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Abstract

Chronic stress disrupts immune homeostasis while gut microbiota-derived metabolites attenuate
inflammation, thus promoting resilience to stress-induced immune and behavioral abnormalities.
There are both peripheral and brain region-specific maladaptations of the immune response to
chronic stress that produce interrelated mechanistic considerations required for the design of novel
therapeutic strategies for prevention of stress-induced psychological impairment. This study shows
that a combination of probiotics and polyphenol-rich prebiotics, a synbiotic, attenuates the
chronic-stress induced inflammatory responses in the ileum and the prefrontal cortex promoting
resilience to the consequent depressive- and anxiety-like behaviors in male mice. Pharmacokinetic
studies revealed that this effect may be attributed to specific synbiotic-produced metabolites
including 4-hydroxyphenylpropionic, 4-hydroxyphenylacetic acid and caffeic acid. Using a model
of chronic unpredictable stress, behavioral abnormalities were associated to strong immune cell
activation and recruitment in the ileum while inflammasome pathways were implicated in the
prefrontal cortex and hippocampus. Chronic stress also upregulated the ratio of activated
proinflammatory T helper 17 (Th17) to regulatory T cells (Treg) in the liver and ileum and it was
predicted with ingenuity pathway analysis that the aryl hydrocarbon receptor (AHR) could be
driving the synbiotic’s effect on the ileum’s inflammatory response to stress. Synbiotic treatment
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indiscriminately attenuated the stress-induced immune and behavioral aberrations in both the
ileum and the brain while in a gut-immune co-culture model, the synbiotic-specific metabolites
promoted anti-inflammatory activity through the AHR. Overall, this study characterizes a novel
synbiotic treatment for chronic-stress induced behavioral impairments while defining a putative
mechanism of gut-microbiota host interaction for modulating the peripheral and brain immune

systems.
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1. Introduction

Chronic stress and its corresponding physiological adaptations are major drivers of
stochastic depression and anxiety. During times of acute stress, the body initiates
physiological processes including hypothalamic—pituitaryadrenal (HPA) axis activation,
glucocorticoid release, modulated catecholamine signaling and temporary cytokine and
chemokine induction to bring the body back into homeostasis. Under conditions of chronic
stress, chronic allostasis becomes allostatic overload, a general “wear and tear” that does not
appropriately attenuate the adaptive response to stress when it is no longer required
(McEwen, 2004). Major consequences of allostatic overload are neuronal atrophy in regions
controlling memory and executive function, including the prefrontal cortex and
hippocampus, and the simultaneous hypertrophy in the amygdala leading to elevated anxiety
and aggression (McEwen, 2004). Allostatic overload is measured as a multisystem
dysfunction in HPA axis, immune, anabolic and cardiovascular functions and has been
associated with anxiety and depression in aging adults (Kobrosly et al., 2014; Ullmann et al.,
2019). This multisystem consideration has hindered the mechanistic understanding
consequently effective therapeutic development for chronic-stress induced behavioral
impairments. In the current study, a progressive approach was taken to show how a gut
microbiota-modifying synbiotic can simultaneously modulate the peripheral and brain
abnormalities characteristic of chronic stress induced immune and behavioral impairments
supporting a potential new therapeutic paradigm for psychological stress.

The gut microbiota has become an emerging player in the body’s physiological response to
stress (Wiley et al., 2017) with neurological consequences (Westfall and Pasinetti, 2019).
Seminal studies showed that fecal transplants from naive NIH Swiss mice into germ-free
BALB/c mice conferred anxiety behaviors (Bercik et al., 2011), while fecal transplant from
MDD patients into germ-free mice induced depressive-like behaviors in the recipient mice
(Zheng et al., 2016). Recent studies have validated this effect where fecal transplant from
chronically stressed into antibiotic-treated mice transferred the neuroinflammatory and
psychological impairment characteristic of the donor mice (Li et al., 2019), while the
psychological characteristics typical of psychosocial stress have been correlated to the
transfer of specific gut microbiota species, especially Heliobacterspp. (Langgartner et al.,
2017). Correspondingly, the gut microbiota is often disrupted in psychiatric populations
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(Jiang et al., 2015; Naseribafrouei et al., 2014), although few studies have identified specific
microbiota populations associated with psychiatric symptoms (Valles-Colomer et al., 2019).
Recent murine studies have revealed that chronic restraint stress can impose unique
dysbiotic characteristics in the mucosa- and lumina-associated microbiomes (Galley et al.,
2014). A meta-analysis of ten interventional probiotic studies revealed that despite
probiotics not impacting depression symptoms in healthy individuals, probiotics improved
moods of individuals with mild to moderate depressive symptoms (Ng et al., 2018). Another
recently emerging trend is the use of synbiotics for the management of psychiatric disorders.
Synbiotics are a combination of probiotics and prebiotics that facilitate production of
bioactive metabolites with therapeutic potential (Westfall and Pasinetti, 2019). One clinical
study showed that a synbiotic elicited psychological benefits in the Hospital Anxiety and
Depression Scale (HADS) to a group of patients with depressive-like symptoms. In addition,
the synbiotic slightly elevated serum brain derived neurotrophic factor (BDNF) levels, a
biomarker of anxiety, depression and poor synaptic plasticity (Haghighat et al., 2019)
validating the psychological and neurochemical benefits of a synbiotic.

The gut microbiota produces a host of bioactive metabolites that can alter the body’s
homeostatic state allowing it to react to stressful conditions in a more adaptive manner
(Westfall and Pasinetti, 2019). Generally classified as gut-brain-axis mechanisms, some of
these adaptations include immunomodulatory responses, an increase in antioxidant potential,
increased integrity of both gut epithelial and blood—brain-barriers (BBB), sustained
parasympathetic tone through vagal signaling and as recently demonstrated, maintenance of
synaptic plasticity and cognitive function (Magsood and Stone, 2016). The gut microbiota
also influences neurotransmitters’ abundances (Desbonnet et al., 2015; Mayer et al., 2015)
that can either cross the BBB or act locally on enterochromaffin cells transducing
chemosensory information to the nervous system (Bellono et al., 2017). Tryptophan
metabolism into either kynurenine or serotonin is a particularly important pathway for the
onset of depression, which is controlled by the gut microbiota (Dehhaghi et al., 2019). In a
proinflammatory environment, like a state of chronic stress, there is a shift to higher
kynurenine production and consequently, its downstream metabolites that have neurotoxic
effects, including quinolinic acid (QA) (Gao et al., 2018). Kynurenine is also a potent
agonist of the aryl hydrocarbon receptor (AHR): a transcription factor with an array of
xenobiotic functions that also modulates intestinal immunity (Gao et al., 2018) with
implications in anxiety- (Kim and Jeon, 2018) and depressive-like behavior in mice (Zang et
al., 2018).

