet increased pro_in ammatory Cytokines SecretioBBX.
(at very high dose 55% sucrose) was reported to enhance ti®nsidering that such impaired immune defenses are a hallmark
susceptibility to colitis by depletion of SCFAs after only twoof |BD, this strengthens the link between sugar homeostasis
days of dietary intervention1). Likewise, short-term intake intestinal in ammation (37).
(seven days) of a low dose of sugar (10% glucose or fructose Furthermore, enlarged spleen and increased splenic myeloid
in drinking water) did not trigger in ammatory responses in a and Th17 cells were observed in HFHS-fed mice, whereas they
healthy gut but markedly altered gut microbiota composition were decreased in MLNs, suggesting that immune cells may
leading to a predisposition to colitis §). Here, we rstcon rmed  pe mobilized on the in ammation site, i.e., the colon, simila
that moderate doses of sucrose and fat (30% sucrose 23%bwhat has been observed with HF-induced colonic dysbiosis
fat) aggravates experimental colitis2( 13). The DSS-colitis (39). It would have been necessary to explore this hypothesis by
model induced profound intestinal damage and immUnO'Ogicaberforming IHC Stainings of ow Cytometry on colons Samp]eS,
disruption (29). Despite the growing interest of the scientic it is one of the limitations of our study. Consistently, at the
and medical community, the direct e ects of long-term higatf  histological level, we observed immune cell in ltration ineth
high-sugar intake on healthy individuals' gut and the poteht colon of HFHS-fed miceSupplementary Tables 2,)3 A recent
reversibility of those e ects remain poorly described. study underpins a pro-in ammatory role for dietary sugar in
Therefore, we explored the long-term impact of additive| pS-stimulated mononuclear phagocytes, which occurs at the
e ects of fat and sugar on intestinal homeostasis and focusegkpense of metabolic exibility 1(5), but further studies are
on the specic e ects of such diet on healthy mice intestine.needed to understand how metabolic reprogramming of several
Thaiss et al. demonstrated that g|UCOS€ induced barrierimmune cell types can in uence the functiona”ty of immune
alterations in vitro and increased permeability in diabetic cells 39).
mice (L1). Unexpectedly, we showed that endoscopic lesions Transcriptomics changes induced by sugar overconsumption
were observed in long-term HFHS-fed mice not treated within a healthy intestine were unknown. Our transcriptomic résu
DSS Figures 1F,G, whereas Kharet al. reported that short-  showed that HFHS might predispose intestinal mucosa to IBD
term exposure to sugar minimally aected gut physiologystate. An overall down-regulation of the transcriptome was
(13. In our model, we can explain the lack of impactobserved in HFHS-fed micé{gure 3. Functional annotations
of HFHS on gut permeability (assessed by FITC-dextraneported in HFHS-fed mice not subjected to DSS treatment were
Supplementary Figure 10 by the moderate hyperglycemia in signi cantly associated with IBD (Crohn's disease, uldesat
mice (blood glucose average 2.5 gHiglre 10); which is in colitis, and “colitis”), con rming the observed endoscopice-
agreement with glycemia observed in overweight C57BL/@)nic |BD state. Immune reactivity to heat-shock-protein (HSP)
while in diabetic models blood glucose exceeds 4.53lL ( resulted from in ammation in various disease animal and huma
To clarify the contribution of fats in our model, we used ajn ammatory conditions such as diabete$d). This is in line with
HF diet with moderate dose. Indeed, HF is known to promoteprevious reports looking at small bowel in a cancer mice model
in ammation and exacerbates colitis severity at a very dgse  (41). In the colonic mucosa of HFHS-fed micklsphl Hspas8,
(60% kcal from fats) J1). In our study, fats represented 25% and Hspa$ involved in autophagy and endoplasmic reticulum
of the regimen and, as expected, did not signi cantly in uenc stress, were strongly under-expressed. The same observatio
the bodyweight or insulin/glucose sensitivitfFigures 1D, was made for some chaperones implicated in HSP regulation,
(39). More importantly, a 25%-HF did not in uence colitis sych asDnajbl, Chordcl,and Ahsa2 However, among the
severity in our model so we can conclude that its the additio |imjtations of our study, it would have been interesting to
of 30% sucrose in the HFHS diet that is responsible for theurther explored (and to con rmed transcriptional observatis)
e ects observed. the potential mechanism for increased susceptibility to DSS-
Overweight-induced hyperglycemia has been shown tghduced in ammation in HFHS-fed mice by IHC stainings
impair immune defenses, as illustrated by diabetes-inducegnd/or Western-blotting analysis on colonic samples.
immunodepression that increases susceptibility to infexi(3, Particularly, many of these HSP are ubiquitous and involved
34). The relationships between hyperglycemia and pathologica cellular homeostasis maintenance under stress conditfery.,
inammation have been extensively studiedS. Our ow  ATP hydrolysis, protein folding)40). Importantly, we explored
cytometry data showedF(gure 2, Supplementary Figure 2 a  the reversibility of HFHS-induced alterations by switofimice
di erential e ect of fat vs.sugar on immune cell populations pack to NC diet after eight weeks of HFHSGigure 5. We
of MLNs and spleen. While HF increased the whole immuneshowed that only a small part of the transcriptome could be
cell population in MLNs of mice, HFHS caused the oppositgestored, leaving an entire pan of the program dysregulated.
eect and especially strongly decreased the number of This could predispose or lower the tolerance of the intestinal
cells in both spleen and MLNs of mice. Consistently, Wenucosa to injury. For example, concerning HSP-related genes,
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only 3 genes (Ccngl, Hspa8, and Clgaltl) recovered the samm@mals (i.e., NC-fed mice). This may contribute both to gre-
expression level in HFHSNC-fed mice (i.e., the expression IBD state, and the severity of DSS-induced colitis obseined
level of NC-fed mice) and were decreased in HFHS-fed micthis study. Indeed, given that an increaseBafrnesiella spafter
(Figure 5). Furthermore, small gene clusters were enriched witloligosaccharide treatment was shown to decrease susdigptibi
CEBPB targets (CCAAT/enhancer-binding proteins, esskentido DSS-induced colitis in micel{). Of interest, returning to
for adipogenesis and gluconeogenesis and highly expressedtlie NC diet after 8-weeks of HFHS does not allow full recovery
adipose tissue) in HFHS-fed mice, which regulate the maif this bacterial speciedrigure 6). Similarly, the increase in
functions of the in ammatory response, intrinsically limkj Lachnospiraceawas only partially reversible, as Otul46 was
the stress response to carbohydrate homeosta&is Since absent in NC-fed mice but remained high in HFBS8IC-fed
HFHS decreases energy needs, the increase in endoplasmice. Previous experimentdZ, 13) demonstrated that sucrose
reticulum stress should be viewed as a way to counterbalangeluces very rapid changes in the microbiota composition. Our
the downregulation of these transcription factors relateddiSP  ndings suggest that these modi cations are persistent and
(43), further contributing to the pre-IBD state. In addition tdie  di cult to reverse after long-term overconsumption of fat and
diet-induced damage and disturbances described in thidystu sugar, even after returning to the NC diet for several weeks.
we observed the dysregulation of carcinogenesis-relaedgjin Therefore, long-term sucrose and fat overconsumption induce
the colonic mucosa of HFHS-fed mice. This observation alignsome irreversible intestinal damage.
with increasing evidence that dietary sugars are involved i In summary, long-term overconsumption of fat and sugar
colorectal carcinogenesis, both in humans and animafs {7, induces a pre-IBD state under healthy conditions. This
44). However, this was outside the scope of our study, and thimfraclinical state is characterized by decreased immuele c
links between HFHS, colitis, and colorectal cancer will iegju populations in MLNs and dysregulation of stress-related gemes i
further investigation. the colonic mucosa leading to (i) gut microbiota dysbiogis,

