ORIGINAL RESEARCH ARTICLE-BASIC SCIENCE

<

The Artificial Sweetener Splenda Promotes Gut Proteobacteria,
Dysbiosis, and Myeloperoxidase Reactivity in Crohn’s Disease-
Like lleitis
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Background: Epidemiological studies indicate that the use of artificial sweeteners doubles the risk for Crohn’s disease (CD). Herein, we experi-
mentally quantified the impact of 6-week supplementation with a commercial sweetener (Splenda; ingredients sucralose maltodextrin, 1:99, w/w)
on both the severity of CD-like ileitis and the intestinal microbiome alterations using SAMP1/YitFc (SAMP) mice.

Methods: Metagenomic shotgun DNA sequencing was first used to characterize the microbiome of ileitis-prone SAMP mice. Then, 16S rRNA
microbiome sequencing, quantitative polymerase chain reaction, fluorescent in situ hybridization (FISH), bacterial culture, stereomicroscopy,
histology, and myeloperoxidase (MPO) activity analyses were then implemented to compare the microbiome and ileitis phenotype in SAMP with
that of control ileitis-free AKR/J mice after Splenda supplementation.

Results: Metagenomics indicated that SAMP mice have a gut microbial phenotype rich in Bacteroidetes, and experiments showed that
Helicobacteraceae did not have an exacerbating effect on ileitis. Splenda did not increase the severity of (stereomicroscopic/histological) ileitis;
however, biochemically, ileal MPO activity was increased in SAMP treated with Splenda compared with nonsupplemented mice (P < 0.022) and
healthy AKR mice. Splenda promoted dysbiosis with expansion of Proteobacteria in all mice, and E. coli overgrowth with increased bacterial
infiltration into the ileal lamina propria of SAMP mice. FISH showed increase malX gene—carrying bacterial clusters in the ilea of supplemented
SAMP (but not AKR) mice.

Conclusions: Splenda promoted gut Proteobacteria, dysbiosis, and biochemical MPO reactivity in a spontaneous model of (Bacteroidetes-rich)
ileal CD. Our results indicate that although Splenda may promote parallel microbiome alterations in CD-prone and healthy hosts, this did not re-
sult in elevated MPO levels in healthy mice, only CD-prone mice. The consumption of sucralose/maltodextrin-containing foods might exacerbate
MPO intestinal reactivity only in individuals with a pro-inflammatory predisposition, such as CD.
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INTRODUCTION symptoms and trigger flare-ups.”” Epidemiological studies

Recent self-assessment dietary surveys indicate that  have correspondingly shown a strong association between the
~10% of patients Suffering from inﬂammatory bowel disease use of artificial sweeteners (AS) and an increased risk for IBD
(IBD) believe that “sugary foods” worsen the severity of their ~ (oddsratio >2.12;95% confidence interval [CI], 1.1-4.2),* ¢ but
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the mechanisms of diet-induced IBD are unknown. Although
nutrition has long been considered critical to improving malnu-
trition and iron deficiency in severe IBD,” 8 aside from Delphi
expert opinions and systematic reviews, there are currently no
evidence-based dietary guidelines to help IBD patients manage
their own diet.* The importance of novel dietary studies to pro-
mote gut health in IBD has been independently highlighted?
by both patients and clinicians who listed “diet” among the
top 10 research IBD priorities in the 2017 James Lind Alliance
report.” Conducting and interpreting dietary studies in humans
is challenging, however, due to genetic, microbiome, and diet-
ary variability. As an alternative, animal models have been
used to examine the effects of dietary ingredients, individually,
on numerous diseases. Dietary habits deemed unhealthy (eg,
“Western” diets, rich in fats and sugars) are believed to alter the
gut microbiome and either directly or indirectly trigger IBD.
Despite substantial progress in our knowledge of acute models
of intestinal inflammation, the precise effect of “multi-ingredi-
ent” AS on exacerbation of IBD remains unclear.

The ongoing and increased prevalence of obesity, which
coincides with the rise of IBD diagnoses, indicates that there is
a possible link between the risk factors of both diseases. Due to
the growing obesity epidemic and the pressure to avoid sugar
to reduce caloric intake, the food industry and consumers are
using AS as substitutes for “table sugar.” The main ingredient
of sugar is often sucrose, a disaccharide of glucose and fruc-
tose. Instead of sucrose, AS (eg, Splenda) use “sucralose” as
a noncaloric sweetening ingredient, typically at 1% concentra-
tion, mixed with a filling ingredient (99%) that provides texture
and volume.' The most commonly used filler is maltodextrin,
a nutritive polysaccharide regarded as inert and affirmed as
“generally regarded as safe” (GRAS) by the US Food and Drug
Administration (code 21CFR184.1444).!" However, studies in-
dicate that neither sucralose nor maltodextrin is biologically
inert.’>'7 The potential adverse effects of AS across various
diseases are controversial as they vary with the diseases and
human populations studied (eg, obesity, diabetes),'> with some
reports indicating mild or no negative effects.'> 7

Because the dietary modulation of IBD is a realistic goal
that may involve modifications in patient behavior, especially
in Crohn’s Disease (CD), which is one of the IBDs that has
the strongest correlation with dietary habits, it is important
to determine the effect of multi-ingredient commercial AS
(eg, sucralose and maltodextrin in Splenda) on IBD. The in-
formation derived from studying any commercial mixture of
dietary ingredients may assist clinicians and patients in mak-
ing informed and corrective dietary decisions that could po-
tentially alleviate IBD symptoms and prevent flare-ups. Using
mice, in this study, we first determined the features and vari-
ability of the gut microbiome in a spontaneous mouse model of
CD-like ileitis (strain SAMP1/YitFc [SAMP]) compared with
its parental ileitis-free control mouse strain AKR/J (AKR), and
then we quantified the inflammatory effects of 6-week chronic
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supplementation of a commercial AS (Splenda) on IBD using
the SAMP ileitis mouse model. The objectives of this study
were (1) to characterize the fecal metagenome (ie, the collective
composition profiling of the bacterial genomes in the gut) of
experimental SAMP mice and the ability of animal cohousing
in transmitting SAMP ileitis to healthy AKR mice; and then
(2) to quantify the effects of Splenda supplementation on CD
ileitis using SAMP and AKR mice and a fecal homogeniza-
tion protocol® where all mice prior to experimentation were
exposed to (via oral gavage) the pool of fecal microbes present
in all mice. As a CD-relevant morphological feature, a recent
three-dimensional (3D) stereomicroscopic (SM) assessment
and pattern profiling (3D-SMAPgut) phenotyping protocol
revealed that SAMP mice naturally develop segmental enteritis
with cobblestone lesion formation in a fashion resembling CD
(100% penetrance).'”® Herein, we discovered that ileitis-prone
SAMP mice have a microbiome enriched with Bacteroidetes
species (as described in CD) and that the chronic ileitis pheno-
type is not transmissible to AKR or affected by the presence
of Helicobacter in the gut as a commensal. In this microbial
context, we then determined that 6 weeks of Splenda supple-
mentation in the drinking water of adult inflamed mice did
not worsen the morphological severity of ileitis in SAMP mice,
based on histological or stereoenterotype 3D-SMAPgut score
indexes. However, Splenda did cause gut microbiota dysbiosis
in both SAMP and AKR mice, with a predominant increase of
Proteobacteria, and a significant increase of pro-inflammatory
myeloperoxidase (MPO) activity and penetrating bacteria pri-
marily in the gut tissues of SAMP mice (ileitis). Interestingly,
Splenda did not induce such an increase in MPO activity or
bacterial tissue abundance in healthy mice (AKR), indicating
that Splenda might have pro-inflammatory implications only
if consumers have susceptibility to CD, potentially aggravat-
ing the severity of symptoms and flare-ups, which would be in
agreement with observations reported by IBD patients.!”

METHODS

Mice and Husbandry

This study was conducted with protocols approved by the
Institutional Animal Care and Use Committee of Case Western
Reserve University (IACUC-CWRU), using SAMP, AKR, and
C57BL/6J (B6) mice, which are maintained in specific patho-
gen—free (SPF) colonies at the Animal Resource Center (ARC-
CWRU, Cleveland, OH, USA). Mice were housed in shoe box
cages with pine shavings for bedding, offered reverse osmosis
drinking water (eg, free of salt, bacteria, viruses), fed ad libi-
tum irradiated standard laboratory chow (Prolab RMH 3000;
porcine animal-derived fat preserved with BHA; 6.8% content
by acid hydrolysis) and kept on 12-hour light/dark cycles.!®
Age- and sex-matched mice (5-7/group) were used in all exper-
iments. SAMP mice originated from selective sibling breed-
ing of AKR mice, with an outcrossing to B6, as previously
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described.'®* SAMP mice are prone to developing progres-
sive ileitis with “typical cobblestone lesions” resembling the
3D features of CD."*2° Preliminary whole-genome sequencing
analysis indicates that SAMP ileitis is a polygenic disease, as is
CD in humans.”! As needed, AKR and B6 mice were used as
parental genetic ileitis-free controls. Splenda experiments were
conducted with mice produced in the main SAMP breeding col-
ony (herein designated as facility A). A parallel alternate colony
(facility B) was used for verification purposes of metagenomic
findings in facility A. To maintain phenotypic and genetic
homogeneity of SAMP in both facilities, periodic exchange
of breeders occurred between the 2 facilities every 12 months.
“Breeder mice” typically set at a 1:2 male:female ratio pro-
duced offspring “experimental mice,” which are weaned at
34 weeks of age and maintained next to the “breeder mice”
cages. Helicobacter-negative SPF SAMP mice, rederived as at
the National Cancer Institute (Center for Cancer Research;
Frederick, MD, USA), were maintained and tested on a high-
level of isolation unit within the ARC-CWRU, using the hus-
bandry standards described above.