The immune system also links the gut microbiota to the development of neuropsychiatric
conditions including depressive- and anxiety-like behaviors (Thaiss et al., 2016). Intestinal
epithelial cells orchestrate the host’s reaction to potential immunological threats as the gut
microbiota and its associated metabolites control the integrity and reactivity of these cells.
An important part of this response is the programming of naive lymphocytes and monocytes
into their effector subtypes (Britanova and Diefenbach, 2017; Blander et al., 2017).
Dendritic cells and monocytes, which form the first tier of the innate immune response, are
embedded in the gastrointestinal (GI) associated lymphoid tissue (GALT) and respond
directly to the gut microbiota and its metabolites. Based on this interaction, the dendritic
cells and monocytes secrete either anti- or pro-inflammatory cytokines and chemokines
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creating a distinct inflammatory milieu supporting differentiation of progenitor lymphocytes
residing in the mesenteric lymph nodes and Peyer’s patches (Koboziev et al., 2010). Of
particular interest, specific gut microbiota metabolites alter proinflammatory T helper 17
(Th17) to anti-inflammatory regulatory T cell (Treg) ratios (Arpaia et al., 2013; Luo et al.,
2017; Cui et al., 2018; Britton et al., 2019) and the imbalance of Th17 to Treg cells has been
implicated in the development of chronic stress-induced depression in mice (Hong et al.,
2013). This suggests that gut microbiota-specific metabolites may promote resilience to
stress-induced neuropsychiatric disorders by invoking adaptive changes to the immune
response through specific lymphocyte subtype expansion. One potential mechanism driving
this microbial-derived metabolite to immune regulation could be the AHR. Ex vivo, an AHR
agonist modulated the activity of human dendritic cells that ultimately supported the
differentiation of naive CD4* T cells into Tregs (Jurado-Manzano et al., 2017), while
knockdown of AHR in a murine splenic CD4* naive cell model prevented the modulation of
the Treg to Th17 ratio (Shi et al., 2020). /n vivo, an isoquinoline alkaloid demonstrated anti-
arthritic effects by acting as an AHR agonist in intestinal tissues (Tong et al., 2016), while
the gut microbiota derived tryptophan metabolite indole-3-aldehyde balanced mucosal
reactivity and protected its integrity through AHR-dependent IL-22 secretion (Zelante et al.,
2013). While AHR activation tends to promote a protective, Treg-dominating effects, it is
important to note that AHR activation is promiscuous and under the right microenvironment
can promote a proinflammatory environment and Th17 differentiation (Meldhoen et al.,
2008; Quintana et al., 2008). With this evidence, the AHR is acts as a potential crosstalk
mediator between gut microbiota derived metabolites and the adaptive immune system in the
gut; however, this has not been validated /7 vivo or in a model of stress-induced
psychological impairment.

The present study shows that synbiotic-derived metabolites can be developed as an
efficacious therapy for stress-induced depressive- and anxiety-like behavior. The synbiotic is
composed of a grape-derived prebiotic known as the Bioactive Dietary Polyphenol
Preparation (BDPP) and a combination of the probiotics Lactobacillus plantarum and
Bifidobacterium longum. BDPP has been previously shown by our group to produce a
battery of microbial-derived bioactive metabolites (Frolinger et al., 2019) that cross the BBB
and promote psychological resilience (Frolinger et al., 2018; Wang et al., 2018). The
selected L. plantarum strain has been extensively characterized as an anti-inflammatory
probiotic that interacts with dietary prebiotics (van den Nieuwboer et al., 2016) while B.
longum strains has been shown to have anti-depressant gut-brain-axis modulating activities
(Pinto-Sanchez et al., 2017). Using this combination as a synbiotic, we showed that the
synbiotic-derived metabolites were more potent than the BDPP or probiotics alone at
reducing the multiplexity of stress-induced neuropathologies and their associated
neuroinflammatory phenotypes and dysregulation. This manuscript also presents evidence
suggesting that the battery of synbiotic-derived polyphenolic metabolites may signal through
the AHR impacting the Th17/Treg cell ratio, altering the peripheral immune profile driving
the neuroinflammation characteristic of stress-induced anxiety- and depressive-like
behaviors.
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2. Materials and methods

2.1. Bacterial cell lines

The bacterial cell lines Lactobacillus plantarum ATCC 793 (NCIMB 8826, Hayward 3A,
WCFS1) and Bifidobacterium longum ATCC 15707 (E194b, Variant a) were cultivated from
frozen stock in Man-Rogosa-Sharpe (MRS) media and MRS with 0.05% cysteine,
respectively, in an anaerobic incubator at 37 °C. Bacterial stocks were maintained at —80 °C
in a 20% glycerol stock. Routine cultures were maintained by 1% v/ vinoculate, grown for
18 h and renewed from the frozen stock weekly to ensure culture purity.

2.2. Animal husbandry & treatment

C57BL/6J male mice were purchased from The Jackson Laboratory (age 8 wk; Bar Harbor,
ME, USA) and group housed (4 mice/cage) in the centralized animal care facility of the
Center for Comparative Medicine and Surgery at the Icahn School of Medicine at Mount
Sinai. All animals were maintained on a 12-h light/dark cycle with lights on at 07:00 am in a
temperature-controlled (20 + 2 °C) vivarium with access to food and water ad /ibitum. All
procedures, protocols and behavioral experiments were approved by the Mount Sinai
Institutional Animal Care and Use Committee (IACUC). Female mice were excluded from
the study as chronic stress-induced behavioral deficits are sex dependent and require
different behavioral paradigms to invoke comparable stress-induced behavioral and
immunological phenotypes (Hodes et al., 2015). The current study can only conclude results
in male mice and future studies will be conducted to directly compare sex differences.

During pretreatment and for the duration of the protocols, animals were fed a polyphenol-
free diet whose composition is outlined in Table S1. Following the 2-week stabilization and
acclimatization period for the mice, all animals were placed on their respective treatment
(control, BDPP only, probiotic only or synbiatic) for 2 weeks prior to starting the stress
protocol. The Bioactive Dietary Polyphenol Preparation (BDPP) was comprised of 1% w/v
grape seed polyphenol extract (GSPE; Healthy Origins), 1% w/ v resveratrol
(BulkSupplements.com) and a 5% w/ v concord grape extract (AA Pharmachem, San Diego,
USA) made in sterile water. All tested compounds were analyzed by liquid
chromatography-mass spectrometry and archived as previously reported (Frolinger et al.,
2018) in compliance with National Institutes of Health, National Center for Complementary
and Integrative Health (Bethesda, MD, USA) product integrity guidelines.