Finally, given the growing body of evidence linking micrabi spontaneous endoscopic lesions, and (iii) global transcrigtom
dysbiosis to IBD 45), we investigated the extent to whether alterations that were partially reversible. Overall, ousulés
intestinal bacteria may contribute to the e ects describetn  support observations in IBD patients that suggest a bene cial
A previous report using short-time exposure to sugd?)( e ect of reduced sugar consumptiori@ 18 22, 52). However,
suggested that long-term diet exposure does not conditian thto ensure that the results observed in this study are tramadlke
DSS-related changes &diversity. However, we could observe to humans, intervention trials need to be initiated. In thégard,
a great di erence in community composition between the dietthe increased consumption of sugars in the general population
groups Figure 4). As expected, dietary intervention causedis alarming 63), highlighting the urgent need to follow WHO
signi cant changes in animals' microbiota composition, bot recommendations3-5).
qualitatively and quantitatively7( 46, 47), ndings which were
further supported by FMT experiments. In line with previous MATERIALS AND METHODS
reports (L2, 13), our results indicate that HFHS strongly impacts
some bacterial taxa, most of them belonging to Firmicutet th Animals and Diets
are known to produce SCFAs and may enhance the epithelidMale C57BL/6J mice were purchased from Janvier Labs (Le
permeability in response to high caloric die#§ 49). This Genest-Saint-Isle, France). All procedures were performed
phylum is composed of gram-positive bacteria and includes théllowing guidelines established by the European Convention
gut commensaClostridig which was shown to be a key player offor the protection of Laboratory Animals5¢) and with a
intestinal homeostasis(). Some members of the Clostridiales project approval (authorization N\PAFIS#16630) delivered by
family were present in lower abundance in HFHS-fed micehe French ministry of research. The animals were maintained
not subjected to DSS-treatment while sorhachnospiraceae on a strict 12-h light-dark cycle and were housed at 22—
species increased, changes that were not observed with- shad8 C, in cages containing a maximum of 5 animals, with ad
term exposure to sucrosé ). In addition to previous studies libitum access to food and water. All animal experiments were
(12, 13 showing that a few days of sugar decreased onlgepeated at least two times on two separate occasions. Before
fecal and caecal acetate concentrations, we showed thaeR-w dietary interventions, mice were randomized to ensure that
overconsumption of sugar profoundly decreased both acetatacidental pre-diet di erences in body weight existed between
propionate, and butyrate concentrations. Our observationshe di erent groups. Mice were fed with a High-fat high-sucrose
indicate that long-term overconsumption of sugar has a sgron Diet (HFHS; U8960 v5, Safe Diets, Augy, France), High Fat diet
impact on intestinal micro ora and their metabolites. SCFAs(HF U8960 v143, Safe Diets, Augy, France), or Normal Chow
are known to play a key role in health maintenance bydiet (NC; A04, Safe Diets, Augy, France) for 8 or 16 weeks
promoting both lipid, glucose, and immune homeostagig)( (Figure 1A).
so their decrease may also contribute to the observed pre-
IBD state. Induction of Colitis

