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ABSTRACT

Background: Despite achieving endoscopic remission, over 20% of inflammatory bowel disease
(IBD) patients experience chronic abdominal pain. Visceral pain and the microbiome exhibit sex-
dependent interactions, while visceral pain in IBD shows a sex bias. Our aim was to evaluate
whether post-inflammatory microbial perturbations contribute to visceral hypersensitivity in a sex-
dependent manner.

Methods: Males, cycling females, ovariectomized, and sham-operated females were given dextran
sodium sulfate to induce colitis and allowed to recover. Germ-free recipients received sex-
appropriate and cross-sex fecal microbial transplants (FMT) from post-inflammatory donor mice.
Visceral sensitivity was assessed by recording visceromotor responses to colorectal distention. The
composition of the microbiota was evaluated via 16S rRNA gene V4 amplicon sequencing, while
the metabolome was assessed using targeted (short chain fatty acids - SCFA) and semi-targeted
mass spectrometry.

Results: Post-inflammatory cycling females developed visceral hyperalgesia when compared to
males. This effect was reversed by ovariectomy. Both post-inflammatory males and females
exhibited increased SCFA-producing species, but only males had elevated fecal SCFA content.
FMT from post-inflammatory females transferred visceral hyperalgesia to both males and females,
while FMT from post-inflammatory males could only transfer visceral hyperalgesia to males.
Conclusions: Female sex, hormonal status as well as the gut microbiota play a role in pain
modulation. Our data highlight the importance of considering biological sex in the evaluation of
visceral pain.
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Introduction However, 20-60% of IBD patients in endoscopic

Inflammatory bowel diseases (IBDs), including remission also experience chronic abdominal

Crohn’s disease and ulcerative colitis, are relapsing
remitting inflammatory diseases of the intestine.
These carry a significant economic impact and are
currently increasing in prevalence, projected to
affect 1% of the Canadian population by 2030."
Pain, defined as an unpleasant sensory or emo-
tional experience associated with potential tissue
damage,” is a hallmark symptom of IBD. Up to
70% of patients with acute flares of disease experi-
ence abdominal pain, which is one of the main
reasons that patients seek medical attention.

pain.’"® Chronic visceral pain is a devastating out-
come for patients, leading to high levels of anxiety,
depression, and associated poor quality of life.” The
pathophysiological ~ mechanisms  underlying
chronic pain in the absence of inflammation are
not known; however, altered sensory neural pro-
cessing, resulting in both peripheral and central
sensitization, plays a key role in this process.”
Unfortunately, effective treatments for chronic
visceral pain are limited, such that 10-20% of IBD
outpatients are on chronic narcotic therapy, which
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is not only ineffective but also leads to increased
morbidity and mortality.>’

The gut microbiome affects a wide variety of
gastrointestinal processes, including motility,
secretion, barrier, and immune function.'
Dysbiosis, or a change in microbial composition
and metabolism, is known to be associated with the
pathogenesis of IBD, although it is unclear whether
these changes are a cause or a consequence of
intestinal inflammation.'® Interestingly, there is
evidence that some IBD patients in endoscopic
remission continue to exhibit dysbiosis."'"'> The
gut microbiome has been recently demonstrated to
play a role in pain signalling.'®'” Microbial pro-
ducts (e.g. short chain fatty acids [SCFA'®29]
lipopolysaccharides,*"** pore-forming toxins,>
and N-formyl peptides®) can directly activate
nociceptors through their corresponding receptors;
indirectly, microbial metabolites can activate both
endocrine (enterochromaffin cells**) and immune
cells,”” which in turn can modulate pain neuro-
transmission and the expression of molecular tar-
gets in pain signaling, such as the transient receptor
potential vanilloid-1 receptor (TRPV1). The enter-
ochromaffin/mucosal afferent circuit was recently
shown to be both necessary and sufficient in med-
iating visceral pain in rodent models; enterochro-
maffin cells were stimulated by microbial
metabolites including the SCFA isobutyrate and
isovalerate in a sex-dependent manner.***® Our
laboratory has previously demonstrated that fecal
microbial transplant from a mouse model of post-
inflammatory colitis increased visceral hypersensi-
tivity in  antibiotic-treated mice.'"®  Post-
inflammatory mice exhibited both increased
SCFA-producing species as well as fecal SCFA con-
tent; SCFAs, including butyrate and propionate,
were able to increase capsaicin-evoked calcium
responses in isolated nociceptors, suggesting that
microbial-derived metabolites contribute to the
pathogenesis of post-inflammatory visceral pain.'®

It is well established that women have a higher
prevalence of chronic pain conditions compared to
men.”” Irritable bowel syndrome (IBS), a disorder
characterized by changes in bowel habits and
abdominal pain in the absence of overt inflamma-
tion, has a well-described female predominance.*®
This sex-bias has also been demonstrated for
chronic pain in IBD, where female sex has been

repeatedly shown to be a predictive factor for the
development of chronic abdominal pain in
remission.””*® Unfortunately, current preclinical
research demonstrates a sex bias, with most studies
using only male animals, leading to a lack of under-
standing of biological mechanisms specific to visc-
eral pain in females.”’

Female rodents have been shown to have
increased visceral sensitivity to colorectal disten-
tion compared to males.’>** Interestingly, sex also
has a known effect on shaping gut microbiota
composition, in both humans***> and animals.?®
In adults, males and females present different taxa
abundance in their gut microbiota and changes in
the metabolome across their lifespan.’>*”?® Sex
hormones play a key role in shaping the micro-
biome, as a study conducted on castrated male
mice showed similar microbial composition to
female mice.”” More recently, the sex-dependent
interaction of pain and the microbiome has been
studied, where visceral pain was seen to vary across
the estrous cycle in specific pathogen-free (SPF)
mice but not in germ-free mice.”” Furthermore,
ovariectomy-induced visceral hypersensitivity was
observed only in SPF mice, but not germ-free mice,
further emphasizing an interaction between sex
and the microbiome in pain modulation.”® These
data suggest that the role of sex and the micro-
biome in pain modulation is complex.

Our aim was to evaluate whether the dysbiotic
microbiota in the post-inflammatory state contrib-
uted to visceral hypersensitivity in a sex-dependent
manner. We used a well-established post-
inflammatory DSS mouse model of colitis, where
animals display increased visceral hypersensitivity
to colorectal distention, 5 weeks after DSS
administration.'®*® We hypothesized that the gut
microbiota plays a key role in modulating post-
inflammatory chronic visceral pain in female mice.

Methods
Animals

Six-week-old C57BL/6 male and female Elite mice
from Charles River Laboratories (Montreal,
Quebec, Canada) were housed separately in groups
of three in individually ventilated cages (Green
Line GM500, SealSafe Plus, Techniplast) with



unrestricted access to chow (5062 Pico-Vac Mouse
Diet 20 (9% fat; LabDiet, Richmond IN, USA) and
water. Cages were housed in controlled conditions
with a 12h:12h light:dark cycle. All mice were
allowed to acclimate for 1 week at the Animal
Resource Centre at the University of Calgary
prior to the initiation of experiments. Germ-free
C57BL/6] were bred and maintained at the
International Microbiome Centre (IMC),
University of Calgary, Canada, with unrestricted
access to chow (LabDiet JL Rat and Mouse/Auto
6F 5K52). Germ-free status was routinely moni-
tored by culture-dependent and -independent
methods. ARRIVE tables for the SPF and germ-
free facilities can be found in supplementary tables
1 and 2. All protocols were approved by the
University of Calgary Animal Care Committee
and are in accordance with the guidelines for the
ethical use of animals in research of the Canadian
Council on Animal Care (AC20-0149).