Fecal Metagenomic Shotgun DNA Sequencing

Due to the unresolved issues associated with the metagen-
omic shotgun DNA sequencing analysis of all kingdoms pres-
ent in the gut microbiota, which could be relevant as a cause or
consequence of IBD,?>? herein we decided to focus primarily
on bacteria and screen only for viruses. To prevent sequencing
and postsequencing analytical variability, validated bioinfor-
matic methods were used on sequencing raw and high-quality
filtered data (ie, Illumina and Metaphlan).”* We focused on
bacteria because wholesome “kingdom-agnostic” metagenom-
ics requires controlling for large differences in cellular integrity
across all members of the gut flora,?> 2 which was not widely
validated or available when the study was initiated.

For DNA extraction, flash-frozen fecal samples were
homogenized in 1x PBS (1:5, grams:vol) with ceramic beads
and mechanical disruption using Fast Prep FP120 homogen-
izer (setting 5 for 30 seconds at 4°C twice, with 1 freezing cycle
in between). Homogenates, after a 20-second centrifugation
at 10,000 x g at 4°C, were shipped overnight to the labora-
tory of Dr. Skip Virgin at Washington University, St. Louis,
MO. DNA extraction and purification from the homogenates
were performed using the commercial Qiagen DNA extraction
mini-kit following the manufacturer instructions. The integ-
rity (and quantity) of the DNA was monitored by spectropho-
tometry and gel electrophoresis. dSDNA was quantified with
an Invitrogen Qubit Fluorometer (8.62 = 5 ng/mL; Quant-iT).
Shotgun metagenome analysis was conducted following library
preparation using Illumina reagents and Miseq sequencing vali-
dated protocols. Standard Fastaq files were then used to quantify
the abundance of bacterial reads using MetaPlhan alignment
and analytical pipelines developed by Dr. Huttenhower at the
Harvard School of Public Health.?* Briefly, raw FASTQ files

were transferred to a local server where Metaphlan pipelines
were run on Galaxy, where the R1 and R2 fasta files were con-
catenated, then assembled and blasted using bowtie2 very-sen-
sitive-local search. Metaphlan output files were then merged
using the merge_metaphlan_tables.py script, and were normal-
ized and analyzed using Metaphlan and R visualization tools.

SAMP lleitis Transmissibility, Cohousing, and

Fecal Microbiota Homogenization

To determine if the passive exposure of fecal patho-
gens in a confined space during cage cohousing could alter
the expected morphological mucosal pattern (presence/ab-
sence of cobblestone ileitis) of both AKR and SAMP colo-
nies, 3-week-old SAMP and age/sex-matched AKR mice were
weaned and subjected to a 24-week period of cage cohousing.
As our metagenome data indicated that there was a relevant
microbiota variability within the colony over time, Splenda
experiments were conducted 7 days after implementing a fecal
flora (microbiota) homogenization protocol (IsPreFeH),!s %
where all mice were exposed to a composite (pool) of feces
from all intended experimental mice, by gavaging 400 pL of
fecal suspensions to each mouse.'* %

Artificial Sweetener Experiments in Mice

To determine the effects of Splenda supplementation
on SAMP ileitis and gut microbiota, we conducted 3 separate
experiments with incremental adjustments. In experiment 1,
we added a “low dose” of Splenda (1.08 mg/mL) to the drink-
ing water for 6 weeks and compared it to “plain water” using
only SAMP mice (6/group). Body weight, microbiological cul-
ture-based data (feces and spleen), and ileal histological and
SM scores were the main study outcomes. In experiment 2, we
repeated the same protocol but increased the dose to the max-
imum recommended by the US Food and Drug Administration
(FDA; 3.5 mg/mL) and included AKR mice (6/group). The
fecal bacteriome changes were assessed using 16S rRNA micro-
biome, glucose tolerance tests, and a well-validated method of
biochemical inflammation based on the enzymatic detection of
MPO activity in both the ileum and colon.'® ?* Finally, systemic
inflammation was evaluated by serum tumor necrosis factor—
alpha (TNFa) levels (Ready-Set-Go ELISA kit eBioscience,
San Diego, CA, USA), and glycemic responses were assessed by
glucose tolerance tests. In experiment 3, we repeated protocol
2 but administered Splenda at a dose that was 10 times higher
than the dose used in experiment 2 (ie, 35 mg/mL). The main
outcomes were MPO activity and intestinal inflammation (hist-
ology and SM). To minimize cage-to-cage clustered variability,
all animals were housed individually, and all water bottles
were replaced every 48 hours to provide fresh supplementation
and prevent bacterial over growth. An irradiated/autoclaved
standard diet was offered to all mice during experimentation
to prevent external microbial confounders. We have recently
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reported the effect of soiled bedding in the mouse microbiome
as a source of “cyclical bedding-dependent bias” in microbi-
ome research, which could be varied depending on a number
of factors, including the number of mice, microbiota, and hu-
midity.?® In the present study, we controlled for “cyclical bias”
by (1) housing all mice individually, (2) maintaining all cages
in HEPA-filtered pressurized standard dorms (low cage hu-
midity), (3) replacing all cages simultaneously weekly, and (4)
collecting all data (food consumption, fecal samples, euthan-
asia) and samples (live and postmortem) for all animals the
same day. Stereomicroscopic 3D pattern profiling (to determine
the presence of SM abnormalities on the mucosal surface) and
histological assessment were conducted on Bouin’s fixed intes-
tinal tissues. Histological evaluation of inflammation severity
was determined by hematoxylin and eosin—stained 5-pm-thick
sections using a semiquantitative scoring system. A board-cer-
tified pathologist determined all scores in a blinded fashion.
The detailed 3D-SMAPgus protocol’s considerations, along
with the scoring forms and criteria, have been validated and
described elsewhere.'®

Relative Multidilution Enumeration of Fecal
Bacterial Communities Using a “Parallel Lanes
Plating” Method

Traditionally, the enumeration of total bacteria from
feces has been conducted using spread plate methods, which
require up to ten 10-fold serial dilutions to inoculate 100 pL of
each dilution in individual agar plates.””-? For feces, which con-
tain up to 8-9 log,, colony-forming units (CFUs) of bacteria
per gram, a full quantitating spectrum requires up to 10 agar
plates. To reduce costs, scientists often plate dilutions 7, 8, and
9 to estimate the fecal CFU counts, leaving more concentrated
dilutions (1 to 6) unexamined. Other methods used for enumer-
ation of mono-strain bacterial suspensions in food science use
5-uL drops of each 10-fold serial dilution to be “spotted”/incu-
bated on an agar plate. Despite their simplicity, spotted platting
only allows the collection of binary data (presence/absence of
growth in each spot) to obtain “approximate” CFU log, range
counts (most probable number/dilution), with no capabilities
to compare the relative growth or inhibition potential of cocul-
tured strains.”” As we were interested in estimating the relative
concentrations of mouse fecal bacterial communities, which
may vary in natural abundance and which would be prohibitive
to examine with spread plating methods in the Splenda experi-
ments,”® we developed a method herein referred to as “parallel
lanes plating” to rapidly estimate total and relative bacterial
abundances across numerous dilutions using a single agar plate.
This method allows the plating of 8 to ten 10-fold dilutions for
the simultaneous enumeration of CFU for bacterial subgroups
exhibiting colonies of distinct morphological appearance, irre-
spective of their concurrent high or low abundances within the
same sample. In brief, the method uses 10-20 pL of all 10-fold
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serial fecal dilutions in PBS, which are placed simultaneously
as drops using a multichannel dispenser on 1 side of a tilted
agar plate (>60°-80° angle). The inclination of the agar plate
makes the drops slide downward over the agar surface, creat-
ing parallel lanes of spread solutions of up to 5-cm? surface
area, which allows the easy identification and enumeration of
distinct bacterial colonies and inhibitory interactions across
all fecal dilutions (0.5 X 10 cm) (Supplementary Fig. 1). Upon
drying and 48 hours of aerobic and anaerobic incubation at
37°C, single colonies were enumerated relative to total CFUs
of cultivable bacteria in the sample. Agars used included Brain
Heart Infusion (BHI) or tryptic soy agar (TSA) supplemented
with 5% sheep blood (BD, Downers Grove, 1L, USA), Luria
Brentani (LB; enterobacteria), de Mann Rogose Sharpe (lacto-
bacilli), meat liver (fastidious anaerobes and sulphite reducers),
and plain microbiological agar supplemented solely with either
yeast extract, maltodextrin, or Splenda (at 3.5%). In selected
media (TSA), purified colonies were Sanger sequenced follow-
ing standard protocols. Specific Helicobacter primers were also
used to semiquantify Helicobacter spp. in feces and tissue of
selected animals using amplicon gel analysis (5’- B38 GCA
TTT GAA ACT GTT ACT CTG; B39 CTG TTT TCA AGC
TCC CCG AAG; C97 GCT ATG ACG GGT ATC C; C98
GAT TTT ACC CCT ACA CCA).»