Probiotic doses for mice were prepared by growing cultures in bulk as previously described,
centrifugation at 4000 rpm, 4 °C for 10 min, washing the bacterial pellet with sterile PBS
and reconstituting the washed pellet to a 100 X concentrated dose, based on a previously
calculated standard curve (colony forming unit (CFU) vs. OD600nm). The bacteria were
incorporated into the animals’ water at a final dosage of 1.0x10° CFU/day per bacterium,
calculated based on the average daily water consumption per cage, which was recalculated
and replaced daily. Probiotic viability in water and BDPP solution was validated to be 80%
+/- 3% after 24 h, with no significant difference in viability between probiotics in water or
BDPP solutions. Probiotic’s were not gavaged as this daily stressor was deemed a confound
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in this experiment which was evaluating stress. The synbiotic was composed of a
combination of BDPP and the probiotic combination and was also replaced daily.

2.3. Chronic unpredictable stress (CUS) protocol

To assess the effect of synbiotic treatment on depressive- and anxiety-like behaviours in a
model of chronic unpredictable stress (CUS), mice were randomly subdivided into 8
treatment groups (n = 12-16) including untreated control (Control), BDPP-only (BDPP),
probiotic or synbiotic either stressed or not-stressed. Control groups contained n = 12
animals where stressed groups contained /7 = 76 animals and all animals were included in the
final analysis. Treatment with the respective supplementation (BDPP, probiotics or
synbiotics) were initiated 2 weeks prior to the initiation of the stress protocol. Animals were
then subjected to CUS for 28 days that consisted of a random combination of two stressors
per day separated by at least 4 h, when possible, yet always when an acute stress was
presented (Table S2). Stressors included 45° cage tilt for 12 h, wet bedding for 10-12 h, no
bedding for 10-12 h, food and/or water deprivation for 12 h, 4 °C cold exposure for 1 h, cold
water swim for 5 min, cage shaking for 20 min, reversed light schedule, restraint stress for 1
h or crowding with 12 animals/cage for 1 h. Animals’ food consumption and weight were
monitored weekly while water consumption for the BDPP, probiotic and synbiotic groups
were recorded daily. No significant changes between groups were observed for the weight,
water or food consumption throughout the testing period and the animals gained weight as
expected throughout the testing paradigm (Fig. S1). At day 26, animals were subjected to the
open field assessment for anxiety-like behavior while day 28, animals were subjected to the
forced swim test for depressive-like behavior. Animals were sacrificed immediately
following the forced swim test, blood was collected by cardiac puncture into heparinized
tubes while dissected tissues were immediately stored on dry ice and stored at —80 °C until
analysis.

2.4. Behavioral experiments

Behavioral experiments were performed with a NIR camera and measured with ANY-
maze™ tracking software (Stoelting Co., IL, USA. Version 5.1 Beta). All animals were
handled for 5 min/day for 3 days prior to behavioral testing to acclimatize them to the
experimenter’s hands. Before each assessment, mice were habituated to the testing room for
1 h at the beginning of the test day. All tests were conducted by the same experimenter at 8—
9:30 AM and conducted in 3 batches. Behavioral assessments were also controlled for
potential cage-specific trends including the confound of coprophagia; however no significant
differences between the depressive- or anxiety-like behaviors was observed between cages
of the same group of mice or conducted on different days.

The open field test for anxiety-like behavior was conducted in four chambers
simultaneously, and each chamber measured 40 cm (length) x 40 cm (width) and 38 cm
(height) made from high density non-porous plastic completely covered in white paper to
remove contextual cues. Each chamber was equally illuminated with a supplementary bright
white light. A single downward facing camera tracked the four chambers simultaneously.
The recording was started immediately after the mice were placed in center of the apparatus
and mice were allowed to explore the chambers during a ten min test. The first minute was
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excluded from the analysis for all tests (Seibenhener and Wooten, 2015). The center measure
was recorded as a centered 10 cm x 10 cm square and the time that the animal’s head spent
in the center compartment was assessed as a measure of anxiety (Seibenhener and Wooten,
2015). Total distance travelled was used a control of mobility and no significant variations
were observed between treatment groups.

The forced swim test for depressive-like behavior was conducted simultaneously with four
apparatuses with two side-facing cameras under ambient light conditions. Mice were tested
in 4 L Pyrex glass beakers with a 16 cm diameter, containing 2 L of water stabilized to room
temperature (20 + 1 °C) overnight. Animals’ behavior was monitored for 6 min with the first
minute being excluded from the analysis (Can et al., 2012). The amount of time that the
animals were completely immobilized was considered a measure of depressive-like
behavior. This study did not use the sucrose preference test as a measure of depressive-like
behavior as the BDPP solution, although mostly devoid of sugar, does offer a different taste
sensation compared to water or probiotics alone, introducing a confound to the results of the
sucrose preference test.

2.5. Bioavailability and pharmacokinetics

Bioavailability of the chronically-dosed BDPP- and synbiotic-derived metabolites was
conducted by subjecting 6 week-old male mice (7= 6) to the polyphenol-free diet for 2
weeks followed by 3 weeks of either BDPP- or synbiotic- treatment as previously described.
Prior to the chronic time-points, mice were housed without food or water for 12 h prior to a
bolus dose of the equivalent of one daily dose of BDPP or synbiotic administered through
oral gavage. Animals were sacrificed 0.25, 0.5, 1, 2, 4, 8 and 24 h following the bolus dose
where after 4 h, animals were given regular food and water. Animals were sacrificed either
by asphyxiation followed by cardiac puncture for the collection of blood or by a ketamine
(100 mg/kg) - xylazine (12.5 mg/kg) mix followed by cardiac perfusion with saline for the
collection of brain samples. Blood was collected in heparinized tubes and stored in a formic
acid with a final concentration of 2%. Similarly, brain samples after collected were
immediately homogenized in a 2% formic acid solution and frozen at —80 °C until analysis.

2.6. Extraction and chemical profiling of BDPP-derived polyphenols and their metabolites

The analysis of BDPP-derived phenolic compounds was conducted as per previously
reported (Ho et al., 2019) with modifications. Briefly, acidified and homogenized plasma
and brain samples were thawed on ice and then processed at room temperature. Two internal
standards (1Ss), frans-cinnamic acid-d; and 4-hydroxybenzoic-2, 3, 5, 6-d4, were mixed
(each at 2 ug/mL) were diluted in 0.4 M NaH,PO, buffer (pH 5.0) and added to an aliquot
(200 pL for plasma and 500 pL for brain). The samples were then incubated with 100 puL
(plasma) or 200 pL (brain) of B-glucuronidase solution (2000 U, in contamination with
sulfatase) at 37 °C for 45 min after purging with nitrogen. Enzymatic reaction was stopped
by adding ethyl acetate (500 uL). Each sample mixture was then sonicated in an ice water
bath for 5 min, followed by centrifugation at 8,000 xg for 5 min. The upper organic phase
was transferred to a glass test tube. After two more extractions with ethyl acetate, the pooled
supernatant was mixed with 20 uL of 2% ascorbic acid and dried using a Savant Speed Vac
Concentrator (Farmingdale, NY, USA). The residue was reconstituted in 100 uL of 60%
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methanol containing 0.1% formic acid and centrifuged at 16,500 xg for 10 min prior to LC-
MS analysis.