Dss-induced colitis and damage scoring

Male and female mice were given either 2.5% (wt./
vol) DSS (40,000 MW, Alfa Aesar, Waltham, MA,
USA) in drinking water, or water alone for 5 days.
After 5 days of DSS, all mice were given water alone
until day 42 post-DSS. Bodyweight changes were
recorded daily for 15 days post-DSS and every 3
days thereafter until day 42. To evaluate the sever-
ity of DSS colitis, a previously validated disease
activity index (DAL*') consisting of weight loss,
stool consistency, and bleeding, was used for the
first 15 days post-DSS administration. All animals
were observed and evaluated individually. Control
animals did not exhibit any disease activity. Colon
length and thickness were assessed at the time of
death.'®*’ Colon length was assessed by measuring
the length of the full colon; the maximum inner
thickness of the colon was measured at the distal
most region of the colon using a digital calliper*?
(Mitutoyo Canada, Mississauga, ON). Microscopic
damage scores were assessed using histology.
A straight midsection of the colon (1 cm) was dis-
sected and fixed in 10% formalin for 4 days and
later embedded in paraffin. Mid-sagittal cuts
(7 mm) were collected on coated super-frost slides
and dried overnight. For microscopic damage scor-
ing, tissue slides were stained with Alcian blue,
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hematoxylin and eosin for morphologic analysis.
The microscopic damage score was calculated from
a 6-point score™ which was developed and vali-
dated using chemically induced models of colitis.

Myeloperoxidase enzyme activity assay (MPO)

MPO was measured as previously described.**
Briefly, proximal colon samples (2 cm) from post-
inflammatory or control mice were collected
immediately after sacrifice, snap-frozen in micro-
centrifuge tubes, and analyzed 3 days after collec-
tion. All solutions were freshly prepared for each
experiment. Colonic tissue was thawed and homo-
genized in 1 mL HTAB buffer (Sigma-Aldrich,
Oakville, ON, Canada) for each 75 mg of tissue.
The lysate was centrifuged at 13,200 rpm for
30 min at 4°C. Supernatants were transferred into
a new microcentrifuge tube. 7 pl of the sample was
loaded in triplicate on a 96-well plate. For
a complete plate, 20 ml of 0-34 Dianisidine (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) buffer
with 10 pl of 1.2% H202 were combined. Samples
were read immediately for 30 s, 12 times at 405 nm,
using a microplate reader (SpectraMax Plus 384,
Molecular Devices, VWR, Edmonton, AB,
Canada). Values are presented as MPO units/milli-
gram of tissue/minute.

Estrous cycle evaluation and synchronization of
female mice

To control for the effect of sex hormones, all in vivo
pain measurements were performed during dies-
trus in cycling female mice. Vasectomized male
C57BL/6 Elite mice (6-7 weeks old) were allowed
to rest for 10 days after surgery. Vasectomy effec-
tiveness was determined by the inability of male
mice to father a pregnancy when co-housed with
female mice after recovery. Five days prior to
somatic pain assessment, two cycling female mice
were introduced into a vasectomized male mouse’s
cage.  Pseudopregnancy @ was  confirmed
24-48 h after introducing the females by the pre-
sence of a copulatory vaginal plug after mating.*
48 hours thereafter, all females were in diestrus and
remained in this stage for at least 7 days.*® In cases
where pseudopregnancy was delayed, pain assess-
ment was postponed wuntil 24-48h after
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pseudopregnancy was confirmed. Diestrus was
confirmed in cycling females on the day of in vivo
visceral pain evaluation only using vaginal smear
cytology.*” Vaginal smears were not performed 24-
48 hours after the presence of a copulatory vaginal
plug, to prevent stress to the animals.*>*

Ovariectomy

Ovariectomy was performed as previously
described.”® Briefly, five-week-old C57BL/6 female
Elite mice were anesthetized with intraperitoneal
ketamine and xylazine (100 mg/kg and 10 mg/kg,
respectively). A single midline dorsal incision along
the lumbar vertebrae was made, and the muscle
was perforated to access the ovaries. The ovaries
were resected at the tip of the uterine horn, leaving
the oviduct and uterus intact. Sham surgery con-
sisted of accessing the ovaries by performing the
same incision, but no tissue was resected.
Meloxicam (5 mg/kg) was administered subcuta-
neously once every 24 h for 2 days after the surgery
as post-operative care for pain relief. Chow pellets
were placed in the bottom of the cage during the
post-operative period. Mice were housed in pairs
and were allowed to recover for a week before DSS
treatment.

Fecal microbiota transplant (FMT)

Fecal samples from donor-controlled or post-
inflammatory DSS male and female mice were col-
lected immediately upon defecation on day 42;
a total of 200 mg of fecal sample per mouse was
collected. Fecal samples were weighted and pooled
into their respective group in a 15 mL falcon tube,
snap-frozen, and stored at —80°C until use.

On the day of FMT, donor fecal samples were
thawed on ice and moved into an anaerobic cham-
ber (Ruskin, Sony Technology Centre, Pencoed,
UK). Only a single group of donor fecal samples
was processed at a time to control for possible
contamination. Inside the anaerobic chamber, pre-
reduced PBS was added in a 1:7.5 dilution to the
samples and homogenized using an 18 G needle
and syringe. Each tube’s supernatant was collected
and transferred as 250 uL aliquots into sterile
screw-top tubes. Separate aliquots were used for
each orogastric gavage. An additional 1 mL aliquot

was collected for donor microbiota profiling.
Aliquots containing donor slurry for the first oro-
gastric gavage were used immediately. For
the second orogastric gavage, Brain Heart
Infusion (BHI) broth with 30% glycerol was
added in a 1:1 ratio to samples. Samples were sub-
sequently homogenized to cryopreserve the bac-
teria and stored at —80°C until use.”’

Germ-free male and female six-week-old
C57BL/6 recipient mice were housed in sterile iso-
lators (NKP-Isotec, Coalville, United Kingdom) at
the International Microbiome Centre at the
University of Calgary in groups of the same sex,
with up to three (male) or five (female) mice per
cage. Male and female germ-free mice received
either sex-appropriate or cross-sex FMT, from con-
trol or post-inflammatory DSS groups. Each reci-
pient mouse received two orogastric gavages of
200 pL of fecal supernatant, the first on day 1 and
the second on day 4 to allow for optimal microbiota
engraftment.””>> The inoculated germ-free mice
were given a three-week engraftment period before
any behavioral testing was performed. Electrode
implantation was performed inside the
International Microbiome Centre, while visceral
pain evaluation was performed outside the facility.
Upon transfer from the facility, stool samples from
the recipient mice were immediately collected,
snap-frozen, and stored at —80°C until evaluation
of microbial composition.

Measurement of somatic and visceral pain

For the evaluation of somatic sensitivity, we
assessed  both  mechanical and thermal
sensitivity.'® Mechanical and thermal sensitivity
in both SPF and FMT-recipient mice were evalu-
ated on the same day. A week later, visceral pain
was assessed in all mice using the visceromotor
response to colorectal distention. Testing was per-
formed by a blinded investigator.

Mechanical pain sensitivity was evaluated
using the automated aesthesiometer for the Von
Frey hair test> (Ugo Basile, Gemonio, Italy).
Before the test, all mice were placed in plastic
compartments with a wire base for 1 h on three
consecutive days to allow for room and equip-
ment acclimation. On the day of the experiment,
mice were allowed to habituate in individual



opaque compartments until exploratory behavior
was no longer observed. The hind paw withdra-
wal was measured by applying constant pressure
with an automated filament to the center of the
plantar surface until withdrawal. Each mouse
was tested five times, alternating right and left
paws with a 10-min resting period. In each ani-
mal, the left or right hind paw was chosen at
random, and the withdrawal threshold was mea-
sured in all animals in a row, followed by eva-
luation of the opposite hind paw. The automated
force exerted by the von Frey filament and
latency of paw withdrawal were recorded for
each mouse.