Even if additional work is needed to demonstrate that thigyma For each dietary regimen (NC, HFHS, or HF), half of the animals
contribute to the pre-IBD state, itis noteworthy that the defpbn ~ were treated with DSS to induce colitis after eight weeksetf d
of bacteria belonging t®arnesiellqOtu194) was observed in (Figure 1A). Mice were continued on the same diet during colitis,
HFHS-fed mice while it was ubiquitously present in controlinduced by administration of 3% dextran sulfate sodium (PSS
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molecular weight 36 000-50 000, MP Biomedicals, Strasbourgouis, MO) was dissolved in PBS 1X to obtain a stock

France) dissolved in drinking water for ve days. DSS soluti solution of 80 mg/mL. Mice fasted for 4 h before gavage with

was replaced thereafter by normal drinking water for anothe60 mg/100g. Blood was collected 3h following gavage on

ve days as previously describe®5. Mice were sacriced heparinized tubes (Microtainex BD medical, Franklin Lakes,

on the 10th day or upon reached the endpoint (i.>2.20% NJ). FITC-Dextran was quanti ed in plasma by uorescence (

weight loss). Ex/Em 485 nm/535nm, ID3, Molecular devices) as previously
described 12).

Fecal Microbiota Transplantation

Germ-Free (GF) C57BL/6J mice were housed at gnotobiotidssessment of Disease Activity Index

facilities at the Hannover Medical School (Hannover, Gergjan Mice were daily weighed and evaluated for clinical symptoms.

and Fecal Microbiota Transplantation (FMT) experimentsThe Disease Activity Index (DAI) was determined on a scalmfr

were performed at Technical University Dresden (Dresden( to 4 and calculated as the mean of three individual subscore

Germany). For microbial reconstitution of GF mice, 8-week-(body weight loss, stool consistency, and blood in the stosl) a

old GF C57BL/6J mice received fecal material obtained frompreviously describeds@).

individually WT C57BL/6J HFHS-fed or HF-fed or NC-fed

mice. Stool pellets were freshly dissolved in PBS with 0.05Bndoscopic Assessment and Scoring

L-cysteine hydrochloride (Sigma-Aldrich; 4 pellets per 5l o Coloscopy was performed on the last day of the study (day 10),