Chemical profiling of BDPP-derived polyphenols and their metabolites were carried out
using an Agilent 1290 Infinity Il UPLC system interfaced with an Agilent 6470 triple
quadrupole mass spectrometer with an electrospray ionization (ESI) source (Agilent
Technology, Palo Alto, CA, USA). Chromatographic separation was achieved using a Waters
Acquity UPLC BEH C18 column (2.1 x 50 mm, 1.7 um) (Milford, Massachusetts, USA)
equipped with a Waters VanGuard Acquity C18 guard column (2.1 x 5 mm, 1.7 um). The
binary mobile phase system consisted of phase A (0.1% AA in water) and phase B (0.1%
AA in ACN). Mass spectral data acquisition was achieved under dynamic multiple reaction
monitoring (AMRM) mode with switching polarities. For each sample extract, 5 pL was
injected into the system in duplicate. Identification and confirmation of target compounds
were determined by comparing their MRM precursor-product ion pair transition(s) and the
retention time with those of authentic standards. Detailed compound information and MRM
transitions are displayed in Table S3. Quantitation was achieved with calibration curves
established using the peak area ratio of analyte-to-1S of the quantifier ions.

2.7. RNA extraction and real time PCR

RNA was extracted using the RNeasy kit (Qiagen) and cDNA synthesis was conducted with
the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (ThermoFisher)
from 1 ug of RNA. qPCR was conducted in collaboration with the Quantitative PCR CoRE
at the Icahn School of Medicine at Mount Sinai using an ABI 7900HT Real-Time instrument
and SDS software. Relative gene expression was assessed using the delta-delta CT method
(Livak and Schmittgen, 2001) and all primer pairs and annealing temperatures are provided
in Table S4.

2.8. Protein extraction and ELISA assays

Protein from the prefrontal cortex, cortex, hippocampus, liver and ileum were homogenized
in RIPA buffer (Sigma) with an added protease inhibitor cocktail (Sigma) and
phenylmethylsulfonyl fluoride (PMSF) phosphatase inhibitors (ThermoFisher) and allowed
to extract at 4 °C for 30 min. The concentration of centrifuged supernatants were quantified
using the BCA protein assay kit (Pierce, ThermoFisher) and aliquots of 10 mg/ml proteins
were made prior to storage at =80 °C. ELISA assays for the cytokines IL-1p, IL-10 (R&D
Biosystems), IL-6 (ThermoFisher) and IL-17A (ThermoFisher) were conducted from
samples thawed on ice.

2.9. Nanostring multiplex assay

The NanoString multiplex gene expression analysis was conducted in collaboration with the
Quantitative PCR CoRE at the Icahn School of Medicine at Mount Sinai and analyzed with
the nSolver version 4.0 software. All groups were assessed using the nCouter Mouse
Neuroinflammatory Panel in triplicate. Further downstream network and pathway analysis
was conducted with the use of Ingenuity Pathway Analysis (IPA; QIAGEN Inc.). The
Nanostring data set was deposited in NIH’s GEO database GSE148579.

Brain Behav Immun. Author manuscript; available in PMC 2021 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Westfall et al. Page 9

2.10. Single cell suspension and flow cytometry

Single cell suspensions of the liver, spleen and PBMCs were made for the flow cytometry
experiments. Animals were sacrificed by carbon dioxide asphyxiation. Blood was drawn by
cardiac puncture and immediately placed in EDTA-coated blood collection tubes on ice.
PBMCs were extracted by mixing whole blood with RBC lysis buffer for 10 min on ice.
Samples were then made up to 10 mL with HBSS (without Ca/Mg), centrifuged at 1200 rpm
for 5 min at 4 °C and the process repeated for the pellets until all red blood cells were
removed. The liver and ileum (distal 5 cm of the small intestine) were removed and placed in
RPMI supplemented with FBS (2%) and HEPES (1X) on ice. The liver was washed, cut into
small pieces and placed in a digestion buffer containing RPMI supplemented with FBS
(5%), DNase | (0.5 mg/mL) and collagenase 1V (0.4 mg/mL) and immediately placed at 37
°C for 30 min with agitation. After 30 min, the liver was pulverized with a 18G needle and
filtered through a 100 uM mesh on ice. lleum samples were washed in PBS to remove fecal
matter and cut longitudinally so mucus and remaining fecal matter could be removed. The
whole ileum was placed in a dissociation buffer of RPMI supplemented with FBS (5%),
EDTA (5 mM) and HEPES (1X) for 30 min at 37 °C with agitation. Following the 30 min,
the ileum was transferred to a digestion buffer of RPMI supplemented with FBS (5%),
DNase I (0.5 mg/mL) and collagenase VI1II (0.4 mg/mL) and incubated a further 25 min at
37 °C with agitation. Like the liver, the ileum was pulverized with a 18 G needle and filtered
through a 100 pM mesh onto ice. Both the liver and ileum were centrifuged at 1200 rpm for
5 min at 4 °C, RBCs were lysed and the samples washed a further two times in HBSS to
remove debris. Samples were resuspended in PBS and stained with the live/dead yellow
fixable dye (1 pL / 1 mL resuspended cells). Samples were incubated for 30 min on ice and
washed once in staining buffer (PBS and 5% bovine serum albumin). Surface markers CD3e
(clone 145-2C11, PE-CY7, Biolegend, RRID:AB_312685), CD4 (clone RM4-5, APC Cy7,
Biolegend, RRID:AB_312727), IL-23R (clone 12B2B64, BV421, BioLegend,
RRID:AB_2715804) were stained in staining buffer at a dilution of 1:200 on ice for 30 min,
washed twice in staining buffer and then resuspended in 1 mL of fixation/permeabilization
solution (Foxp3 Fix/Perm, ThermoFisher). After 45 min incubation on ice, samples were
washed twice in staining buffer and then stained for intracellular markers IL-17A (clone
eBiol7B7, APC, ThermoFisher), IL-10 (clone JES5-16E3, BV510, BD Biosciences), Foxp3
(clone FIJK-16 s, FITC, ThermoFisher, RRID:AB_465243) and Roryt (clone AFKJS-9, PE,
ThermoFisher, RRID:AB_1834470) at a dilution of 1:100. Following 30 min of incubation,
samples were again washed twice in staining buffer to be finally resuspended in 1 mL of
staining buffer. Flow cytometry was conducted on the Attune NXT (ThermoFisher) and data
analyzed using FCSExpress Research (v7.0).