Thermal sensitivity was measured using the hot
plate test® 3 (Bioseb, Pinellas Park, FL, USA), which
was video recorded for later review. Immediately
after the Von Frey test, mice were allowed to rest
for 30 min. Mice were placed on a metal hot plate
set to 52°C. The latency from placement of the
mouse on the heated surface until the first beha-
vioral sign of nociception, such as licking a hind
paw, lifting, or jumping, was recorded and the
animal was immediately removed. Mice were
placed on the hot plate for a maximum of 20 s to
prevent tissue damage.

The visceromotor response (VMR) evoked by
colorectal distention was performed as outlined
below.'®* 48 hours prior to the procedure, mice
were anesthetized with ketamine and xylazine.
Two electrodes were implanted into the external
oblique abdominal muscle and exteriorized
through the back of their neck and protected
by a plastic tube attached to the skin. On the
test day, mice were restrained in a 50 mL falcon
tube, and a 10.5mm diameter balloon catheter
was gently inserted 0.5cm deep into the mouse
rectum. Animals were allowed to acclimatize for
1 h. Electrodes were connected to a Bio
Amplifier that signals into an electromyogram
acquisition system to record and display the
response (both from ADInstruments, Colorado
Springs, CO, USA). The rectal balloon was step-
wise inflated at 15, 30, 45, and 60 mmHg pres-
sures, each for 10 s; mice were allowed a 5-min
resting interval between each distention. The
electromyographic activity from the abdominal
contractions was recorded, and visceromotor
responses were calculated using LabChart 7
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software (ADInstruments, Colorado Springs,
CO, USA).

Microbiota sequencing

Bacterial composition was evaluated using 16S
rRNA gene amplicon sequencing as previously
described.'® Fecal pellets were freshly collected
from mice at different time points during colitis
recovery. The collection timepoints were baseline
(day 0), 1 week after DSS was last administered
(day 13), prior to behavioral tests (day 35) and
upon sacrifice (day 42). Upon defecation, 2-3 pel-
lets were immediately collected into sterile micro-
centrifuge tubes and placed on ice. Samples were
stored at —80°C until use. DNA extraction and
purification from feces were performed using
a QIAamp Fast DNA Stool Mini Kit (Qiagen,
Toronto, ON, Canada). DNA quality and quantity
were determined using the NanoDrop 2000c spec-
trophotometer (ThermoFisher, Waltham, MA,
USA). DNA was stored at —80°C until 16S rRNA
gene amplicon sequencing. The V4 hypervariable
region of the bacterial 16S rRNA gene was ampli-
fied by using barcoded primers: (16SV4Fwd:
AATGATACGGCGACCACCGABARCODETA-
TGGTAATTGTGTGCCAGCMGCCGCGGTAA
and 16SV4Rev: CAAGCAGAAGACGGCATACG
AGATBARCODEAGTCAGTCAGCCGGACTA-
CHVGGGTWTCTAAT). KAPA HiFi polymerase
(Roche, Mannheim, Germany) was used under the
following cycling conditions: initial denaturation at
98°C for 2 min, 25 cycles of 98°C for 30s, annealing
at 55°C for 30s, extension at 72°C for 20s and final
elongation at 72°C for 7 min. Individual PCR
libraries were pooled, and then the concentration
was measured on a Qubit fluorometer
(ThermoFisher). The 16S rRNA v4 gene amplicon
sequencing was performed by using a V2-500 cycle
cartridge (Illumina) on the MiSeq platform
(Ilumina, San Diego, CA, USA). Raw fastq files
were processed using the DADA2 pipeline 1.16 (R
package, version 1.38.0). After removing the V4
primers and reads shorter than 50 base pairs, qual-
ity filtering was done with the ’Filter and Trim’
function removing reads with an expected error
higher than 2 for forward and reverse reads. An
amplicon sequence variants (ASV) table was
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generated, and taxonomic classification was
assigned to each ASV using the Ribosomal Data
Project (RDP) classifier training set as the reference
database.”® A phyloseq object was constructed
from the DADA2 outputs using the phyloseq pack-
age (Version 1.30.0) to further compare different
ordination methods. Low-occurrence and poorly
represented ASVs were filtered to remove noise
variables achieve robustness of the ASVs findings.

Evaluation of engraftment

The effectiveness of the FMT was determined by
performing 16S rRNA sequencing of the donor and
the inoculated recipient fecal samples and identify-
ing the percent of ASVs shared between groups.>
Donor fecal pellets used for FMT were sequenced
to determine the total taxa present. The number of
taxa identified were used as a reference point to
further assess the engraftment percentage. The
ASV engraftment rate was defined as the number
of engrafted ASVs in the post-FMT recipient mice
stool divided by the total number of ASV in the
donor stool.>® Microbial diversity was determined
by comparing the relative abundance, alpha diver-
sity, and beta diversity between donor and recipi-
ent FMT groups.

Liquid chromatography-mass spectrometry (LC-MS)

Metabolic profiling was performed by LC-MS as
previously described.'®*” Briefly, 3-4 fecal pellets
were freshly collected in microcentrifuge tubes and
snap-frozen on dry ice at baseline and at the time of
sacrifice. Samples were stored at —80°C until use.
For targeted metabolomics, SCFAs were extracted
(1:2 ratio wet sample weight [mg] to extraction
solvent [mL]) from fecal samples with ice-cold
extraction solvent (50% water/acetonitrile, v/v)
spiked with stable isotope-labeled SCFA standards
(acetic acid -">C2, 5 mm final concentration; pro-
pionic acid-">C3, 1.5 mm final concentration; buty-
ric acid-'’C2, 500uM final concentration;
isobutyric-d7 acid, 100 pM final concentration;
valeric-d9 acid, 50puM final concentration;
Isovaleric-d9 acid, 100 uM final concentration),
derivatized with N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and

aniline, and then submitted to liquid chromatogra-
phy-mass spectrometry analysis. The platform con-
sists of a Vanquish™ ultrahigh-performance
liquid chromatography system coupled to a TSQ
Fortis™ triple quadrupole Mass Spectrometer
(UHPLC-MS/MS; Thermo Scientific) equipped
with an electrospray ionization (HESI-II) probe.
SCFAs were separated on a Hypersil GOLD™
C'" column (200x2.1mm, 1.9mm; Thermo
Scientific) using a binary solvent system composed
of LC-MS grade water and methanol both contain-
ing 0.1% (%v/v) formic acid and monitored with
a mass spectrometer operating in positive ioniza-
tion mode and selected reaction monitoring (SRM)
mode.

The semi-targeted metabolomics methods used
in this study have been described in detail
elsewhere.”® Briefly, analysis was performed on
a Q Exactive™ Hybrid Quadrupole-Orbitrap™
Mass Spectrometer (Thermo-Fisher) coupled to
a Vanquish™ UHPLC System (Thermo-Fisher).
Chromatographical separation of metabolites was
performed on a Syncronis HILIC UHPLC column
(2.1mm x 100 mm x 1.7 ym, Thermo-Fisher) at
a flow rate of 600 uL/min using a binary solvent
system: solvent A, 20 mm ammonium formate pH
3.0 in mass spectrometry grade H,0 and solvent B,
mass spectrometry grade acetonitrile with 0.1%
formic acid (%v/v). Sample injection volume was
2 uL. Data were acquired in negative full scan ioni-
zation mode at a resolution of 140,000 scanning
from m/z 70-1000.