16S rRNA Gene Microbiome Analysis

Microbiome analyses were conducted at CWRU using
Ton Torrent protocols, which have been validated and described
in detail.’* 3! To quantify bacterial changes associated with the
6-week supplementation of Splenda, we used pure DNA from
end point fecal samples (day 42-47) to PCR-amplify the V4 re-
gion of the 16S rRNA gene in triplicate using primers Forward-
S-D-Bact-0564-a-S-15 (5-AYT GGG YDT AAA GNG) and
Reverse-S-D-Bact-0785-b-A-18 (5-TAC NVG GGT ATC
TAA TCC), as previously reported.’> PCR products were
then evaluated by electrophoresis in 2% agarose gel and puri-
fied with the Agencourt AMPure XP system. PCR amplicons
were selected to obtain 400-bp length for library preparation
and were sequenced using ITon Torrent reagents and a bench-
top sequencer at CWRU.?233 For sequence analysis, the mothur
package of algorithms (v1.32.1)* and associated dependencies
were used. As we previously reported,” aligned paired-end
reads aligned to Silva 16S rRNA reference database. Sequences
that were >244 bp or <239 bp in length that contained any am-
biguous base calls or long runs (>8 bp) of holopolymers or
did not align with the correct region were removed. Chimeras
were identified using uchime and were eliminated. CatchAll
was used to assess species richness, while taxonomy assignment
relied on the RDP taxonomy database (http://rdp.cme.msu.edu/
index.jsp). Sequences were binned into operational taxon units
(OTUgs) at a 3% dissimilarity level. Instead of subsampling for
normalization,” we normalized the OTU tables by rescaling
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the abundances of all samples to the fecal sample having the
lowest total sequence abundance in the study. R software was
used to visualize the microbiome profile and compute univar-
iate and multivariate statistics. Dendrograms were computed
using Euclidean distances, and when distinct unsupervised
hierarchical clusters were observed, we tested the mouse alloca-
tion using frequency statistics (Fisher exact). In this fashion, we
determined whether the allocation of mice to the microbiome
clusters was random or significantly linked to the study varia-
bles, especially mouse strain and treatment (Splenda or plain
water).

Quantitative Polymerase Chain Reaction of

Mucosa-Associated Bacteria

DNA was isolated from ileal tissue using the Roche High
Pure PCR Template Prep Kit for genomic DNA isolation.
qPCR was performed using 10 ng of DNA in all reactions and
primers for Eubacteria® or six 16S rRNA-specific sequences
for Escherichia coli,*® Bacteroides, Lactobacillus/ Enterococcus,
Eubacterium rectalel/ Clostridium coccoides (Erec), segmented
filamentous bacteria (SFB), and mouse intestinal Bacteroides
(MIB)*7 in iTag SYBR Green Supermix with ROX (BioRad) on
an ABI prism 7900HT (ThermoFisher Scientific) using SDS2.4
software. Samples were run in triplicate. Because there is no
proper widely accepted “reference control bacterial population
marker” to normalize qPCR microbiome data, quantitative
strain-specific 16S primer amplicon data were analyzed collect-
ively using the raw qPCR-CT values as described earlier'® and
multivariate statistics to visualize and quantify the overall im-
pact of the AS supplementation on the mucosa-associated mi-
crobial composition in the ileum of mice.

Fluorescent In Situ Hybridization

To visualize the localization of bacteria carrying the malX
gene, which encodes for maltodextrin-degrading enzymes,'# 3%
ileal tissues were fixed in methanol-based Carnoy’s fixative (60%
absolute methanol, 30% glacial acetic acid, 10% chloroform),
embedded in paraffin blocks, and sectioned. Five-pm sections
were deparaffinized and hybridized with250-ng E. coli-Cy3 probe
(5°-Cy3-CAT CTT CAC AGC GAG TTC-3’), 500-ng MalX-
Alexa488 probe (5’Alex488-ACG CGT TTC CTT TCG CAA-
Alexa488-3’), and FEubacteria338-Alexa647 probe
(5’Alexa647-GCT GCC TCC CGT AGG AGT-3’) or buff-
er-only controls in 20-mM Tris-HCL, 0.01% SDS, 0.9M NacCl
at 46°C overnight.** Slides were then rinsed twice with water,
incubated 5 minutes in 20-mM Tris-HCL, 0.9M NacCl at 46°C,
rinsed twice with water, dried 10 minutes at 46°C, and applied
with Vectashield containing DAPI (Vector Labs) and covers-
lips. Imaging was acquired using a Leica TCS-SP spectral laser
scanning confocal microscope equipped with a Q-Imaging
Retiga EXi cooled CCD camera and Image ProPlus Capture
and Analysis software (Media Cybernetics). Image z-stacks

were collected every 0.49 um spanning the full thickness of cells
and exported for image analysis using Image ProPlus Capture
and Analysis software (Media Cybernetics).

Statistical Analysis

In all experiments, mice were randomized using a sys-
tematic approach. We used optimal analytical and matching
strategies to control for confounding bias, as implemented in
interventional and observational studies.*! Further, blinding
was enforced in experimental and analytical stages as Splenda
supplementation or Helicobacter status was not obvious to han-
dlers; noninformative codes were revealed after analysis. Both
univariate and multivariate statistical analyses were conducted
independently for each Splenda dosing. Parametric statistics
(Student ¢ tests and/or 1-way analysis of variance [ANOVA])
or their nonparametric alternatives were used to compare ex-
perimental data (ie, body weight, inflammatory scores, MPO
activity). Metagenomic and microbiome bacterial abundance
data (OTU taxonomic tables) were log transformed, normal-
ized, and processed using R software or STATA. Multivariate
Hotelling’s T-squared distribution statistics was used for the
comprehensive analysis of bacterial gPCR tissue data. Data
were presented as SD or 95% confidence intervals; significance
was held at P <0.05. P values between 0.05 and 0.1 are also
shown when appropriate.

RESULTS

The Gut Metagenome of lleitis-Prone SAMP Mice

Is Rich in Families of the Phylum Bacteroidetes
Prior to testing the effects of Splenda, we first exam-
ined the gut metagenome profile of the SAMP “experimen-
tal mouse” colony compared with the AKR, which have been
maintained together in the same animal CWRU facility for
more than a decade. Because each colony could have selected
for their own microbiome, adapted to their health or diseased
intestinal environment through the years, it was important to
determine whether potential microbiome differences (“shifts/
drifts”) could be attributable to the IBD susceptibility geno-
type and the progressive SAMP phenotype (mild inflammation
in young; severe inflammation in adult). For this purpose, fecal
samples from 6 experimental mice (3 males, 3 females; 6 cages)
across 3 different age groups (7, 22, and 50 weeks) (see experi-
mental design in Fig. 1A) were collected, processed, pooled
for DNA extraction, and sequenced using metagenome MiSeq
Illumina sequencing reagents. We used pooling to create a com-
posite sample for each age group as a valid screening method
to control for background individual and cage variability,
because fecal pooling is a powerful and cost-effective approach
to study the microbial phenotype of large animal populations
(with pooling of 5-10 individual samples showing optimal per-
formance).*>* At the phylum level, metagenomics revealed a
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significant increase in the Bacteroidetes phylum in SAMP mice.
At the class level, within the Bacteroidetes, Sphingobacteriia
and Bacteroidia were increased in SAMP compared with AKR
mice (Figs 1B-E). Within these 2 classes, out of 7 possible in the
phylum Bacteroidetes, which was the most abundant phylum in
the study, it is remarkable that the most abundant species iden-
tified in the phylum belonged to 4 out of 6 possible genera in
the class Bacteroidia (Prevotella, Alistipes, Parabacteroides, and
Bacteroides; Order Bacteroidales). Collectively, Bacteroidia was
most commonly altered in SAMP mice compared with only 1
genus increased out of 6 possible in Sphingobacteriia (1/6 vs 4/6;
1-tailed Fisher P = 0.045) (see species in Fig. 1E). This finding
is experimentally relevant to CD because CD has been associ-
ated with Bacteroidetes-enriched dysbiosis (eg, Bacteroides and
Prevotella genera in human gut mucosal samples).*

Within the phylum Proteobacteria, analysis at the family
level revealed a striking increase of Helicobacteraceae (C:
Epsilonproteobacteria; O: Campylobacterales) in SAMP mice
(Fig. 1B-E). However, as Helicobacteraceae (the sixth most
abundant family in the study, out of 41) was already abundant
in young SAMP mice (7 weeks of age), the findings suggested
that Helicobacteraceae abundance was not due to the severity of
ileitis, which is typically undetected at 3 weeks of age but affect
>60% of ileum by 55 weeks of age. Because metagenomics is
robustly based on the quantification of bacterial communities
using single-copy gene data, results from pooling (n = 36) mice
strongly indicated, for the first time, that the SAMP microbi-
ome phenotype is rich in several Bacteriodetes families, and sur-
prisingly dichotomous and rich in Helicobacteriaceae. Because
Helicobacter has been considered both a confounding factor
and a necessary organism in certain B6 mouse models of colitis,
but not all,* it was deemed necessary to confirm the findings
with a new set of samples for individual (not pooled) metagen-
omics, especially as Bacteroidales and Helicobacteraceae are
known inhabitants of the human intestine with the potential
to become opportunistic pathogens, for example, Odoribacter
splanchnicus (Fig. 1).4¢4