2.11. Mammalian cell lines

The human adenocarcinoma Caco-2 cell line was procured from ATCC (HTB-37), derived
from a 72 year old male Caucasian. Caco-2 cells were cultured in MEM media
supplemented with 20% fetal bovine serum (FBS), glutamine (2 mM), penicillin/
streptomycin antibiotics, sodium pyruvate (1 mM), sodium bicarbonate (1.5 g/L), and MEM
non-essential amino acids (MEAAS) in T-25 adherent plates in 5% carbon dioxide
atmosphere at 37 °C. To subculture cells, adherent cells were detached by aspirating media,
washing once in sterile PBS and detaching cells using Trypsin-EDTA for 5 min. Cells were
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gently tapped to dislodge, resuspended in 15 mL of reconstituted media and centrifuged for
8 min at 800 rpm. Cells were passaged every 2-3 days at a dilution factor of 1:4 into
subsequent dishes. The human monocyte THP-1 cell line was procured from ATCC
(T1B-202) from an infant male with acute monocytic leukemia. THP-1 cells were
maintained in RPMI media supplemented with FBS (10%), penicillin/streptomycin
antibiotics, beta-mercaptoethanol (0.05%) and sodium pyruvate (1 mM) in T-75 non-
adherent plates in a 5% carbon dioxide atmosphere at 37 °C. To subculture cells, the
suspension cells were collected and centrifuged at 800 rpm for 8 min. Cells were passaged
every 3—4 days at a dilution factor of 1:6 into subsequent dishes.

In vitro cell culture model

To model the intestinal epithelial-immune cell interaction, a molecular bilayer of
differentiated Caco-2 cells (apical layer) and differentiated THP1 monocytes (basolateral
layer) was constructed on a transwell membrane plate (8 um, Sigma). Before assembly of
the bilayer, Caco-2 cells were cultured in MEM media (ThermoFisher) in 20% FBS, 5%
penicillin/streptomycin solution supplemented with sodium pyruvate, sodium bicarbonate
and MEAAs. At day 0, Caco-2 cells were seeded onto the transwell plates (12-well, 8 pm) at
a concentration of 5x10° cells/well. The cells were allowed to polarize for 18 days until the
TEER reached 500 ohmxcm? changing the media every 2-3 days. Likewise, THP-1 cultures
were maintained as suspension cultures until 2 days before coculture assembly. THP-1 cells
were differentiated into macrophages with phorbol 12-myristate 13-acetate (PMA, 15 nM)
treatment for 48 h in a T-25 at a concentration of 3x10° cells/flask so that they became
adherent. 24 h before assembly of the co-culture both the THP1 and Caco-2 cells were
pretreated with either the BDPP, probiotic- or synbiotic-metabolites. Total BDPP, probiotic
or synbiotic cultures were created by a 24 h fermentation in MRS-cysteine media,
centrifuged, media collection of supernatant which was pH normalized to 7.4, filter
sterilized and supplemented into the media at a dose of 50 uL/1 mL media. Individual
metabolites were dosed as described in the individual experiments. To assemble the
cocultures, 48 h PMA pre-treated differentiated THP1 cells were seeded on the bottom of a
clean 12-well plate (1.8x10° cells/well) in the complete RPMI media without p-
mercaptoethanol and allowed to attach for 2 h. The pre-treated differentiated Caco-2 cells on
the transwell membrane were positioned atop the THP1 cell layer, and the metabolite
supplements were reapplied along with L-tryptophan (10pg/mL media). To simulate an
immune challenge, IFN-y (10 pg/ml), LPS (1 pg/ml) and ATP were added to both the apical
and basolateral compartments for 18 h. Before and after the 18 h incubation, TEER was
recorded. Supernatant from both the apical and basolateral layers were collected, and cells
were immediately rinsed in PBS and RNA extracted immediately using the Qiagen RNeasy
kit. RNA and supernatant were stored at —80 °C until use. Primer sequences for the human
genes are listed in Table S5.

Ethics statement

All procedures, protocols and behavioral experiments were approved by the Mount Sinai
Institutional Animal Care and Use Committee (IACUC).

Brain Behav Immun. Author manuscript; available in PMC 2021 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Westfall et al.

Page 11

2.14. Statistical analysis

Details of individual experiments’ statistical data can be found in figure legends. For
behavior, gene and protein comparisons, statistical analyses were performed with a 2-way
ANOVA and Tukey’s post hoc multiple comparisons analyses. Summary of the F-statistics
for the main effects and interactions can be found in Table S6. Behavioral experiments were
completed with 7= 12-16 animals as described in the method details whereas all gene and
protein analyses were conducted with an /7= 6 representing individual mice. Flow cytometry
was conducted with 7= 3 independent mice with statistical significance between samples
calculated with the student’s #test. In all cases, significance was determined as p < 0.05.
Nanostring multiplexing samples were conducted with 7= 3 independent samples with all
analyses conducted with the nCounter software. All other statistical analyses were
conducted in GraphPad Prism version 8.0.

3. Results

3.1. A synbiotic increases plasma and brain bioavailability of microbial-derived phenolic

metabolites

The synbiotic used in this study combines the probiotics Lactobacillus plantarum ATCC 793
and Bifidobacterium longum ATCC 15,707 with a Bioactive Dietary Polyphenol Preparation
(BDPP) composed of 1% w/ v grape seed polyphenol extract, 1% w/vresveratrol and a 5%
wi v concord grape extract. The ability of chronic synbiotic administration to alter the
bioavailability of BDPP polyphenols and the derived metabolites in the plasma and brain
was assessed through pharmacokinetics studies conducted over a period of 24 h and directly
compared to the chronic administration of BDPP alone. Results are summarized in Table 1
and we have excluded some undetectable phenolics from the 44 compounds surveyed. In
plasma, synbiotic treatment effectively elevated the area under the curve (AUC) of several
phenolic acid metabolites including gallic acid (GA), 4-hydroxycinnamic acid (4-HCA),
homovanillic acid (HVA), 3-hydroxyphenylpropionic acid (3-HPPA), 4-HPPA, 3-
hydroxyphenylacetic acid (3-HPAA), the resveratrol microbial metabolite dihydroresveratrol
(DHRSV), and the characteristic flavonoid microbial metabolite 5-(3",4”-dihydroxyphenyl)-
y-valerolactone (DHVL) (Ottaviani et al., 2018), and some polyphenol precursors including
epicatechin (EC) as well as its methyl ester (Me-EC), and all the flavonols evaluated, i.e.,
kaempferol (KAMF), quercetin (QUER), isohamnetin (3"-MeQ), rhamnetin (7'-MeQ) and
myricetin (MYR) (Table 1). Yet, BDPP administration alone resulted in higher plasma levels
of the phenolic acid metabolites 3-hydroxybenzoic acid (3-HBA) 3,4-dihydroxybenzoic acid
(3,4-diHBA), vanillic acid (VA), ferulic acid (FA) and 3,4-dihydroxyphenylacetic acid (3,4-
diHPAA). There were also higher levels of some polyphenol precursors including resveratrol
(RSV), catechin (C) and its methyl ester (Me-C) indicating the different metabolic potential
and catabolic preference of mice chronically administered to a synbiotic over a polyphenolic
formula without probiotics addition. Some of these distinct pharmacokinetics features we
found in plasma were propagated into the brain. Despite the BDPP-only treated group
having higher levels of 3,4-diHBA and 3,4-diHPAA in the plasma, the synbiotic-treated
group demonstrated higher levels of all the hydroxybenzoic acids and mono-hydroxyacetic
acids surveyed in the brain. Additionally, the synbiotic treatment appears to promote the
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methylation of quercetin and subsequent elevation in the deposition of 3’-MeQ and 7’-MeQ
in the brain compared to the BDPP-only group (Table 1).