Data analysis was performed using the open-
source software Metabolomic Analysis and
Visualization Engine (MAVEN,>*®) and the abso-
lute quantification of native SCFA concentration
was calculated based on the'>C:">C signal intensity
ratio and the respective'’C-internal standard con-
centration. For semi-targeted metabolomics, meta-
bolite peak assignments were determined by
matching the previously established m/z and reten-
tion time (RT) of authentic standards with observed
metabolite signals. To generate the heat map, signal
intensities were normalized using z-scores: mean-
centered, variance-stabilized signal intensities. For
row clustering, a hierarchical clustering algorithm
that merged or split rows based on their similarity,
forming a tree-like structure known as



a dendrogram was used. Semi-targeted metabolo-
mics data was further analyzed using
MetaboAnalyst 5.0. Data was normalized by log
transformation base 10 to remove heteroscedasticity.

Statistical analysis

All data are expressed as the mean + standard error
of the mean (SEM), and the total number of mice as
n, unless otherwise stated. Colonic length, thick-
ness, MPO, hot plate, and SCFA data are presented
as mean + standard deviation (SD), given that only
a single measurement was made per mouse pre-
sented. Statistical analyses were performed using
Prism 9.0 software (GraphPad, La Jolla, CA,
USA). The Shapiro-Wilk normality test was used,
given that the sample size is n <50, to determine
the distribution of the data. If data followed
a normal distribution, the mean was compared
using parametric tests; otherwise, nonparametric
methods were used. If a Gaussian distribution was
confirmed, one-way or two-way analysis of var-
iance (ANOVA) with Bonferroni or Tukey post-
hoc test was applied for comparison of multiple
groups with one or two variables; otherwise, the
Kruskal-Wallis nonparametric test was used with
a Dunn’s post-hoc test. A p value < 0.05 was con-
sidered to be significant.

The 16s rRNA sequencing analysis was carried
out by using the R package phyloseq®' (version
1.38.0). Alpha diversity was calculated using the
Shannon diversity index. Beta diversity was repre-
sented using a Bray-Curtis dissimilarity index with
non-metric multidimensional scaling (NMDS),
graphically plotting samples based on taxonomic
composition dissimilarities between samples with
an 80% confidence interval. Differential abundance
was determined using the DESeq2 function, repre-
senting which taxa significantly differ in relative
abundance between groups. Data were normalized
by applying size factor normalization to ensure that
the counts for each ASV was normalized to the
same sequencing depth. Differential abundance
analysis was carried out by using the R package
DESeq2 to identify ASVs that were differentially
abundant across treatments.®> To build the results
table, independent filtering was done by including
an alpha argument cutoff set to p < 0.01 to decrease
the false discovery rate (FDR). Significant changes
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in ASVs abundance were represented on
a logarithmic scale base 2-fold change, treating
the increase and decrease ratio in a similar fashion.
Finally, each function performed the following sig-
nificance tests: two-way analysis of variance test
with Tukey’s post-hoc test (alpha diversity),
PERMANOVA (beta diversity), and Wald test (dif-
ferential abundance). Supplementary data contain-
ing summary statistics at different steps of the
analysis pipeline can be found in Supplementary
data 1. Raw sequencing data are available at http://
www.ncbi.nlm.nih.gov/bioproject/1132548, as well
as the mapping file to Supplementary data 2. For
semi-targeted metabolomic analysis, a one-way
ANOVA with a p-value (FDR) of 0.05 was per-
formed to evaluate whether any of the 83 measured
metabolites had significant differences across
groups. Raw metabolomic data can be found in
Supplementary data 3.

Results

Biological sex modulates post-inflammatory
visceral hypersensitivity

We first evaluated whether inflammation-induced
microbial perturbation had a sex-specific effect on
visceral hypersensitivity. Male and cycling female
mice were given 2.5% DSS for 5 days and allowed
to recover for 5 weeks (Figure 1a). Both male and
female mice exposed to DSS demonstrated marked
weight loss when compared to control counterparts
(Figure 1(b)) as well as increased macroscopic dis-
ease activity (Figure 1(c)). Male mice treated with
DSS experienced a significantly greater degree of
weight loss compared to cycling females, as well as
a significant increase in the disease activity index,
suggesting that males exhibited increased colitis
severity, as previously reported.®> By 5 weeks after
DSS administration, DSS-treated mice recovered
their body weight to the same level as the untreated
mice (Figure 1(b)). A significant decrease in colo-
nic length was seen in male mice treated with DSS
(Figure 1(d)); however, no other evidence of
macroscopic or microscopic inflammation was
seen (Figures 1(f-g)). At this time point, sex differ-
ences were no longer detected.

Visceral and somatic pain measurements were
performed in both males and diestrus cycling
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Figure 1. Assessment of DSS colitis severity in males and females. (a). Experimental timeline. Male and female mice were given 5 days
of DSS or water and allowed to recover for 5 weeks. At day 31, a vasectomized male was introduced to synchronize females. Somatic
pain assessment was performed at day 35. Electrodes were implanted at day 40 and visceral pain assessment was performed at day 42
followed by euthanasia of animals. Stool collection time points are indicated by arrows. (b). Weight changes in post-inflammatory
mice. Two-way ANOVA, Tukey post hoc test, ***p<0.001, comparing male DSS vs female DSS (from day 9-15), male control vs male
DSS (from days 7-20), female control vs female DSS group (from day 8-13), n=12/group. (c). Disease activity index in DSS mice. Two-
way ANOVA, Tukey post hoc test ***p<0.001 from day 7-12, n=12/group. (d-f). Macroscopic and microscopic inflammation in DSS
male and cycling females. (d). Colonic length changes in post-inflammatory mice. One-way ANOVA, Bonferroni post hoc test,
*p=0.035, comparing male DSS vs male control (n=11-13/group). No significant differences were seen between male DSS vs female
DSS (p=0.14) or between female control and female DSS (p>0.99). No changes in thickness (e; n=4/group), or tissue myeloperoxidase
levels (f; n=4-5/group) were seen. (g). Representative photomicrographs of colonic cross sections. No microscopic evidence of
inflammation was seen. Scale bar, 100 um.

females, as pain is known to vary across the estrus
cycle.”® Mechanical sensitivity was assessed by
using the automated Von Frey test in the hind
paw, and thermal sensitivity was evaluated by
using the hot plate test. Both post-inflammatory
DSS males and cycling females exhibited mechan-
ical allodynia (Figure 2(a)) with no sex-differences
observed between groups. Only post-inflammatory
female mice developed thermal hypersensitivity
(Figure 2(b)), although a similar trend was seen in
post-inflammatory males.

The visceromotor response to colorectal disten-
tion was increased in both male and female post-

inflammatory mice when compared to their con-
trol counterparts (Figure 2(c)), similar to previous
studies.'®*® However, post-inflammatory females
demonstrated significantly increased visceral
hypersensitivity compared to males (Figure 2(c)),
suggesting that biological sex plays a role in visceral
hypersensitivity.