Virome Sequencing Reveals Absence of

Norovirus in“Pooled Feces”

To further investigate the microbiome of the “pooled
feces” experiment in our colony, fecal samples were also pro-
cessed and shotgun-sequenced using a Roche 454-sequencing
platform to screen for the presence of DNA and ¢cDNA viral
genomes, in addition to Illumina sequencing. Metagenomic
examination of the sequences indicated the absence of noro-
virus in the pooled samples. Thus far, metagenomic analysis
has indicated the absence of detectable dsDNA viruses in the
pooled feces of young SAMP and AKR mice. PCR for norovi-
rus and novel astroviruses were also negative, although testing
of our SPF colony has been shown to be variably seropositive
for norovirus over time. We recently reported a concurrent sero-
logical screening of adult SAMP mice reared under germ-free
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(GF) conditions, wherein SAMP exhibiting cobblestone ileitis
had no seroconversion to norovirus for up to 62 weeks of age.?
Thus, serology indicated that SAMP ileitis occurred independ-
ently of norovirus, a virus needed to promote intestinal inflam-
mation in ATGI6LI gene-dependent models using B6 mice. %4

Individual Metagenomics lllustrate Great Cage

and Facility Variability of Helicobacter in Mice

To verify that Helicobacteraceae was stably abundant
in SAMP mice over time, a second metagenomic analysis was
conducted 8 months after the “pooled” metagenomics evalu-
ation, but testing individual fecal samples from “breeder mice.”
Paired male:female mice were sampled as clustered by cage
to validate the reproducibility of our unsupervised metage-
nome hierarchical analysis used in the pooled metagenome
analyses of “experimental mice.” Eighteen active 30-week-
old breeders (1 male, 1 nonpregnant female/cage) were tested
as representative because they would be the main source of
gut commensal microbes inherited to the offspring “experi-
mental mice” sampled earlier. To properly determine whether
Helicobacteraceae was abnormal in SAMP, B6 breeders were
also sampled, along with the original AKR vs SAMP colonies
(Fig. 1A). To ensure compliance on scientific rigor and data
reproducibility, SAMP and AKR mice were also sampled from
an alternate colony (in facility B). Unexpectedly, metagenomic
analysis (54.4 million raw reads; 20.9 million high-quality bac-
terial paired-end, 79 * 5% unique) revealed major variability
for Helicobacteraceae across the colonies and facilities, further
challenging the relevance of Helicobacteraceae as causally asso-
ciated with SAMP ileitis. This time, Helicobacter was absent
in 3 cages of SAMP and B6 mice, but abundant in a cage of
AKR in our facility A (Fig. 2A), which was opposite to con-
current findings in facility B. Analysis clearly showed that the
ability to sequence Helicobacter in SPF mice was highly vari-
able and dichotomous in metagenomics (either highly abun-
dant or absent), likely due to seasonality or individual cage
differences. Given the high variability, no absolute conclusion
could be drawn regarding the potential causal or modulatory
role of Helicobacter on SAMP cobblestone ileitis. However, the
analysis (1) confirmed that Bacteroides are abundant in adult
SAMP mice and (2) verified the optimal reproducibility of our
metagenomic methods as pairs of breeders always clustered to-
gether (as expected within their cage assignment, despite no-
torious “mouse individualities”) using unsupervised clustered
analysis (Fig. 2A-D).

The Presence of Helicobacteraceae Does Not
Alter Cobblestone Lesion Progression in SAMP
lleitis

Helicobacter spp. specific 16S-primer amplification of
fecal bacterial DNA confirmed that both mouse lines (SAMP
and AKR) in facility A harbored the bacterium in their feces
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FIGURE 1. Metagenomic analysis of pooled fecal matter reveals an abundance of Bacteroidetes and Helicobacteraceae in SAMP mice. A, En face
stereomicroscopic images of healthy AKR ileal mucosa (top image) and SAMP cobblestone ileitis (bottom image); schematic illustration of metagen-
omic sampling design in SPF facilities (pooled feces in experiment 1 [summer] vs individual sampling in experiment 2 [8 months later, spring]). B,
Multivariable unsupervised hierarchical analysis of metagenomic fecal bacterial abundance from 36 mice pooled as 6 mice per age group (7, 22, and
55 weeks old). Note clustering of AKR and SAMP samples as separate clades. Arrows illustrate distinct families, ranked by abundance across all sam-
ples. C, Compared with AKR, the SAMP metagenome have greater bacterial diversity (Shannon diversity). D, Boxplots reveal reduction of Firmicutes
(Lactobacillaceae and Clostridiales) and expansion of Bacteroidetes families in SAMP (eg, Bacteroidaceae, Rickenellaceae, Sphingobacteriaceae). E,
Circular diagram of relative taxonomic metagenomic abundance in phylogenetic tree format highlights significant enrichment of Helicobacteraceae
(Proteobacteria phylum), and 4 of 6 known Bacteroidetes phylum families (Bacteroidaceae, Rickenellaceae, Porphyromonadaceae, and Prevotellaceae)

in SAMP mice (1-tailed Fisher exact P = 0.046).

and that SAMP could have more DNA copy numbers than
AKR (Fig. 2E). Because the initial pooled metagenomic
analysis indicated a strong signature for Helicobacter spp.
in SAMP, we then created a new SAMP colony by rederi-
vation and colonization with a Helicobacter-negative mouse
microbiota at the National Institutes of Health. Following
rederivation, breeding pairs were transported and housed in
our facility for phenotype testing. SM analysis of the small
intestines of mice at 30 weeks of age revealed a persistence
of the 3D cobblestone lesion architecture in the inflamed
ileum, whereas histological analysis over time of this colony
revealed that Helicobacter was not necessary for the disease

to occur or histologically worsen (the study of immunophe-
notyping differences is in progress and will be reported sep-
arately) (Fig. 2F).

The SAMP lleitis Is Not Transmissible or
Preventable During Long-term Cohabitation
With Healthy Mice

Previous studies using DSS-induced colitic mice and
cohousing suggested that acute colitis is “transmissible” from
affected B6 mice to unaffected mice by exposure to their gut
microbiota.® By using cohousing, others have reported that the
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When present, Helicobacteraceae was highly abundant in the feces of positive mice. Analysis highlights within-cage mouse microbiota individuali-

ties, eg, Enterococcaceae. B, Boxplots, showing averages for each cage, r
periment 1in Fig. 1D). C, The abundance of other Bacteroidetes is shown

eveal high abundance of Bacteroidaceae in SAMP mice (compared with ex-
by boxplots. D, Compared with AKR and B6 mice, SAMP had a significantly

higher level of Enterobacteracea (a family that contains Escherichia coli). Notice marked abundance of dichotomous variability of Helicobacteraceae in
mice. E, Gel electrophoresis of PCR amplified target regions of Helicobacter spp. within the 16S rRNA gene from fecal DNA of random mice form our

SAMP and AKR colony, 4 months after the individual fecal metagenomic

experiment. Notice high band intensity in SAMP (asterisks). Universal and

PCR-specific primers were used to generate full or partial gene amplicons (1500 or 400 bp). F, Histological inflammation scores of distal ileum from

rederived Helicobacter-negative SAMP compared with that of the SAMP

colony show no differences. Notice wider variability in Helicobacter-positive

mice. G, Representative snapshot of videostereomicroscopy shows unchanged morphological appearance of ileal mucosal surface in Helicobacter-

negative SAMP mice. Scale = 500 um.

microbiota of NOD2 knockout B6 mice transmit colitogenic
properties to B6 mice, primarily via changes in Butyrivibrio,
Lachnobacterium spp., and in Bacteroides (above shown to
be also increased in SAMP).’! In contrast, we recently deter-
mined that the same NOD2 mutation in SAMP unexpectedly
improved, rather than exacerbated, the cobblestone ileitis (50%
better at 30 weeks old) and reduced the severity of DSS col-
itis.? In contrary, we found no evidence to suggest that the
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anti-inflammatory benefit of the NOD2 mutation was due
to a given microbiome profile based on fecal metatranscrip-
tomic (bacterial gene expression mRNA) and 16S microbi-
ome analyses. Although the concept of transmissible colitis
seemed relevant to the genetics of B6 mice, the genomic dif-
ferences in our SAMP model and its spontaneous progressive
ileitis phenotype? prompted us to determine whether microbi-
ome exposure of young 3-week-old healthy AKR mice during
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cohousing could protect young 3-week-old SAMP mice from
developing ileitis, and whether disease could be transmissible
from SAMP to AKR in a long-term experiment. The experi-
ment was conducted for 6 months with 14 mice. 3D-SMAPgu¢
analyses showed that the 3D ileitis phenotype was not trans-
missible to AKR mice and that SAMP ileitis was not prevented
during cohabitation with AKR. Culture analysis (anaerobes
and enterobacterial fecal enumeration) indicated that although
the total bacterial load was similar for AKR and SAMP
cohoused mice, SAMP favored gut enterobacterial growth
(Supplementary Fig. 1).