The pharmacokinetics following both chronic BDPP and synbiotic treatment is displayed as
the maximum concentration reached at what time after the bolus dose (Crnax) and the area
under the curve (AUC). Statistical variations in the AUC between the BDPP and synbiotic
groups are shown with the asterisk beside the higher value. Each value has 7= 6 +/- SEM
with *p < 0.05, **p < 0.01. Gallic acid (GA), Pyrogallol (PG), 4-Hydroxyhippuric acid (4-
HHA), Delphinidin-3-O-glucoside (D3GlIc), 3,4-Dihydroxybenzoic acid (3,4-diHBA), 3-
Hydroxyhippuric acid (3-HHA), 3,4-Dihydroxyphenylacetic acid (3,4-diHPAA), 4-0O-
Methylgallic acid (4-MeGA), Cyanidin-3-glucoside (C3Glc), 4-Hydroxybenzoic acid (4-
HBA), Catechin (C), Hippuric acid (HA), Malvidin (Mvd), 4-Hydroxyphenylacetic acid (4-
HPAA), 3-(3,4-Dihydroxyphenyl)propionic acid (3,4-diHPPA), Vanillic acid (VA),
Malvidin-3-glucoside (M3Glc), Caffeic acid (CA), O-Methyl catechin (Me-C), 3-
Hydroxybenzoic acid (3-HBA), Proanthocyanidin dimer B2 (PAC-B2), 3-
Hydroxyphenylacetic acid (3-HPAA), Homovanillic acid (HVA), Malvidin (Malv),
Epicatechin (EC), 5-(3’,4"-Dihydroxyphenyl)-y-valerolactone (DHVL), 3-(4-
Hydroxyphenyl)propionic acid (4-HPPA), 4-Hydroxycinnamic acid (4-HCA), O-Methy!I
epicatechin (Me-EC), Dihyroferulic acid (DHFA), 3-(3-Hydroxyphenyl)propionic acid (3-
HPPA), Ferulic acid (FA), 3-Hydroxycinnamic acid (3-HCA), Phenylacetic acid (PA),
5-(3,4-Dihydroxyphenyl)valeric acid (3,4-diHPVA), Myricetin (MYR), t-Resveratrol (=)
(RSV), Dihydroresveratrol (DHRSV), 5-(4-Hydroxyphenyl)valeric acid (4-HPVA), 5-(3-
Hydroxyphenyl)valeric acid (3-HPVA), Quercetin (QUER), Kaempferol (KAMF),
Isorhamnetin (3"-MeQUER), Rhamnetin (7-MeQUER).

3.2. Stress-Induced depressive- and anxiety-like behaviors are ameliorated by synbiotic
treatment

Following 28 days of chronic unpredictable stress (CUS; Fig. 1a), stressed controls exhibited
significant depressive- and anxiety-like behaviors compared to unstressed vehicle controls.
In the open field test for anxiety-like behavior, stressed controls exhibited reduced time in
the center zone compared to vehicle controls, which was improved by BDPP- and synbiotic-,
but not probiotic-treatment with respect to stressed controls. Likewise, both BDPP and
synbiotic treatment rescued the anxiety-like phenotype in response to stress (Fig. 1b). There
were no variations in immobilization time between the non-stressed treated groups following
the forced swim test (FST) protocol for depressive-like behavior; however, stressed controls
and BDPP-treated mice had increased immobilization time compared to their non-stressed
controls indicating an increase indepressive-like behavior. Both probiotic- and synbiotic
treatment rescued the depressive-like behavior compared to their unstressed controls, while
the BDPP-, probiotic- and synbiotic-treated groups all had reduced immobilization times
compared to the stressed-controls (Fig. 1c).

3.3. A synbiotic rescues stress-induced reduction in serotonin through inflammatory and
kynurenine pathway regulation

Serotonin, a neurotransmitter implicated in neuropsychiatric disorders, is regulated by the
gut microbiota (Camilleri, 2009). In plasma, serotonin remained unchanged despite stress or
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treatment (Fig. 2a). In the prefrontal cortex, stress reduced serotonin production in vehicle
controls, an effect that was rescued only by synbiotic treatment. Similarly in the ileum,
stress reduced serotonin in vehicle controls and probiotic-treated mice, which was rescued
by the synbiotic (Fig. 2a). Serotonin reduction reflects the redistribution of its precursor
tryptophan towards kynurenine pathway metabolism, occurring under conditions of
inflammation, generating neuroprotective (kynurenic acid) and neurotoxic (QA) metabolites.
Supporting this, elevated QA was found in the serum of stressed vehicle controls, rescued by
all treatments but reduced specifically by the synbiotic (Fig. 2b). The rate-limiting step of
kynurenine pathway metabolism is activation of tryptophan-2,3-dioxygenase (TDO) in the
liver and indoleamine-2,3-dioxygenase (IDO) in immune cells, epithelial cells and other
tissues by proinflammatory mediators including interferon (IFN)y. /do mRNA expression
was elevated in the prefrontal cortex, hippocampus, liver and most strongly in the ileum of
stressed vehicle controls (Fig. 2c). In the ileum, treatment with probiotic and synbiotic
eliminated the stress-induced induction of /do, whereas in the prefrontal cortex, no treatment
effects were observed (Fig. 2c¢). In both the liver and hippocampus, the stress-induced
increase in /dowas reduced by the synbiotic and in all tissues, BDPP had no beneficial
effect. Kynurenine-3-monooxygenase (KMO) converts kynurenine into 3-
hydroxykynurenine promoting the production of QA. Kmo mRNA expression in the
prefrontal cortex was significantly elevated by stress in the control group, yet unaffected by
treatment. In the liver, the stress-induced increase in KMO was reduced only by the
synbiotic (Fig. 2d), demonstrating a tissue-specific regulation of kynurenine pathway
enzymes. Gene expression of other kynurenine pathway genes including quinolinic acid
phosphoribosyltransferase, 3-hydroxyantranilic acid dioxygenase, and kynureninase was not
significantly impacted by stress or treatment groups (data not shown).