Sex hormones modulate post-inflammatory visceral
hypersensitivity

Given the increase in visceral hypersensitivity in
post-inflammatory females, we next explored
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Figure 2. Somatic and visceral sensitivity in post-inflammatory males and females. (a). Mechanical sensitivity assessed using the
automated Von Frey test. One-way ANOVA, Bonferroni post-hoc test *p=0.02 control vs DSS males and control vs DSS females. N=8-9/
group. (b). Thermal sensitivity was evaluated using the hot plate test. One-way ANOVA, Bonferroni post-hoc test *p=0.048 control vs.
DSS females. No differences were seen when comparing control vs DSS males, p=0.18. N=8-9/group. (c). Visceral sensitivity was
assessed using the visceromotor response to colorectal distention. 45mmHg distention: control males vs DSS males, *p<0.05; control
females vs DSS females, ** p<0.01. 60mmHg distention: control males vs DSS males, *p<0.05; control females vs DSS females:
**p<0.01, DSS males vs DSS females, **p=0.003. Two-way ANOVA, Tukey post-hoc test, n=11-12/group.

whether sex hormones were involved.
Ovariectomy (OVX) or sham surgery was per-
formed 1week prior to DSS administration
(Figure 3(a)). OVX or sham-control female mice
were given DSS and allowed to recover as above.
Evaluation of visceral and somatic pain was per-
formed in diestrus in sham females; ovariecto-
mized mice were introduced to vasectomized
males without synchronization. Sham-treated
females experienced a significantly increased
severity of weight loss after DSS administration
compared to OVX mice (Figure 3(b)), as well as
increased disease activity (Figure 3(c)), as pre-
viously reported.®>®* Five weeks after DSS
administration, DSS-treated mice recovered their
body weight to the same levels as that of
untreated mice and did not display evidence of
microscopic inflammation (Figures 3(e-f)).
Control mice that had an ovariectomy had
a decrease in colonic length and increased thick-
ness compared to sham surgery, indicating
a possible effect on intestinal smooth muscle by
sex hormones.®® A significant decrease in colonic
length was also seen in sham operated DSS mice
(Figure 3(d)), however the colonic length was
similar in females treated with DSS (Figure 1(d))
and sham operated mice given DSS (Figure 3(d)).
No differences in MPO levels were seen.

No differences in mechanical (Figure 4(a)) or
thermal sensitivity (Figure 4(b)) were seen when

comparing female sham vs. OVX mice. It is possi-
ble that the difference noted between sham-
operated females and cycling females (Figure 2
(b)) is secondary to the effect of anesthesia, analge-
sia, surgery-induced stress or indeed, decreased
severity of intestinal inflammation in OVX mice.
OVX females given DSS displayed a significant
decrease in visceral hypersensitivity when com-
pared to DSS sham females (Figure 4(c)), suggest-
ing that sex hormones play a role in visceral but not
somatic hypersensitivity.

Gut microbiota and fecal short-chain fatty acid
content differ between control and
post-inflammatory males and females

As our previous study demonstrated that micro-
bial manipulation modulates the development of
visceral hypersensitivity,'® and as microbes and
bacterial metabolites, such as SCFA can sensitize
afferent neurons,'®'*°® we next evaluated the gut
microbiota composition and metabolic profile
(metabolome) of post-inflammatory cycling and
OVX females compared to males. Stool was col-
lected from mice at baseline [day 0], 1 week after
DSS treatment [day 13], prior to somatic pain
assessment [i.e., after 4 weeks of recover at day
35], and at day 42, prior to visceral pain assess-
ment (Figure 1(a)). To control for microbiota
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Figure 3. Assessment of DSS colitis severity in sham-operated and OVX-females. (a). Experimental timeline. Ovariectomy or sham
surgery was performed one week prior to DSS administration. Mice were then given 2.5% DSS and allowed to recover as outlined
above. Stool collection time points are indicated by arrows. (b). Weight changes in sham and OVX females. Two-way ANOVA, Tukey
post hoc test, *p<0.05, comparing sham DSS vs OVX DSS on day 11, ***p<0.001 comparing sham control vs sham DSS (from day 8-12),
and ***p<0.001 OVX control vs OVX DSS (from day 9-11), n=13/group. (c). Disease severity in sham and OVX females. Two-way
ANOVA, Tukey post hoc test, **p=0.005 at day 11, n=13/group. (d). Colonic length. One-way ANOVA, Bonferroni post-hoc test,
*p=0.02, sham control vs OVX control, ***p=0.0002, sham control vs DSS control, n=11-13/group. No significant differences were seen
between DSS sham vs DSS OVX (p>0.99). (e). Colonic thickness. One-way ANOVA, Bonferroni post-hoc test, *p<0.05, sham control vs

OVX control, n=7-8/group. (f). MPO activity, n=4-5/group.

changes due to sham or OVX surgery, we col-
lected additional samples prior to surgery [day
—7; Figure 3(a)). For metabolomic profiling, stool
was collected at baseline [day 0] and immediately
prior to visceral pain testing [day 42;
Figure 1(a)).

Amplicon sequencing of the V4 region of the
bacterial 16S rRNA gene was used to compare the
gut microbiota profile of post-inflammatory males,
females and controls at the timepoints outlined
above. Evaluation of the alpha diversity [Shannon;
Figure 5(a)) demonstrated a significant decrease in
diversity in male mice 1 week after DSS treatment
compared to baseline, suggesting a decrease in the
overall species richness and evenness in the micro-
bial community. By day 35, microbial diversity in

post-inflammatory males had recovered to baseline
levels. In contrast, post-inflammatory female mice
displayed a significant increase in their microbial
diversity during DSS recovery. By day 42, the diver-
sity in the post-inflammatory female microbiota
had returned to baseline levels. No change was
seen in alpha diversity between control male or
female mice at any point of the experiment.
Changes in the Shannon diversity index could indi-
cate a decrease in the abundance of some microbial
species or an increase in the dominance of one or
a few species, affecting the evenness of distribution
with the sample. Altogether, we saw a decrease in
the Shannon diversity index in both post-
inflammatory males and females at different time
points during the experiment; however, both
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Figure 4. Somatic and visceral sensitivity in post-inflammatory sham-operated and OVX females (a). Mechanical sensitivity in sham vs
OVX females. N=11-12/group. One-way ANOVA, Bonferroni post-hoc test. (b). Thermal sensitivity in sham vs OVX females N=8-9/
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decrease in visceral hypersensitivity compared to sham DSS females. 45mmHg distension: control sham vs DSS sham group, *p<0.05.
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ANOVA, Tukey post hoc test. n=12-13/group.
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returned to baseline, suggesting that there was
a recovery in the overall species richness over the
course of the experiment.

Beta diversity was analyzed using the Bray-
Curtis index. One week after DSS administration,
both male (Figure 5(b)) and female (Figure 5(c))
post-inflammatory mice displayed a significant
shift from their baseline diversity. As male mice
recovered from DSS, the distance between the
groups narrowed, but remained significantly dif-
ferent from baseline at day 42 (Figure 5(b))]. In
contrast, the degree of dissimilarity increased as the
post-inflammatory females recovered from colitis
and remained increased at day 42 (Figure 5(c)).
Neither male nor female control mice showed any
change in beta-diversity over the course of the
experiment (Figure S1(a-b)). These data suggest
that the microbial community was significantly
different in both male and female mice in the post-
inflammatory state compared to baseline.

We next evaluated the differential abundance of
the gut microbiota at baseline and day 42 between
post-inflammatory males and females. Few changes
were seen between sexes at day 0 (Figure 5d). At
baseline, the Barnesiella variant from the
Bacteroides phylum and Lachnospiracea were
found to be significantly increased in males when
compared to females, whereas females demon-
strated significant enrichment in Lactobacillus, as
has been previously demonstrated.®” An increase in
the abundance of different genera was seen in the
post-inflammatory DSS state, when comparing
sexes at day 42 (Figure 5(e)). Enterobacter and
Oscillobacter variants from the Proteobacteria and
Firmicutes phylum were found in increased abun-
dance in post-inflammatory males compared to
post-inflammatory females. In contrast, an
increased abundance of variants from the
Firmicutes phylum as well as Akkermansia were
found in post-inflammatory females compared to
males in the post-inflammatory state. Increased
abundance of SCFA-producing Firmicutes, such
as Lachnospiracea and Ruminococaceae, were seen
in both groups, similar to our previous study in
males.'® Together, these data suggest that signifi-
cant sex differences in the gut microbiome exist in
the post-inflammatory state. In addition, both
males and females exhibit increases in some SCFA-
producing families in the post-inflammatory state.