Together, the aforementioned analyses indicate that
SAMP ileitis (1) had a Bacteroidetes-rich microbiome pheno-
type, (2) had increased likelihood to favor enterobacterial
growth, (3) could develop cobblestone lesions unaffected by the
presence of Helicobacter and norovirus in the gut, and (4) was
not transmissible to AKR by long-term cohousing. Crossover
experimentation with fecal transplantation from SAMP into
GF-AKR mice, and vice versa, was considered to verify that
SAMP ileitis was not microbiome-transmissible, but the experi-
ment was not possible due to the lack of available GF-AKR
mice at the time. Due to animal welfare concerns (SAMP-AKR
mouse fights, with SAMP hierarchical dominance in cohousing
experiments), we determined that Splenda experiments could
not be conducted cohousing adult AKR and SAMP mice.

Splenda Does Not Alter the SAMP Cobblestone
lleitis Phenotype but Increases Tissue MPO
Activity

Due to the difficulties in cohousing AKR and SAMP
mice and in controlling for the observed metagenome cage
variability, we implemented the IsPreFeH protocol'™ > among
all animals®? subjected to the Splenda experiments, which was
followed by individual animal housing and Splenda supple-
mentation for 42-47 days. Although low-dose supplementation
resulted in transient body weight reduction during supplemen-
tation (generalized linear regression [GLM] P < 0.0001), no
changes were significant at higher doses. In addition, although
fecal cultures showed that Splenda promotes enterobacterial
and maltodextrin-utilizing bacterial growth in SAMP, no evi-
dence of systemic effects was present from culture of spleens,
serum TNF levels, or blood glucose tolerance tests. Compared
with the total number of anaerobes (TSA) and lactobacilli
(MRS agar), the number of enterobacteria (LB) was signifi-
cantly increased in Splenda-supplemented SAMP mice. No
differences were seen at 1, 3, or 14 days after supplementa-
tion (Fig. 3A-G). Unexpectedly, SMAPgut and histological
analyses of the ileum showed that Splenda did not augment
the ileal inflammation scores, the percentage of SM-abnormal
mucosa, or the 3D-morphological features of cobblestone
lesions in CD-prone (SAMP) mice at any of the 3 doses tested.
More importantly, supplementation did not cause either ileitis
or colitis in healthy (AKR) mice. In contrast, a well-validated

quantitative enzymatic activity assay showed that the amount
of MPO reactivity in the ileum of SAMP mice treated with the
Splenda FDA maximum approved dose (3.5 mg/mL) was 2.7-
times higher compared with SAMP mice drinking plain water
(219.1 vs 81.8 Ulg, ¢ test P = 0.022). Controlling for multiple
variables, analysis of ileal tissues of SAMP mice in experiment
3 (high-dose, 35 mg/mL) confirmed that increased increments
of MPO activity occurred only in Splenda-treated SAMP
(2-way ANOVA F,,, = 4.08, P = 0.055, controlling for signifi-
cant interaction between Splenda and organ [colon vs ileum],
P = 0.0515). Interestingly, the same doses of Splenda had no
effect on ileal MPO activity in AKR mice (ie, experiment 3,
2-way ANOVA F,, = 0.09, P > 0.76). The MPO activity in
the colon was lower compared with the ileum (2-way ANOVAs
for AKR and SAMP, P = 0.012 and P < 0.0001), which was
unaltered by Splenda in both mouse lines (Fig. 4A—E). These
results suggested that Splenda promoted the increase of in-
testinal MPO tissue reactivity (“biochemical inflammation™)
only in the gut wall of mice prone to IBD, without inducing
major (noticeable histologic) microscopic changes associated
with active inflammation. This finding is remarkable consider-
ing that subclinical inflammation (ie, increased MPO and other
inflammatory biomarkers, with no evidence of histological
abnormalities) has recently been observed in healthy twins of
monozygotic and dizygotic discordant pairs with IBD com-
pared with healthy nontwin relatives. This further supports the
concept that a combination of genetic and environmental fac-
tors predisposes individuals to biochemical (reactivity) inflam-
mation in IBD.%

Splenda Promotes Gut Microbiome Dysbiosis
and Proteobacteria in SAMP and AKR Mice

Differences in fecal bacterial composition were assessed
using 16S microbiome analysis (1.42 million V4 16S rRNA gene
sequences from 20 mice; 70,879 reads per sample passed quality
control filters; 99.36% had a Blast hit match in the 16S database).
Corroborating the culture findings from SAMP mice treated with
Splenda, analysis revealed that the most consistent effect that
Splenda supplementation had on the mouse microbiome was a
significantly widespread promotion of bacterial species across the
5 microbial classes identified within the Proteobacteria phylum
(Alphaproteobacteria, Betaproteobacteria, Epsilonproteobacteria,
Deltaproteobacteria, and Gammaproteobacteria). Comparison
of proteobacterial mean abundances between AKR and SAMP
indicates that SAMP were likely to have more Proteobacteria
in the control (6/6; 1-tail sign P = 0.016) (see culture agars
from cohouse AKR-SAMP mice in Supplementary Fig. 1E)
and Splenda groups (5/6; 1-tail sign P = 0.109) (Fig. SA-D).
Comparatively, microbiome analysis also showed that subtle
differences exist between AKR and SAMP mice, which clusters
them separately as mouse strains. In addition, Splenda altered
the gut microbiome by reducing some other phyla, while no sig-
nificant effect was observed in Bacteroidetes or Firmicutes (eg,
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FIGURE 3. Effects of Splenda on body weight, fecal bacteria, and glucose tolerance in SAMP mice. A, Mean body weight change in 12 SAMP mice (in-
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average of body weight change over time; low Splenda dose. C, Bacterial enumeration from feces using standard LB agar (used for enterobacteria)
and in-house “maltodextrin agar.” Notice maltodextrin agar yielded an increasing bacterial count trend toward the end of study in the Splenda group
(GLM P > 0.05; relative to centered log-transformed data for LB agar). Supplementary Figure 1 illustrates other in-house agars, yeast extract agar, and
Splenda agar yielding similar trends, compared with LB agar. D, Total number of anaerobes (TSA), lactobacilli (MRS agar), and enterobacteria (LB)
after 42 days of Splenda supplementation in SAMP mice (unpaired t test, n = 6/group). E, The total number of enterobacteria in the spleen suggests
that Splenda had no systemic bacteremic effect. F, Glucose tolerance test on day 40 with animals with Splenda supplementation in experiment 2
(high FDA-approved dose). Notice the lack of significant effect across experimental mice. G, Glucose tolerance test curves illustrated as mean + SD.
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lactobacilli and clostridia), which also clustered the mice accord-
ing to the dietary impact on their gut microbes (Fig. SA-D).
Culture data from Splenda-treated SAMP compared with mice
drinking water showed that Splenda had no effect on the counts
of lactobacilli (MRS agar), total bacteria (TSA), or anaerobic
clostridial species (MRS, TSA and meat liver agars; GLM of
normalized log  adjusted P > 0.2), whereas it promoted the
remarkable growth of Escherichia coli in the feces of mice. Of
interest, E. coli overgrowth apparently occurred at the expense
of displacing, at least, cultivable Streptococcus-like organisms,
which were evident in the feces of mice drinking only water
(Fig. 6). Because several lines of evidence indicated that Splenda
promotes MPO tissue reactivity and the overgrowth of E. coli
(Gammaproteobacteria) in intestinal content (ie, feces), we then
used qPCR and fluorescence in situ hybridization (FISH) ana-
lysis to determine whether ileal tissue from SAMP mice treated
with Splenda would have mucosal-associated dysbiosis and

increased bacterial infiltration into deep intestinal layers.
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Splenda Causes Distinct lleal Tissue Microbiota
With Increased Bacterial Malx Gene in
SAMP Mice

Multivariate quantitative analysis of DNA copy numbers
in ileal (full thickness) tissue samples from SAMP mice using 7
specific primers for various bacterial families/species revealed
that supplemented mice had a distinct (dysbiotic) microbiome
profile when compared with untreated animals (see enrich-
ment of eubacteria, lactobacilli, and the contribution of E. coli
illustrated as 2-dimensional vectors in Fig. 7A). Although
SAMP ileitis has been known to be a highly segmental dis-
ease of the small intestine, blinded FISH analysis of SAMP
mice confirmed that the ilea of Splenda-treated SAMP mice
had increased numbers and larger clusters of bacteria within
the villi compared with untreated SAMP and AKR mice. These
bacterial clusters positively hybridized with an E. coli probe
and a probe to malX, a gene that encodes a maltodextrin-bind-
ing protein of the maltose/maltodextrin metabolism system.
Of translational value, the presence of FISH-positive clusters
was almost imperceptible in ileitis-resistant AKR mice in both
groups, with and without the sucralose/maltodextrin (Splenda)
supplementation (Fig. 7B and C). This observation further
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FIGURE 4. Splenda has no effect on 3D-SM or histological scores but promotes tissue MPO activity in mice with ileitis. A, En face stereomicro-
scopic images of AKR and SAMP ileal mucosa after 47 days of supplementation of Splenda at the maximum FDA-approved dose (experiment 2,
medium dose, AKR vs SAMP mice, n = 6/group, supplementation started at 25.2 + 2.4 weeks of age). Notice similar 3D stereoenterotype for SAMP
cobblestone ileitis and the healthy mucosa in AKR mice. B, Cumulative 3D-SMAPgut scores on mucosal surface morphology for the colon (corruga-
tion score/cm) and ileum (percentage of abnormal mucosa). Despite the positive trend (upward lines connecting means), there was no statistical
difference between groups in all 3 Splenda experiments, irrespective of dose. C, Average size for average cobblestone for each centimeter of the
distal ileum. D, MPO activity from colon and ileum tissue at the end of the experiment. Notice that increased MPO occurred only in mice with ileitis.
Inset: Example of MPO activity for 3 tissues with different MPO reactivities. Notice the reproducibility among triplicates (Supplementary Table 1). E,
Histological scores of the colon and ileum. Notice that there were no differences between groups.

supports that sucralose/maltodextrin have a dysbiotic effect in
ileitis-prone SAMP mice, but not in healthy AKR mice.
Together, our data indicate that sucralose/maltodextrin
daily supplementation in the water (for 6 weeks) promotes bac-
terial dysbiosis with proliferation of Proteobacteria species,
including E. coli, and increased bacterial invasiveness into villi
tissue, which may in turn increase the MPO reactivity of ileal
tissues during the course of murine cobblestone CD-like ileitis.