PBS), and mice received 108 solution by gavage. After just before the mice were sacri ced. Mice were anesthetized b

one week, colitis was induced by administration of 2% DS%o urane inhalation. Distal colon and rectum were exandne

dissolved in drinking water for ve days. DSS solution wasusing a rigid Storz Hopkins Il mini-endoscope (Storz, Tuttin,

replaced thereafter by normal drinking water for anotherGermany) coupled to a basic Coloview system (with a xenon 175

three days. light source and an Endovision SLB Telecam; Storz). All esag
. were displayed on a computer monitor and recorded with video
Collection of Samples capture software (Studio Movie Board Plus from Pinnacle, Menlo

For gut microbiota analysis, fresh stool samples from isdlatepark, CA). Three independent trained-readers performedracbli
mice were collected in tubes, immediately frozen in liquiddetermination of endoscopic scores. Ulcerative colitis eedpic
nitrogen upon collection, and stored at80 C until DNA  index of severity (UCEIS) was calculated as the sum of three
isolation. Blood was collected by submandibular bleediiyit  subscores (vascular pattern, bleeding, and erosions/ijcass
heparinized tubes (Microtainex BD medical, Franklin Lakes, previously described6(). The nal grade was de ned as the
NJ), and the plasma was obtained by centrifugation at 2000 xgiean of the three independent assessments.

> 3min at room temperature. The entire colon was removed

from the caecum to the anus. The colon length was measuretistological Assessment and Scoring

then washed with phosphate-bu ered saline PBS 1X to remov€olon samples were extensively washed and xed with
the remaining content. The spleen was removed and weighed aso paraformaldehyde for 24h under agitation. Samples
previously described5(). Samples from the colon were taken,were washed, paran-embedded, and sectioned. Colitis
divided into 0.5cm long pieces, snap-frozen in liquid nitroge was histologically assessed omb sections stained with

and stored at 80 C until use. hematoxylin-eosin-saron (HES) stain. The histological
. . colitis score was calculated blindly by expert pathologists,
In vivo Metabolic Tests as previously describeds]). Briey, disease scoring based

Metabolic tests were performed with 10 mice per groupon six histological features: acute in ammatory cell in Itea
using standard procedures§). Oral glucose tolerance tests (polymorphonuclear cells in the lamina propria), crypt
(OGTT) were performed with mice fasted overnight for 6 h.abscesses, mucin depletion, surface epithelial integtitpnic
Blood glucose concentrations were determined before atedl af in ammatory cell in ltrate (round cells in the lamina propria)
administering glucose solution orally via gavage (29 gdefl@). and crypt architectural irregularities. Each feature waadgd
Blood glucose levels were determined at de ned post-gavagg a 4-point scale corresponding to none, mild, moderate, or
time points by analyzing blood obtained from the tail veinfwit severe. The nal grade was de ned as the mean of the two
a portable glucometer (Glucometer OneTowetVerio Re ect,  independent assessments.

LifeScan Europe GmbH, Zug, Switzerland). For insulin toleean

tests (ITT), mice were fasted for 3h and then injected withF|ow Cytometry

human insulin (0.75 U/kg i.p.; NovoRap#l, NovoNordisk A/S,  Mesenteric lymph nodes and spleen samples were washed and
Denmark). Blood glucose levels were monitored as descfived conserved in complete RPMI (10 % FCS). Samples were rst

the OGTT assay. grinded on a nylon mesh (4®m cell strainer, Greiner), and

. . . large debris was removed. Cell suspensions were lItered tirou
Measurement of the Colonic Epithelial a 70mm mesh (Miltenyi Biotec) and centrifuged at 4C,
Barrier Permeability by FITC-Dextran 600 xg, for 5min. Cell suspensions were then washed and