To further understand the sex-specific differences
in microbiota composition, we evaluated the meta-
bolic profile of these microbial communities
through both targeted and semi-targeted metabolo-
mic analysis of fecal samples. We first evaluated
SCFA content, since our previous data showed that
these metabolites were significantly increased in the
post-inflammatory state in male mice and were able
to directly sensitize visceral afferent neurons.'® Fecal
SCFA levels, including acetate, butyrate, and isobu-
tyrate were significantly increased in male post-
inflammatory mice when compared to controls
(Figure 6(a-f)). In contrast, post-inflammatory
females exhibited a decrease in fecal content of
acetate, butyrate, isobutyrate and isovalerate when
compared to males, despite the increase in SCFA-
producing families. These data suggest that biologi-
cal sex plays a role in bacterial metabolism.

Semi-targeted metabolomic analysis was per-
formed for control and post-inflammatory male
and female mice. With this approach, we identified
83 metabolites (Figure S2; a heatmap of the signal
intensity of these at day 42 is shown in Figure S3),
with 32 of these metabolites displaying significant
differences between groups (Figure S4). As we were
interested in metabolites that may modulate visc-
eral pain, we evaluated metabolites that were simi-
lar at baseline when comparing males and females,
given that baseline visceral pain was comparable
between the sexes. Of these 14 metabolites, two are
known to play a role in visceral hypersensitivity:
Adenine (Figure 7(a)) and Tryptophan (Figure 7
(b)). Data for the other metabolites can be found in
the supplementary data (Figure S5).

Few changes in the differential abundance are seen
after ovariectomy

As sex hormones modulated visceral hypersensitiv-
ity, we next evaluated whether they affected gut
microbiota composition. The alpha diversity was
evaluated between sham and OVX control mice.
No significant changes were observed at any point
during the experiment (Figure 8(a)) DSS Sham
females showed a significant increase in diversity
at day 42 compared to baseline, while DSS OVX
females displayed a significant increase in diversity
at days 35 and 42 when compared to baseline. No
differences between the DSS sham and DSS OVX



GUT MICROBES (&) 13

a b c
Acetate Butyrate Propionate
5000 3000
40 000 <0.0001 0.0002 0.0160 0.0050 .
#* 4000 - .
30 000 2000-]
3000 =
= 20000 z R = . .
. 2000 . 000
10 000 & e
Il Male Control
0- 0 o= I Male DSS
Il Female Control
d e f Bl Female DSS
Isobutyrate Valerate Isovalerate
200- 0.0220 0.0081 800- 0.0167
250
. . .
150 600 200+
)
150
2 400-
Z 100 % 400 z
100
50 200
. 50
0- 0-

Figure 6. Changes in fecal short chain fatty acids in post-inflammatory male vs female mice. (a). Fecal acetate levels; p<0.001 DSS
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group were noted. Altogether, we saw a change in
the Shannon diversity index in both sham-operated
and OVX females at different timepoints from DSS
recovery, suggesting that there was an overall
increase in species richness over the course of the
experiment.

Beta diversity was analyzed using the Bray-
Curtis index. Sham and OVX surgery did cause
a significant shift in the gut microbiota in the post-

inflammatory mice, likely secondary to the use of
analgesia, anesthesia and surgery-induced stress
(Figures 8(b-c)), with a similar trend seen in the
control sham-operated and OVX mice (Figures
S6A and B]. Sham and OVX females treated with
DSS showed a similar trend to cycling females, with
a shift in diversity after DSS administration
(Figures 8(b-c)) which did not recover to baseline.
These data suggest that sex hormones also
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Figure 8. Changes in gut microbiota composition in post-inflammatory sham-operated and OVX females (a). Shannon diversity index.
Post-inflammatory sham females showed a significant increase in alpha diversity at day 42 compared to day 0 (p=0.0461), while post-
inflammatory OVX females displayed a significant increase in diversity at days 35 (p=0.0067) and 42 (p=0.0234) when compared to
baseline. No differences were seen between OVX or sham control mice. Two-way ANOVA, Tukey post-hoc test. (b-c). Beta diversity
(Bray-Curtis index, NMDS) in sham-operated (b) and OVX (c) post-inflammatory mice. Circles indicate 80% confidence interval. Sham
[p<0.03, PERMANOVA] and OVX [p<0.02, PERMANOVA] surgery resulted in a significant shift in the gut microbiota. Sham and OVX
females treated with DSS showed a significant shift in diversity after DSS administration [p<0.01 PERMANOVA] which persisted
until day 42. (d). Log2 fold change of the ASVs differentially increased in OVX (right) and sham-operated females (left) at day 0. ASVs
with an adjusted p-value below p<0.01 were considered differentially abundant. DESeq2, Wald test. (e). Log2 fold change of the ASVs
differentially increased in OVX (right) and sham-operated females (left) at day 42. ASVs with an adjusted p-value below p<0.01 were

considered differentially abundant. DESeq2, Wald test.

contribute to the differences in the microbial com-
munity in the post-inflammatory state.

We next evaluated the differential abundance
of the gut microbiota at baseline and day 42
between sham-operated and OVX post-
inflammatory females. Few changes were seen
at baseline, with only one ASV increased in
each group: Lachnospiraceae NK4A136 in OVX
females and Muribaculaceae in sham females
(Figure 8(d)). In the post-inflammatory state,
both sham and OVX female mice showed an
increase in differential abundance of ASVs
from the Lachnospiraceae family (Figure 8(e)).
Additionally, the post-inflammatory OVX
female group exhibited an increase in
Clostridium genera. These findings suggest that
minor differences between sham and OVX

females were observed before and after recovery
from DSS treatment, when compared to the
differences seen between males and cycling
females.

FMT from post-inflammatory females transfers
visceral hypersensitivity to both males and females,
while FMT from post-inflammatory males only
transfers visceral hypersensitivity phenotype to
male recipients

To evaluate whether the post-inflammatory micro-
biota had sex-specific effects on visceral hypersen-
sitivity, we performed FMT experiments. Germ-
free male and female recipients received stool
from both male and female post-inflammatory
mice (Figure 9(a)). Three weeks post—FMT,Sl’52
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Figure 9. Evaluation of visceral sensitivity following sex-appropriate or cross-sex FMT. (a). Experimental timeline. Germ-free male and
female recipients received sex-appropriate or cross-sex FMT at days 1 and 5. At day 19, a vasectomized male mouse was introduced to
female recipients to synchronize the estrous cycle. Electrodes were implanted at day 23 and visceral sensitivity assessment was
performed at day 25, 3 weeks post-FMT. Stool collection time point is indicated. (b). Visceromotor response to colorectal distention in
female recipients who received stool from female donors. 60mmHg distention: p=0.01. Two-way ANOVA, Tukey post-hoc test, n=10.
(c). Visceromotor response to colorectal distention in male recipients who received stool from female donors. 45mmHg distention:
p=0.03 and 60mmHg distention: p=0.008. Two-way ANOVA, Tukey post-hoc test, n=8-11. (d). Visceromotor response to colorectal
distention in female recipients who received stool from male donors, n=8-9. (e). Visceromotor response to colorectal distention in
male recipients who received stool from male donors. 45mmHg distention: p=0.004 and 60mmHg distention: p=0.006. Two-way

ANOVA, Tukey post-hoc test, n=9.

visceral sensitivity was evaluated as described
above.