DISCUSSION

CD is a chronic relapsing-remitting IBD with a ten-
dency to develop highly distinctive fecal microbiota distur-
bances (dysbiosis) compared with other forms of IBD.%
Characteristically, CD has abundant Bacteroidetes and reduced
presence of Firmicutes.>® > A recent meta-analysis of raw
sequencing data from IBD microbiome studies, together with
DGGE studies,” *7 indicated that some CD patients may not
have a high abundance of fecal Bacteroidetes, suggesting that
either there are 2 types of CD patients based on the presence
of this phylum or there is large data variability. Our own stud-
ies support the role of Bacteroidetes in CD, as we recently

discovered Bacteroidetes-enriched intramural cavernous fistu-
lous lesions in the severely inflamed bowel samples removed
from patients who underwent surgery for CD.!"® For the first
time, we presented data indicating that the SAMP ileitis phe-
notype is enriched (and not deficient) in Bacteroidetes, making
this model microbiologically relevant to conduct dietary studies
in a Bacteroidetes-rich context, or under germ-free conditions.
The metagenome analysis also showed a large variability for
Helicobacteraceae. Although we assessed the relevance of this
genus experimentally by re-deriving the SAMP mouse colony
free of Helicobacter, it is important to highlight the inherently
difficulty in achieving the composition of a natural microbial
community with a single absent organism in the re-deriviation
process. Despite this inherent difficulty, the presence of SAMP
ileitis in animals lacking Helicobacter indicates that the role of
this genus as necessary for inducing ileitis in SAMP is minimal.
Mono-strain association studies are currently examining the
potentially negligible modulatory effect of this genus on local
and systemic immunity in the development of SAMP ileitis.
Because current microbiome approaches are not quanti-
tative with respect to the net fecal matter biomass content (eg,
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FIGURE 5. Splenda promotes gut dysbiosis characterized by enrichment of Proteobacteria in mice. A, Phylum analysis. 16S rRNA gene copy micro-
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on phylum Proteobacteria, compared with Firmicutes. Lines connecting normalized averages indicate positive trends. D, Boxplot illustrates high
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changes in bacteria taxa per gram of feces, and variable limit
of detection thresholds Fig. 5)*® and because changes in fecal
microbiota relative composition may not necessarily imply
changes in the gut wall, we conducted complementary micro-
bial enumeration-based methods on fecal samples (Fig. 6)
and then gPCR and FISH assays in ileal tissues (Fig. 7), and

1016

we confirmed that AS supplementation had a modulatory
effect on the mouse microbiome composition of SAMP ileal
tissues. Because the effect of Splenda on MPO activity was
exclusive to ileitis-prone SAMP mice, and not control IBD-
free mice, it is reasonable to assume that CD patients may
have increased MPO-inflammation susceptibility if sucralose/
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FIGURE 6. Splenda promotes the replacement of Streptococcus spp. with E. coli in the intestinal tract of SAMP mice. A, “Parallel Lanes Plating”
Method. Photograph of BHI agar plates supplemented with 5% sheep defibrinated blood inoculated with 10-fold serial dilutions of feces from
SAMP mice using a parallel minidrop slide and lanes method developed for tracking and relative enumeration of complex bacterial communities
(Supplementary Fig. 1). Mice were caged individually and exposed to a composite of bedding and feces (IsPreFeH) prior to receiving Splenda at a
low dose (1.5 mg/mL) or water for 42 days. Representative colonies comprising all possible morphologies in each agar plate were selected for purifi-
cation and Sanger sequencing for speciation (from high dilutions, green labels; and low dilutions, pink or red labels). Notice the colony morphology
(large, thick, spreading) of 4/6 mice in the Splenda group is different from that of 4/6 control mice (whitish, smaller). B, Sanger sequence chromato-
graph. Single-colony PCR revealed Lactobacillus gasseri (umbonate, brown) as the most common abundant bacteria in mice, unaffected by Splenda
supplementation (see the panels below). Q, quality of consensus sequence. C, Phylogenetic analysis of 16S rRNA paired-end consensus sequences
revealed that the whitish colonies in the control (water) group were closely related to Streptococcus spp., while bacteria in Splenda mice were E. coli.
D and E, Close-up of colony morphologies on BHI agar after 5 days of aerobic incubation. Notice the “parallel lanes method” of 2 mice representing
the Splenda and control groups. Negative numbers indicate 10-fold dilution factor.

maltodextrin-containing foods were chronically consumed,
even at low concentrations, as a regular habit. Similarly, itis also
reasonable to highlight that increased biochemical MPO activ-
ity could put CD patients at risk of having exaggerated inflam-
mation if other circumstances trigger mucosal inflammation,
for instance, during unexpected food-borne bacterial super-
infections that further recruit MPO-containing leukocytes to
the intestinal tract.” % Increases in the relative abundance of
Proteobacteria, as identified in our study due to Splenda, have
been reported with various types of intestinal tract diseases in
diverse species, including humans. Proteobacteria are a major
phylum of gram-negative bacteria that includes a variety of
pathogens common to humans and animals, including Vibrio,
Salmonella, Yersinia, Helicobacter, and Escherichia spp. As a
pathological feature, most Proteobacteria, being gram-nega-
tive, have an outer membrane composed of lipopolysaccharides

(LPS), which are potent triggers of innate immunity, with local
and systemic responses, depending on the LPS dose that is
proportional to the rate of bacterial growth. In this study, we
found no clinically or tumor necrosis factor-based evidence
of systemic inflammation induced by Splenda. However, we
found microbiological and pathological evidence that Splenda
promotes increased local MPO activity, bacterial penetration
of the intestinal epithelium, and an increased predominance
of E. coli. Together, our findings further support the role of
dysbiotic Proteobacteria expansion as a microbial signature of
intestinal and epithelial dysfunction.®! ¢

The MPO enzyme produced by macrophages and neutro-
phils evolutionarily plays an essential role in degrading invad-
ing pathogens as one of the earliest lines of defense in innate
immunity. However, the induced MPO-derived oxygen radi-
cals cascade (which causes reactive oxydative stress), in turn,

1017


http:///lookup/suppl/doi:10.1093/ibd/izy060/-/DC1

Rodriguez-Palacios et al

Inflamm Bowel Dis @ Volume 24, Number 5, May 2018

a lleum tissue gPCR data —— lleum qPCR data for 7 bacterial C Water Il Splenda
~ E. coli and Erec bacterial familes _ primer sets used +
« N X 51 P =003
T o - mib.(0.47) g
(0]
_ ecoli o J bacteroides SPLENDA S H
(0.19) o
=
s ,g - erec.(Or.rQ?’T)/O\ ‘ A § 3
_ o hnt i
§ ° % © | eubacteria.(0.021 s‘fb\fg%'gg({'m) 5,
S - > -~ |WATER, e o
° x ! ~_\ )
e S I & e <£ 14
© ' |® splenda & ' lactobacillus.(0.023) ES
o o water 3
o L T T T T T T T T 8 <? L T T T T T T T % O_ —
2 15 -1 -5 0 5 1 15 4 -3 -2 -1 0 1 2 2
D1 (95.9% variance) D1 (68.4% variance) AKR SAMP
b AKR/J SAMPYYitFc
Control Splenda Control Splenda

Qverla

MalX DAPI MalX DARPI MalX DAPI

Overla

Overldy

Overlay

FIGURE 7. Bacterial qPCR and FISH staining of ileal tissue illustrates distinct microbiota and increased invasive malX+ bacteria (E. coli) in Splenda-
supplemented SAMP but not AKR mice. A, Multivariate analysis of DNA qPCR data from ileum tissues of SAMP mice after 42 days of supplementa-
tion. Notice the display of mice (points) and the vector influence of the variables (arrows) on the overall matrix data variability (D1 and D2) for the

E. coli and Erec primers, and for all the 7 primer sets used in this study. Hotelling’s T-test P values are in parentheses. Notice the separation of the

2 clusters (water, Splenda). B, lleal sections from SAMP mice supplemented with 3.5% Splenda for 42 days (Splenda) or nontreated control mice
(Water) were hybridized with probes to Eubacteria (purple), E. coli (red), and malX (maldodextrin, green), a component of the maltose/maltodextrin
metabolism system. Cell nuclei are visualized with DAPI (blue). Images shown are representative of analyses performed in 5 mice per group. Notice
the presence of E. coli in both the epithelial layer and the subepithelial lamina propria tissue (villi), and the large bacterial clusters in the lamina
propria of SAMP mice on the Splenda panels. C, Percentage of area that stained positive for the malX gene probe (pixels, malX+ area/total tissue
area*100). Unpaired t test statistics. A minimum of 4 fields were analyzed/sampled using ImageProPlus v7 software (AKR control, n = 4; AKR Splenda,

n = 6; SAMP control, n = 6; SAMP Splenda, n = 10).