3.4. Stress-induced peripheral and neuroinflammatory responses are attenuated by a

synbiotic

The regulation of IDO and kynurenine pathway metabolism is tightly linked to the
inflammatory milieu in both the periphery and the brain. In addition, the peripheral immune
status influences neuroinflammation as immunomodulators can cross the BBB stimulating
microglia and the consequent neuroinflammatory reactions (Chavan et al., 2017). To assess
whether stress-induced neuroinflammation occurs independent or consequent of the
peripheral immune status, immune activators were assessed in the brain and periphery. IL-1p
was significantly upregulated in the serum, prefrontal cortex, hippocampus, cortex and ileum
of vehicle control stressed mice, while the symbiotic reduced IL-1f levels in all tissues
tested. Likewise, probiotic treatment reduced stress-induced IL-1p levels in the prefrontal
cortex, hippocampus and cortex while BDPP reduced IL-1f in the prefrontal cortex only
(Fig. S2a). IL-6 had a stronger response to stress in the periphery compared to the brain with
potent upregulation in the serum, liver and ileum, all of which were reduced by synbiotic
treatment. - There was a slight stress-induced increase of IL-6 in the hippocampus, but this
was unaffected by treatment (Fig. S2b).

To decipher what is driving the variations in cytokine expression in the brain and periphery
and to relate this to serotonin levels, expression of a battery of sterile and canonical
inflammatory signaling cascade molecules was assessed by real-time PCR and presented as
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a heatmap of the ratio of stressed vs. non-stressed groups within the respective treatment
group (Fig. 2e). Toll-like receptor ( 7/r4) expression was upregulated in the stressed controls’
brain regions, but more highly in the ileum indicating that some Gl-derived pathogen
associated molecular patterns (PAMPS) may by driving the IL-1p and IL-6 responses in the
periphery. Likewise, a significant upregulation of NifkB, //-6 and //-18 mRNA was observed
in the ileum of stressed controls, all of which were significantly downregulated by the
various treatment groups. In contrast, in all brain regions, weaker and less consistent
inductions of 7/r2/4 and NfkB signaling as well as downstream //-6 responses were
observed; however, there was a strong upregulation of AM/rp3 mRNA expression, its activator
Hmgb1, receptor P2ZX7and downstream effectors /-1, //-18and Casp1.This dichotomy
suggests that in the periphery, the canonical inflammatory cascades are being activated
driving a strong release of the proinflammatory cytokines IL-6 and IL-1p while in the brain,
possibly consequent of the peripheral immune activation, a sterile inflammatory response
implicating the NLRP3 inflammasome is being stimulated. Importantly, treatment with the
synbiotic and its specific arsenal of plasma- and brain-bioavailable metabolites effectively
downregulated both the peripheral and brain proinflammatory response to stress, to a greater
extent than BDPP or probiotic treatment alone.

3.5. Immune cell recruitment and aryl hydrocarbon receptor activation may drive the
synbiotic-Induced changes in the inflammatory response to stress

To elucidate the dichotomy of inflammatory responses in the periphery and the brain,
NanoString multiplex counting was used. Generally, stress upregulated proinflammatory and
downregulated anti-inflammatory genes in the prefrontal cortex, hippocampus, liver and
ileum while treatment with BDPP, probiotics or synbiotics induced the opposite effect, but to
different proportions depending on the treatment and tissue (see attached excel file). Gene
expression variation was calculated as the relative gene expression of each stressed-treated
group compared to the unstressed vehicle control. Using this comparative data, specific
pathway-related effects of the different treatments were assessed using Qiagen’s Ingenuity
Pathway Analysis (IPA) and the canonical pathway expression score is displayed as a
heatmap. In the prefrontal cortex, the canonical signaling pathways upregulated in stressed
controls include death receptor signaling, neuroinflammation, IL-22, HMGBL1, IL-1, IL-18
and to a lesser extent, inflammasome and immune cell signaling pathways (Fig. 3a).
Assessing the overall neuroinflammatory pathway in stressed controls, altered HMGB1
signaling through upregulated TLR4 receptor expression is driving the downstream
neuroinflammatory phenotype including cytokine upregulation, neuronal damage and BBB
disruption (Fig. S3). This pathway also suggests that stress stimulates T cell recruitment via
ICAM, VCAM, CCL5 and CXCLS8. Supporting this, TWEAK signaling, upregulated by
stress, induces transcription of immune cell recruitment molecules such as MMP9, VCAM
and CCL2, was downregulated by all treatment groups. qPCR analysis confirmed that
MRNA expression of Cc/2, Ccl5, Icamand Vcam, controlling various aspects of immune
cell chemotaxis, were upregulated in the stressed controls, and downregulated by synbiotic
treatment (Table S7). While there was little overall effect of BDPP treatment in the
prefrontal cortex on any of the neuroinflammatory marks, the synbiotic downregulated all of
the affected pathways including neuroinflammatory, IL-1, IL-22 and IL-18 signaling while
additionally, downregulating dendritic cell maturation, 1L-6, MAPK and IL-7 signaling
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pathways. Other upregulated pathways of interest (not shown) include the insulin receptor
signaling pathway, which is associated with cognitive decline (Han et al., 2016) and IRF
signaling, which is the master regulator of TLR signaling cascades (Kawasaki and Kawai,
2014).

Similar effects of stress and synbiotic treatment were observed in the hippocampus (Fig. 3b).
TNFR2, MIF regulation of innate immune, NF-xB and neuroinflammation pathways were
highly upregulated in stressed controls, each which were downregulated only by synbiotic
treatment. Synbiotic treatment also downregulated IL-6, TLR, IL-1, leukocyte extravasation
signaling and T cell and dendritic cell signaling pathways, albeit little change was observed
in the stressed controls. BDPP treated elicited little impact on hippocampal signaling while
probiotic treatment trended towards an upregulation of neuroinflammatory pathways
including IL-6, STAT3, TLR, IL-1 and T and dendritic cell signaling. Upregulation of
phagocyte migration in stressed controls along with phagocytosis and differentiation of T
lymphocytes was also observed using regulatory pathway predictions (Fig. S4a,b). Likewise,
synbiotic treatment in the hippocampus downregulated the neuroinflammatory signaling
pathways with predicted downregulation of lymphocyte movement and phagocytosis (Fig.
S4c), corresponding to the key canonical pathway variations.