Both female (Figure 9(b)) and male (Figure 9(c))
germ-free recipients demonstrated a significant
increase in visceral hypersensitivity when given
stool from female post-inflammatory donors com-
pared to female control donors. However, only
male germ-free recipients (Figure 9(e)) demon-
strated a significant increase in visceral hypersen-
sitivity when given stool from post-inflammatory
donors compared to male control donors. In con-
trast, female germ-free recipient mice did not exhi-
bit any difference in visceral hypersensitivity when
given stool from post-inflammatory male donors
compared to male control donors (Figure 9(d)).
The degree of visceral hypersensitivity caused by

FMT did not fully recapitulate the intensity of the
effects observed in conventional mice (Figure 2(c))
when comparing the peak of the visceromotor
response. Together, these data suggest that
microbes and/or their products from post-
inflammatory female mice are pro-nociceptive
regardless of recipient sex, whereas female mice
are resistant to the pro-nociceptive effects of post-
inflammatory male stool.

We evaluated the engraftment rate of FMT in
germ-free recipients using male and female donor
microbiota by evaluating the number of total ASV's
present.” In female donors, we identified 342 taxa
in the control group and 480 taxa in the DSS group
[n =20-21/group]. In recipients of control female
stool, the engraftment percentage was 70% in males
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and 80% in females. In recipients of female DSS
stool, the engraftment percentage was 82% in males
and 77% in females. In male donors, we identified
303 taxa in the control group and 319 taxa in the
DSS group [n = 18/group]. In recipients of control
male stool, the engraftment percentage was 78% in
males and 86% in females. In recipients of DSS
male stool, the engraftment percentage was 81%
in males and 83% in females. These data suggest
that engraftment of fecal microbiota for these FMT
experiments were similar between sex-appropriate
and cross-sex FMT.

Discussion

Female IBD patients are at increased risk of devel-
oping chronic pain in the absence of
inflammation,”° but this has not been previously
examined in a mechanistic fashion. We have
demonstrated that female mice exhibit increased
visceral pain after recovery from DSS colitis,
despite displaying less disease activity compared
to their male counterparts. OVX reversed these
changes on visceral pain. SCFA-producing species
were increased in both sexes, but fecal SCFA con-
tent was only increased in the stool of post-
inflammatory males. As SCFA can sensitize noci-
ceptive neurons,'® this suggests that SCFA may
play a role in visceral pain in a sex-specific manner.
Crucially, FMT of female stool was pro-nociceptive
to both male and female germ-free recipients, while
male stool only produced a pro-nociceptive phe-
notype in male mice. Overall, these data demon-
strate that both hormonal status as well as the gut
microbiota play a role in nociception and highlight
the importance of considering biological sex as an
important variable in the evaluation of visceral
pain.

Male mice treated with DSS showed a greater
degree of weight loss and colitis severity than
female mice, consistent with previous studies that
have reported increased colitis severity in male
mice.”> Moreover, our results suggest that OVX
may have a protective effect in decreasing the
severity of colitis, as OVX females displayed
decreased colitis severity compared to sham
temales. Previous studies using OVX female mice
have demonstrated that estrogen deficiency also
decreases colitis severity, while estrogen

supplementation increases colonic inflammation,
as well as visceral hypersensitivity.”>** This sup-
ports our own work, which suggests a role for sex
hormones in modulating visceral sensitivity in the
post-inflammatory state. Interestingly, another
study which evaluated the role of hormonal status
and the gut microbiome demonstrated that OVX
increased visceral hypersensitivity in conventional
female mice, but not in germ-free animals.>
However, we did not observe any differences in
visceral pain responses between sham and OVX
controls. It is possible that these differences are
due to the mouse model used, or differences in
the gut microbiota between the different facilities.
Nevertheless, these data highlight the significance
of investigating sex-specific differences in preclini-
cal research. Future directions could include exam-
ination of orchiectomy on visceral pain and colitis
severity.

As visceral and somatic pain thresholds are
known to vary across the estrous cycle in
rodents,’”® we chose to perform both visceral
and somatic sensitivity measurements in the dies-
trus phase as this is the longest phase of the estrous
cycle. Interestingly, a previous study demonstrated
that the gut microbiome remains stable throughout
the estrous cycle in control mice.®” Thus, future
directions should include evaluation of pain
responses as well as gut microbial composition
throughout the cycle in post-
inflammatory mice, which could provide valuable
insight into the relative contribution of sex hor-
mones vs the gut microbiome in the pathophysiol-
ogy of visceral pain.

The role of estrogen in the development and
severity of IBD is complex and not fully understood.
The biological effects of estrogen are mediated by
the binding and activation of its two nuclear recep-
tors, estrogen receptor (ER) a and ER,” as well as
the membrane receptor, GPR30.”" The colon predo-
minantly expresses ERP, which plays an anti-
inflammatory role in T cell function”* and maintains
epithelial barrier integrity.”> Circulating estrogen is
decreased in female mice treated with DSS,”* while
estrogen pre-treatment improves the severity of DSS
colitis.”” ERP is markedly decreased in lamina pro-
pria CD4+ T cells in DSS colitis,”® while a decrease
in ERP expression and barrier dysfunction precedes
the development of colonic inflammation in the IL-

estrous



10 knockout mouse model,”” suggesting a protective
role of estrogen receptor stimulation in colitis.
Furthermore, patients with active IBD display
decreased ERP on epithelial cells, lamina propria
lymphocytes and peripheral blood
T lymphocytes,”*”® although no significant associa-
tion between ER expression and patient sex was
found. A study investigating the expression of estro-
gen receptors in DSS-induced colitis showed sex-
dependent effects of ERa and ERP signaling in coli-
tis. ERB expression protected female but not male
mice from DSS-induced colitis.”® Together, these
data indicate that the role of estrogen in IBD patho-
genesis is multifaceted.

Although both ERa and ERp are expressed on
nociceptive dorsal root ganglia neurons expressing
TRPV1,””*" and nociceptor TRPV1 expression is
modulated by estrogen receptors,*"** previous stu-
dies have not examined sex-specific changes in
dorsal root ganglia TRPV1 and ER expression in
murine models of colitis. Previous studies have
shown that estrogen increases neuronal excitability
and visceral hyperalgesia via the upregulation of
spinal N-methyl D-aspartic acid receptor expres-
sion, primarily through an ERa-dependent path-
way in murine models of colonic inflammation.®*"
8 A recent study demonstrated that female mice
had a significantly increased proportion of TRPV1-
expressing nociceptors in their dorsal root ganglia
when compared to males.*® A significant decrease
in TRPV1 expression was seen in mice genetically
deficient in ERa and ERB.*' Thus, the decreased
disease severity and pain we observed in OVX
females compared to cycling females could be
attributed to reduced circulating estrogen levels in
OVX females and/or changes in receptor stimula-
tion possibly at the level of the dorsal root ganglia
or spinal cord.

Both post-inflammatory male and female mice
exhibited somatic hyperalgesia, similar to our pre-
vious data.'® As we previously did not observe
effects of microbial manipulation on somatic sen-
sitivity, we did not examine this further in our
cross-sex and sex-appropriate FMT experiments.
It is likely that somatic hyperalgesia in our model
results from central sensitization due to the initial
inflammatory insult, as has been previously
demonstrated.®’ ® Interestingly, somatic hyperal-
gesia was not seen in OVX or sham treated mice,
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suggesting that central sensitization could have
been affected by the administration of analgesia/
anesthesia with surgery.