catalyzes reactions that can lead to modifications of proteins
and destruction of the extracellular matrix that may exaggerate
inflammation. Therefore, excessive MPO activity with sucra-
lose/maltodextrin supplementation, together with the detec-
tion of increased bacterial fecal abundance and penetration

of E. coli in the gut wall, could result in subclinical exagger-
ation of ileitis in CD. As IBD patients believed that “sugary
foods” might be a culprit contributing to the increased severity
of their symptoms, with epidemiological evidence supporting
their clinical deterioration, our AKR mouse data indicate that
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it is reasonable to consider that healthy individuals should not
be worried or expect to develop CD ileitis (or MPO hyper-reac-
tivity) if they consume Splenda. However, IBD-free “healthy”
consumers of sucralose and maltodextrin should be aware that
proliferation of Proteobacteria is one of the features expected
with AS-induced dysbiosis, which may functionally®® modulate
other conditions not considered in our study. Our study only
assessed 6 weeks of sweetener supplementation, but a chronic
increase of reactive oxidative stress in inflamed tissues could
also carry a higher risk for DNA oxidation and tissue damage,
which have long been considered predisposing mechanisms for
IBD-associated cancer and other serious complications.*¢¢

It has been almost a century since the introduction of
noncaloric AS in our diets, which are consumed by ~30% of
adult Americans. Of interest, some analyses have suggested that
there may be a direct temporal correlation between the inci-
dence of IBD and the amount of AS sold in various countries.®’
Although other major shifts have occurred in human nutrition,
it is also important to highlight that obesity and diabetes appear
to parallel the increased incidence of IBD.!® Additionally, the
term “Western diets” implies a proven shift of the gut micro-
biota that enhances the susceptibility to adherent-invasive
E. coli infections and intestinal inflammation in mice.®® In this
study, we report similar findings due solely to the administra-
tion of a minor component of the diet (an artificial sweetener
based on a common combination of sucralose and maltodex-
trin in retail food markets), suggesting that several dietary hab-
its or additives may lead to similar microbiota alterations. For
instance, diet emulsifiers used as food additives have also been
shown recently to alter the gut microbiota and promote colitis in
mice.® Our results provide experimental data to help inform the
mechanisms of IBD modulation by the human diet, and guide
the dietary habits of susceptible individuals. In addition to illus-
trating the experimental role of a sucralose-maltodextrin-based
artificial sweetener (relevant to similar products on the market)
in promoting intestinal dysbiosis and MPO activity, our studies
also indicate that it might be possible to measure Proteobacteria
and MPO activity as simultaneous fecal biomarkers in patients
to monitor their gut’s (disease/health) adjustment to their
diets. Monitoring MPO and Proteobacteria in humans could
help identify individual factors that trigger patient IBD suscep-
tibility to seemingly unharmful dietary habits.

SUPPLEMENTARY DATA
Supplementary data are available at Inflammatory Bowel
Diseases online.

ACKNOWLEDGMENTS
We thank John D. Ward and Lindsey N. Kaydo for
their technical support and Dr. Wei Xin for the histologi-
cal scoring of ileitis severity. ARP is an Assistant Professor
of Medicine at CWRU School of Medicine. Metagenomic

sequencing was conducted in the laboratory of Dr. Skip Virgin
at Washington University, School of Medicine, St. Louis, MO.
Raw sequencing data files will be available upon request.

REFERENCES

1. Eppinga H, Peppelenbosch MP. Worsening of bowel symptoms through diet in
patients with inflammatory bowel disease. Inflamm Bowel Dis. 2016;22:E6-E7.

2. Limdi JK, Aggarwal D, McLaughlin JT. Diet and exacerbation of inflammatory
bowel disease symptoms—food for thought. Inflamm Bowel Dis. 2016;22:E11.

3. Limdi JK, Aggarwal D, McLaughlin JT. Dietary practices and beliefs in patients
with inflammatory bowel disease. Inflamm Bowel Dis. 2016;22:164-70.

4. Forbes A, Escher J, Hébuterne X, et al. ESPEN guideline: clinical nutrition in
inflammatory bowel disease. Clin Nutr. 2017;36:321-47.

5. Hansen TS, Jess T, Vind I, et al. Environmental factors in inflammatory bowel
disease: a case-control study based on a danish inception cohort. J Crohns Colitis.
2011;5:577-84.

6. Sakamoto N, Kono S, Wakai K, et al; Epidemiology Group of the Research
Committee on Inflammatory Bowel Disease in Japan. Dietary risk factors for
inflammatory bowel disease: a multicenter case-control study in japan. Inflamm
Bowel Dis. 2005;11:154-63.

7. Brown AC, Roy M. Does evidence exist to include dietary therapy in the treat-
ment of Crohn’s disease? Expert Rev Gastroenterol Hepatol. 2010;4:191-215.

8. O’Sullivan M, O’Morain C. Nutrition in inflammatory bowel disease. Best Pract
Res Clin Gastroenterol. 2006;20:561-73.

9. Hart AL, Lomer M, Verjee A, et al. What are the top 10 research questions in the
treatment of inflammatory bowel disease? A priority setting partnership with the
James Lind Alliance. J Crohns Colitis. 2017;11:204—11.

10. Food and Drug Administration Office of Public Affairs. Artificial sweeteners:
no calories...sweet! FDA Consum. 2006;40:27-28. PMID: 17243285. https://per-
manent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2006/406_sweeteners.
html. Accessed March 12, 2018.

11. Food and Drug Administration. Food and Drugs Chapter I, Food and Drug
Administration Dept of Health and Human Sciences, Subchapter B, Food
for Human Consumption, Direct Food Substances Affirmed as Generally
Recognized as Safe. Code of Federal Regulations, Title 21, Volume 3, Revised
April 1, 2017, Section 184.1444 Malodextrin. https://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfefr/cfrsearch.cfm?fr=184.1444. Accessed March 12, 2018.

12. Thom G, Lean M. Is there an optimal diet for weight management and metabolic
health? Gastroenterology. 2017;152:1739-51.

13. Nickerson KP, Homer CR, Kessler SP, et al. The dietary polysaccharide malto-
dextrin promotes salmonella survival and mucosal colonization in mice. PLoS
One. 2014:9:¢101789.

14. Nickerson KP, McDonald C. Crohn’s disease-associated adherent-invasive
Escherichia coli adhesion is enhanced by exposure to the ubiquitous dietary poly-
saccharide maltodextrin. PLoS One. 2012;7:¢52132.

15. Abou-Donia MB, El-Masry EM, Abdel-Rahman AA, et al. Splenda alters gut
microflora and increases intestinal p-glycoprotein and cytochrome p-450 in male
rats. J Toxicol Environ Health A. 2008;71:1415-29.

16. Suez J, Korem T, Zeevi D, et al. Artificial sweeteners induce glucose intolerance
by altering the gut microbiota. Nature. 2014;514:181-6.

17. Suez J, Korem T, Zilberman-Schapira G, et al. Non-caloric artificial sweeteners
and the microbiome: findings and challenges. Gut Microbes. 2015;6:149-55.

18. Rodriguez-Palacios A, Kodani T, Kaydo L, et al. Stereomicroscopic 3D-pattern
profiling of murine and human intestinal inflammation reveals unique structural
phenotypes. Nat Commun. 2015;6:7577.

19. Kozaiwa K, Sugawara K, Smith MF Jr, et al. Identification of a quantitative trait
locus for ileitis in a spontaneous mouse model of Crohn’s disease: SAMP1/yitfc.
Gastroenterology. 2003;125:477-90.

20. Pizarro TT, Pastorelli L, Bamias G, et al. SAMP1/yitfc mouse strain: a spontan-
eous model of Crohn’s disease-like ileitis. Inflamm Bowel Dis. 2011;17:2566-2584.

21. Rodriguez-Palacios A, Bai S, Cominelli F. Tul934 whole-genome sequencing
and transcriptome analysis of mice with progressive Crohn’s disease-like ileitis.
Gastroenterology. 2014;146:S-876.

22. Norman JM, Handley SA, Virgin HW. Kingdom-agnostic metagenomics and
the importance of complete characterization of enteric microbial communities.
Gastroenterology. 2014;146:1459-69.

23. Stappenbeck TS, Virgin HW. Accounting for reciprocal host-microbiome interac-
tions in experimental science. Nature. 2016;534:191-9.

24. Segata N, Waldron L, Ballarini A, et al. Metagenomic microbial community pro-
filing using unique clade-specific marker genes. Nat Methods. 2012;9:811-4.

25. Rodriguez-Palacios A, Cominelli F. Stereomicroscopy and 3D-target myeloper-
oxidase intestinal phenotyping following a fecal flora homogenization protocol.
Protoc Exch. 2015.

26. Rodriguez-Palacios A, Aladyshkina N, Ezeji JC, et al. “Cyclical Bias” in microbi-
ome research revealed by a portable germ-free housing system using nested isola-
tion, Sci Rep. 2018;8:3801.