On the day of the assay (day 5 of DSS-treatment), 4 kDeesuspended in phosphate-bu ered saline (PBS) supplemented
uorescein isothiocyanate (FITC)-dextran (Sigma-AldricBt. with 2% bovine serum albumin (BSA) for counting on an
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automated cell before direct cell surface staining. Foetellular  were achieved using linear modeling with empirical Bayes,
staining, cells were xed and permeabilized with a comméircia p.values were computed by applying a moderated two-way
available xation/permeabilization kit (eBioscience)n@e-cell t-test and adjusted for false discovery rate (FDR) following
suspensions were stained with antibodies to the followinghe Benjamini-Hochberg procedure. Hierarchical clustering
markers: CD45-BV421, CD3-APC/Fire750, CD4-FITC, CD25heat maps were obtained on gene-median-centered data with
BV510, CD8a-BV711, CD335-PECy7, CD19-BV605, CD1lhmcentered correlation as a similarity metric. Volcano platere
PERcpCY5.5, RR-APC, and Foxp3-PE in presence ofrendered using EnhancedVolcano (Bioconductor). Funaion
FCBIlock CD16/32; all antibodies were obtained from Biakelge annotations were performed with the OpenTargets platform
The gating strategy is detailed iBupplementary Figure 8 (63) for disease associations and gene ontology enrichments
Gallios cytometer (Beckman) was used for cell acquisitond and ReactomePAGY) for pathway analyses in mice. For all
the ow cytometry data were analyzed with Kaluza software.  experiments, p.values 0.001 or FDR< 0.05 indicated statistical
signi cance, depending on the test availability and/or xelece.
Cytokine Bead Assay
Total protein was extracted from colonic tissue by lysingMicrobiota Analysis
homogenized tissue with Bio-plex Cell lysis kit (Bio-radBacterial pro ling using 16S amplicon sequencing was perfarme
#171304011, Bio-Rad Laboratories Inc, USA) and quanti ed bgis described previouslh\6%). Briey, DNA from fecal pellets
using the bicinchoninic acid assay method. All samples wereas isolated using the PowerSoil DNA Isolation Kit (MoBio)
normalized to 900ng/mL for the assay. Cytokine levels in plasmaaccording to the manufacturer's directions. Individual amphs
and colonic lysates were measured using Bio-Plex Pro mousere tagged with speci ¢ multiplex identi er (MID) barcodes
cytokines 23-plex assay group | assay (Bio-Rad #M60009RDPAnd pooled for library construction before sequencing. Thg8 16
Bio-Rad Laboratories Inc, USA), a BioPlex 200 instrument;RNA gene variable region V3-V4 was ampli ed and sequenced
and Milliplex Analyst software. Each biological replicate wasn an lllumina MiSeq with 2 250 bp. Raw sequences were rst
assayed in technical duplicate. According to the manufaetsir trimmed to remove bad quality tails and Itered for size using
instructions, protein concentrations were determined ltheea CUTADAPT(66) v1.1.4. ThelUSEARCH67, 68) v10.0.240 was
standard curve described by the manufacturer-provided pgoto used to merge forward and reverse reads. Merged reads were

and values for Lot #64212941. Itered for size and expected error rate before dereplicatiod a
_ ) _ denoising, simultaneously removing chimeras. Reads prasent
RNA Extraction and Microarray Experiment less than two copies were ltered out as they likely represent PCR

Total RNA was extracted from 20mg of colon sample usingr sequencing errors. A custoRi(69) script was used to transfer
Trizol (Invitrogen, Carlsbad, California, USA) accordimythe sequences intdlOTHUR (70 v1.39.5, with which further
manufacturer's recommendations. RNA was further digeste@rocessing was done according to the MiSeq SQF. Brie y,
with TurboTM DNase (Thermo Fisher, Waltham, Massachusettssequences were aligned to ®ikkVA(72) v132 reference database,
USA) and phenol-chloroform extracted. The quality of totalclassi ed against th&DPrelease 11 (trainset 16)3) database,
RNAs was attested by O.D. 260 nm/O.D. 280nm and O.Dbinned into operational taxonomic units (OTUSs) at the speeies
260 nm/O.D. 230 nm determination by spectrophotometry usindevel 97% identity threshold, and rare ed to 12,000 segesnc
a Nanodrop ND-1000 (NanoDrop Technologies; Wilmington, per sample. A detailed account of the procedure is available
DE, USA) and using a 2,100 Bioanalyzer (Agilent Technologies) Supplementary Dataset 2This procedure Itered 4 763 346
Massy, France). Samples with RNA integrity number 8 sequences for 147 samples, and lead 3 152 719 sequenced to be
were selected. RNA samples were aliquoted and stored mitained (66%) before subsamplingupplementary Dataset B

80 C, and later amplied and biotinylated using the Additional formatting scripts are available in Dataset SheT
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were conducted as described previously?)( Corrections multivariate analysis of variance using package pairwiseAdonis
for batch e ects between microarrays were performed with(75). Biomarkerswere found by correlating individual OTUs
Combat (package sva from Bioconductor). Statistical anslys&ith experimental parameters with four complementary tests:
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