We observed sex-specific differences in the
microbiota composition between males and cycling
females in the post-inflammatory model, with
many differentially abundant ASVs in post-
inflammatory males and females being SCFA-
producing bacteria.”® In control male and females,
fecal SCFA content were similar. This suggests that
the gut microbiota in a healthy state can produce
SCFA equally in both male and female mice.
However, in the post-inflammatory state, fecal
SCFA levels increased in male mice but decreased
in female mice, despite the presence of SCFA-
producing taxa in the female post-inflammatory
microbiome, including Rumminococcaceae and
Lachnospiraceae families.”® Tt is possible that this
represents impaired SCFA production, perhaps
due to changes in the post-inflammatory gut
microenvironment vs alterations in colonic epithe-
lial uptake or absorption in females.”"** It is
important to note that fecal SCFA are not necessa-
rily representative of SCFA production in the prox-
imal colon.” Thus, it is also possible that SCFA
production is unchanged in the proximal colon of
post-inflammatory females or is shifted distally in
post-inflammatory males. A similar SCFA profile
has been noted in patients with ulcerative colitis in
remission, where changes in SCFA-producing gen-
era and a decrease in fecal SCFA levels have been
observed.”* However, it is important to note that
this study did not evaluate sex differences.
Interestingly, a recent study in IBS patients demon-
strated that psyllium fiber improved visceral pain
in boys, but not in girls. Curiously, microbial com-
position was not a significant determinant in the
effects of fiber, suggesting alterations in bacterial
fermentation, and possibly SCFA production,
between sexes.”” Further investigation is necessary
to ascertain whether the decrease in fecal SCFA is
due to sex-specific shifts in SCFA production
between the proximal and distal colon, impaired
bacterial metabolism vs changes in colonic epithe-
lial uptake of SCFA in females. Moreover, it is
essential to explore whether SCFA modulation
plays a role in visceral hypersensitivity in females
or if different metabolites are involved. SCFA have
multiple roles besides modulation of visceral



18 M. J. ARZAMENDI ET AL.

sensitivity, including mucosal repair and the sup-
pression of inflammation.”® As microbial metabo-
lites are not the only cause of visceral
hypersensitivity in the post-inflammatory DSS
model, it is possible that these shifts in the post-
inflammatory male microbiome are protective
against visceral hypersensitivity through increases
in SCFA production, which may in turn play
a protective role in mucosal repair. Future studies
should evaluate these relative contributions of
SCFA.

During our semi-targeted metabolite analysis,
we identified multiple metabolites that were dif-
ferent between the post-inflammatory males and
females but did not show a significant difference
between control groups. Of these, adenine and
tryptophan are known to play a role in visceral
pain. Further studies are needed to fully char-
acterize the role of the other metabolites in
visceral pain.

Post-inflammatory females exhibited signifi-
cantly higher adenine levels compared to controls
and post-inflammatory males. Adenine is a purine
base that forms part of the structure of nucleic
acids, such as DNA and RNA. It is derived from
both host and bacteria and can exist both as a free
compound or a nucleoside, such as adenosine.””
Interestingly, a recent study has demonstrated sex-
dependency of microbial purine metabolism,
potentially due to a hormonal effect.”® Adenine
nucleotides, such as ADP and ATP, play important
physiological roles in the central and peripheral
nervous systems through the activation of puriner-
gic P2X and P2Y receptors, while adenosine can
also bind adenosine receptors.”®*” Nociceptors, as
well as microglia, express multiple purinoceptor
P2X receptor subtypes, as well as adenosine A3
receptors, which have been shown to play a role
in visceral hypersensitivity.”””'%* Thus, it is plausi-
ble that this metabolite may contribute to visceral
hypersensitivity in a sex-dependent manner.

Tryptophan is an essential amino acid which
can be metabolized by both the host and gut
bacteria, serving as a precursor for the synthesis
of bioactive compounds such as tryptamine,
indoles and serotonin.'® Tryptophan metabolites
are known to regulate host immunity and mod-
ulate the development of experimental colitis.'®
Genera such as Alistipes, Enterobacter,

Clostridium, Lactobacillus, and Lachnospiraceae
are known to metabolize tryptophan into various
metabolites.'®>'°® These genera are present in
both males and females in the post-
inflammatory state. In the stool of post-
inflammatory females, tryptophan levels were
found to be decreased compared to the control
group. Conversely, the opposite trend was
observed in males, with increased tryptophan in
the post-inflammatory group, although the differ-
ence was not statistically significant. These find-
ings indicate possible changes in tryptophan
metabolism between post-inflammatory males
and females. Interestingly, a recent study demon-
strated tonic engagement of a serotonergic enter-
ochromaffin cell/mucosal afferent circuit in
female but not male mice.”® It is possible that
our observed decrease in stool tryptophan in
post-inflammatory females is due to changes in
tryptophan uptake or metabolism by enterochro-
maffin cells or adherent gut bacteria, thus con-
tributing to visceral hypersensitivity in a sex-
dependent manner. However, since tryptophan
acts as a precursor for various other metabolites,
further analysis of tryptophan metabolism at the
mucosal level is needed to determine whether this
metabolite directly or indirectly contributes to the
modulation of visceral hypersensitivity.

We demonstrated that stool from post-
inflammatory females transferred visceral
hypersensitivity to both germ-free female and
male mice, whereas post-inflammatory male
stool only transferred visceral hypersensitivity
to male recipients. This sex dichotomy in FMT
has been previously observed in patient studies.
One such study showed that female recipients
with IBS demonstrated better resolution of
symptoms, including visceral pain, after receiv-
ing an FMT from a male donor, compared to
male recipients; a female donor, however, was
not used for comparison in this study.'®”
Another recent study demonstrated that
patients who received a cross-sex FMT for the
treatment of C. difficile were more likely to
develop post-infectious IBS.'*® These data sug-
gest that there is an interaction between sex-
specific microbiota and/or sex-specific micro-
bial metabolites on the pathogenesis of visceral
hypersensitivity.



Strengths and limitations

We have shown that both hormonal status and the
gut microbiota play a role in the pathophysiology
of visceral pain. We have used a combination of
multiple behavioral assessments and -omics based
analysis to demonstrate evidence of sex-dependent
differences in both host and microbiome-
associated responses.

We acknowledge that our work does have limita-
tions in its interpretation. Regarding the severity of
colitis when comparing males and females
(Figure 1(c)), water consumption between cages
was not measured. Thus, it is possible that female
mice may exhibit less severe colitis due to differences
in DSS intake when compared to males. We only
evaluated visceral and somatic sensitivity in diestrus;
future studies should include evaluation of pain
responses as well as microbial composition through-
out the estrous cycle in this mouse model. The
degree of visceral hypersensitivity which occurs
post-FMT in germ-free recipients did not fully reca-
pitulate the intensity of the effects observed in con-
ventional mice (Figure 9 vs Figure 2(c)) when
comparing the peak of the visceromotor response.
These data suggest that the although the post-
inflammatory microbiome is sufficient to cause visc-
eral sensitivity, the initial insult caused by DSS
results in increased visceral hypersensitivity com-
pared to FMT, possibly through the physical damage
induced by DSS, subsequent inflammation and noci-
ceptor activation,'” and/or through central sensiti-
zation, such as enhanced microglial activation.'"!
Future studies could evaluate the relative contribu-
tion of these pathways in inducing visceral hyper-
sensitivity in addition to the gut microbiome in this
model. Finally, sensory afferent distribution is
known to be sex-specific,'’® and it is known that
neuroanatomical changes occur in sensory afferents
and SCFA receptor expression after acute DSS-
induced colitis in male mice."'" Thus, future studies
should evaluate sex-specific neuroanatomical projec-
tions of nociceptors in the post-inflammatory state.

Conclusion

Our work plays an important role in addressing an
existing research gap, which has predominantly
focused on male animals. By specifically investigating
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possible bacterial-derived factors modulating pain
differences between males and females, we provide
insights into sex-specific differences in chronic pain.
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