1019


https://permanent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2006/406_sweeteners.html﻿
https://permanent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2006/406_sweeteners.html﻿
https://permanent.access.gpo.gov/lps1609/www.fda.gov/fdac/features/2006/406_sweeteners.html﻿
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=184.1444﻿
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/cfrsearch.cfm?fr=184.1444﻿

Rodriguez-Palacios et al

Inflamm Bowel Dis @ Volume 24, Number 5, May 2018

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Dor¢é J, Morvan B, Rieu-Lesme F, et al. Most probable number enumeration of
H2-utilizing acetogenic bacteria from the digestive tract of animals and man.
FEMS Microbiol Lett. 1995;130:7-12.

Herigstad B, Hamilton M, Heersink J. How to optimize the drop plate method for
enumerating bacteria. J Microbiol Methods. 2001;44:121-9.

Brown DR, Southern LL. Effect of Eimeria acervulina infection in chicks fed
excess dietary cobalt and/or manganese. J Nutr. 1985;115:347-51.

Hoarau G, Mukherjee PK, Gower-Rousseau C, et al. Bacteriome and mycobi-
ome interactions underscore microbial dysbiosis in familial Crohn’s disease. MBio.
2016;7:¢01250-16, 1:11.

Mukherjee PK, Chandra J, Retuerto M, et al. Oral mycobiome analysis of HIV-
infected patients: identification of pichia as an antagonist of opportunistic fungi.
PLoS Pathog. 2014;10:¢1003996.

Chakravorty S, Helb D, Burday M, et al. A detailed analysis of 16S riboso-
mal RNA gene segments for the diagnosis of pathogenic bacteria. J Microbiol
Methods. 2007;69:330-9.

Huse SM, Ye Y, Zhou Y, Fodor AA. a core human microbiome as viewed through
16s rRNA sequence clusters. PLoS One. 2012;7:¢34242.

Schloss PD, Westcott SL, Ryabin T, et al. Introducing mothur: open-source, plat-
form-independent, community-supported software for describing and comparing
microbial communities. App! Environ Microbiol. 2009;75:7537-41.

Nadkarni MA, Martin FE, Jacques NA, Hunter N. Determination of bacterial
load by real-time PCR using a broad-range (universal) probe and primers set.
Microbiology. 2002;148:257-66.

Huijsdens XW, Linskens RK, Mak M, et al. Quantification of bacteria adherent
to gastrointestinal mucosa by real-time PCR. J Clin Microbiol. 2002;40:4423-27.
Vaishnava S, Yamamoto M, Severson KM, et al. The antibacterial lectin regi-
iigamma promotes the spatial segregation of microbiota and host in the intestine.
Science. 2011;334:255-8.

Puyet A, Espinosa M. Structure of the maltodextrin-uptake locus of
Streptococcus pneumoniae. Correlation to the Escherichia coli maltose regulon. J
Mol Biol. 1993;230:800-11.

Reidl J, Boos W. The malx maly operon of Escherichia coli encodes a novel
enzyme II of the phosphotransferase system recognizing glucose and maltose
and an enzyme abolishing the endogenous induction of the maltose system. J
Bacteriol. 1991;173:4862-76.

Shen XJ, Rawls JF, Randall T, et al. Molecular characterization of mucosal adherent
bacteria and associations with colorectal adenomas. Gut Microbes. 2010;1:138-47.
Dohoo IMW, Stryhn H. Confounder Bias: Analytic Control and Matching
Veterinary Epidemiologic Research. Charlottetown, PEI, Canada: AVC, Inc.; 2003.
Abu Aboud OA, Adaska JM, Williams DR, et al. Epidemiology of Salmonella sp.
in California cull dairy cattle: prevalence of fecal shedding and diagnostic accur-
acy of pooled enriched broth culture of fecal samples. Peer J. 2016;4:¢2386.
George MM, Paras KL, Howell SB, Kaplan RM. Utilization of composite fecal
samples for detection of anthelmintic resistance in gastrointestinal nematodes of
cattle. Vet Parasitol. 2017;240:24-9.

Lucke K, Miehlke S, Jacobs E, Schuppler M. Prevalence of Bacteroides and
Prevotella spp. in ulcerative colitis. J Med Microbiol. 2006;55:617-24.

Morrison PJ, Ballantyne SJ, Macdonald SJ, et al. Differential requirements for
IL-17A AND IL-22 in cecal versus colonic inflammation induced by helicobacter
hepaticus. Am J Pathol. 2015;185:3290-03.

Bouvet JP, Pirés R, Iscaki S, Pillot J. Igm reassociation in the absence of j-chain.
Immunol Lett. 1987;15:27-31.

Goker M, Gronow S, Zeytun A, et al. Complete genome sequence of Odoribacter
splanchnicus type strain (1651/6). Stand Genomic Sci. 2011;4:200-9.

Cadwell K, Patel KK, Maloney NS, et al. Virus-plus-susceptibility gene inter-
action determines Crohn’s disease gene atgl6ll phenotypes in intestine. Cell.
2010;141:1135-45.

1020

49.

50.

51.

52.

53.

54.

55.

56.

57.

8.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

McCune BT, Tang W, Lu J, et al. Noroviruses co-opt the function of host
proteins VAPA and VAPB for replication via a phenylalanine-phenylala-
nine-acidic-tract-motif mimic in nonstructural viral protein NS1/2. MBio.
2017;8:¢00668-17, 1:17.

Dheer R, Santaolalla R, Davies JM, et al. Intestinal epithelial toll-like receptor 4
signaling affects epithelial function and colonic microbiota and promotes a risk
for transmissible colitis. Infect Immun. 2016;84:798-810.

Couturier-Maillard A, Secher T, Rehman A, et al. NOD2-mediated dysbiosis
predisposes mice to transmissible colitis and colorectal cancer. J Clin Invest.
2013;123:700-11.

Corridoni D, Rodriguez-Palacios A, Di Stefano G, et al. Genetic deletion of the
bacterial sensor NOD2 improves murine Crohn’s disease-like ileitis independent
of functional dysbiosis. Mucosal Immunol. 2017;10:971-82.

Zhulina Y, Hahn-Stromberg V, Shamikh A, et al. Subclinical inflammation
with increased neutrophil activity in healthy twin siblings reflect environmental
influence in the pathogenesis of inflammatory bowel disease. Inflamm Bowel Dis.
2013;19:1725-31.

Abbott DW, Higgins MA, Hyrnuik S, et al. The molecular basis of glyco-
gen breakdown and transport in Streptococcus pneumoniae. Mol Microbiol.
2010;77:183-99.

Walters WA, Xu Z, Knight R. Meta-analyses of human gut microbes associated
with obesity and IBD. FEBS Lett. 2014;588:4223-33.

Manichanh C, Rigottier-Gois L, Bonnaud E, et al. Reduced diversity of fae-
cal microbiota in Crohn’s disease revealed by a metagenomic approach. Gur.
2006;55:205-11.

Scanlan PD, Shanahan F, O’'Mahony C, Marchesi JR. Culture-independent anal-
yses of temporal variation of the dominant fecal microbiota and targeted bacter-
ial subgroups in Crohn’s disease. J Clin Microbiol. 2006;44:3980-8.

Vandeputte D, Kathagen G, D’hoe K, et al. Quantitative microbiome profiling
links gut community variation to microbial load. Nature. 2017;551:507-11.

. Bustos D, Greco G, Yapur V, et al. Quantification of fecal neutrophils by MPO

determination (myeloperoxidase) in patients with invasive diarrhea [in Spanish].
Acta Gastroenterol Latinoam. 2000;30:85-7.

Sigman M, Conrad P, Rendon JL, et al. Noninvasive measurement of intestinal
inflammation after burn injury. J Burn Care Res. 2013;34:633-8.

Litvak Y, Byndloss MX, Tsolis RM, Biaumler AJ. Dysbiotic proteobacteria
expansion: a microbial signature of epithelial dysfunction. Curr Opin Microbiol.
2017;39:1-6.

Shin NR, Whon TW, Bae JW. Proteobacteria: microbial signature of dysbiosis in
gut microbiota. Trends Biotechnol. 2015;33:496-503.

Bradley PH, Pollard KS. Proteobacteria explain significant functional variability
in the human gut microbiome. Microbiome. 2017;5:36.

Babbs CF. Free radicals and the etiology of colon cancer. Free Radic Biol Med.
1990:8:191-200.

Barrett KE, McCole DFE. Hydrogen peroxide scavenger, catalase, alleviates
ion transport dysfunction in murine colitis. Clin Exp Pharmacol Physiol.
2016;43:1097-106.

Myers JN, Schiffer MW, Korolkova OY, et al. Implications of the colonic de-
position of free hemoglobin-a chain: a previously unknown tissue by-product in
inflammatory bowel disease. Inflamm Bowel Dis. 2014;20:1530-47.

Qin X. Etiology of inflammatory bowel disease: a unified hypothesis. World J
Gastroenterol. 2012;18:1708-22.

Agus A, Denizot J, Thévenot J, et al. Western diet induces a shift in microbiota
composition enhancing susceptibility to adherent-invasive E. Coli infection and
intestinal inflammation. Sci Rep. 2016;6:19032.

Chassaing B, Koren O, Goodrich JK, et al. Dietary emulsifiers impact the
mouse gut microbiota promoting colitis and metabolic syndrome. Nature.
2015;519:92-6.