In the liver, stress upregulated neuroinflammatory pathways, dendritic and CD28 signaling
in T helper cells with mild effects on IL-6, HMGB1, macrophage reactive oxygen species
(ROS) production and death receptor signaling (Fig. 3c). Synbiotic and probiotic treatment
positively downregulated most of these pathways, while additionally downregulating NFAT
regulation of the immune response, I1L-8, NF-xB and B cell receptor signaling,
demonstrating that the probiotic has a greater impact on peripheral immune markers than in
the brain. Regarding overall pathway analysis, the reduction of NF-xB signaling in the liver
by the synbiotic was the most important influence on reducing peripheral inflammatory
activation due to stress (Fig. S5).

Of all the tissues studied, the most dramatic changes were observed in the ileum. In the
stressed controls, there was a strong upregulation of NF-xB, P2Y purinergic receptor,
inflammation, T and B cell signaling, Fc receptor-mediated phagocytosis in macrophages
and monocytes, leukocyte extravasation signaling, AHR and TLR signaling, all of which
were reduced by the probiotic, but to a greater extent, synbiotic treatment (Fig. 3d).
Correspondingly, there was a downregulation of the T cell exhaustion pathway and
antioxidant action, both reversed by probiotic and synbiotic treatment. This was confirmed
by a synbiotic-induced decrease in Cc/2, Icamand Vecam mRNA expression by gPCR
indicating that the synbiotic may be attenuating the inflammatory response by controlling
the infiltration of immune cells into the Gl tract (Table S6). Using IPA’s disease
functionality assessment, the major disease-risk pathways that were upregulated due to stress
where neurological disease, Gl tract inflammation and the general inflammatory response.
Assessing predicted regulatory pathways, one transcription factor, the AHR, was identified
as being significantly upregulated in the synbiotic-treated stressed mice contributing broadly
to the synbiotic’s anti-inflammatory and protective actions. The AHR responds to
environmental cues and facilitates the reprogramming of naive immune cells including
monocytes and lymphocytes. In the ileum, upregulation of the AHR by the synbiotic had
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predicted effects on downregulating morbidity and inflammation, ultimately leading to
enhanced survival (Fig. S6). Verifying this association with gPCR, there was no upregulation
of AhrmRNA expression in any of the tissues in response to stress; however, Cyplal, an
immediate downstream target, was upregulated solely in the ileum by synbiotic treatment
validating AHR’s functional activation (Table S6).

3.6. A synbiotic ameliorates the stress-Induced increase of the T helper 17 to regulatory

T cell ratio

The AHR is a critical component of lymphocytes’ response to the immune-modulating
environmental cues from the Gl tract, including gut microbiota-derived metabolic products
(Lamas et al., 2018). AHR signaling modulates the transition between proinflammatory T
helper (Th)17 cells and immunomodulatory regulatory T cells (Tregs) by both influencing
the transcriptional profile of the naive lymphocytes and altering the inflammatory milieu
generated by innate immune cells (Gutiérrez-Vazquez and Quintana, 2018). Based on the
predictive correlation between AHR upregulation by the synbiotic and the downregulation of
immune cell signaling, the implications of the synbiotic on the Th17 to Treg ratio in the
context of stress was investigated. The ratio of IL-17A to IL-10 is a broad indication of the
activity of Th17 vs. Tregs. In both the serum and ileum, the ratio of IL-17A to IL-10 was
elevated 2.0- and 1.5-fold, respectively, in response to stress (Fig. 4a). In serum, both
probiotic and synbiotic treatment reduced this ratio, while in the ileum, only the synbiotic
elicited an active reduction, which was significantly less than any of the other treatment
groups. Investigating cellular activation at a higher level, gene expression of Foxp3, the
activator of Treg development, Rorytfor Th1l7 expression, 7betand Gata3, leading to Thl
and Th2 cell types, respectively was determined (Fig. 4b). In the ileum and liver, there was a
strong upregulation of all the T cell transcription factors in response to stress, with a potent
downregulation by both probiotic and synbiotic. In unstressed controls in the ileum, the
synbiotic increased Foxp3expression by 8.7 +/- 0.2 fold (p < 0.05), which was higher than
the increase implemented by both the probiotic (4.1 +/- 0.3, p < 0.05) and BDPP (3.55 +/-
0.2, p <0.05). Likewise, in response to stress, there was a 2.3 +/- 0.2 (p < 0.05) fold
increase in Rorytexpression in controls, which was significantly reduced by both the
probiotic (1.1 +/- 0.2, p < 0.05) and the synbiotic (1.1 +/- 0.1, p < 0.05). Most importantly,
the ratio of Foxp3to Rorytexpression in the ileum of stressed mice was decreased to 0.28
+/-0.08 fold (p < 0.05) in controls, but increased only by the synbiotic (1.3 +/- 0.2, p <
0.01) suggesting that in the ileum, the synbiotic uniquely upregulates the Treg/Th17 ratio in
response to stress. These strong variations were not observed in the liver or brain tissues and
variations in the Gata3/Tbetratio in the ileum and other tissues were highly variable, without
clear distinctions between treatment groups. Activation markers of both Tregs (//-10) and
Th17 cells (/I-23R, 1I-17A) were also positively impacted by the probiotic and the synbiotic
in the ileum and liver suggesting that not only the quantity of cell types are being altered, but
also their activation state in response to stress.

Th17 and Tregs are not distinct populations, but rather exist along of spectrum that can be
shifted depending on the inflammatory microenvironment (Diller et al., 2016) making gene
expression analyses insufficient. To decipher the differential cell populations, flow
cytometry analyses of CD3* CD4* lymphocytes for RORyt* (Th17) and Foxp3*
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populations (Treg) was conducted including the activated cell types characterized as IL-17A
*1L23R* or IL-10" activated cells, respectively. Based on the invariability of the gene and
cytokine data in the unstressed treated groups, all stressed treated groups were compared to
the unstressed vehicle control. In the serum, there were no significant differences in the
Treg/Th17 cell ratio, or the activated cell populations (Fig. 4c,d). In the liver, there were
again no changes in the ratio of cell populations; but, there was a decrease in activated Treg/
Th17 cells in controls, which was reversed by synbiotic treatment (Fig. 4¢,f). In the ileum, a
stark decrease in both cell and activated cell populations of the Treg/Th17 was observed,
again ameliorated only by synbiotic treatment (Fig. 4g,h) suggesting that the synbiotic is
attenuating the stress-induced adaptive immune response by altering the ratio of Treg/Th17
cells.

3.7. Exogenous AHR inhibition in vitro blocks the synbiotic’s metabolites anti-
inflammatory activity

The AHR has many gut-derived endogenous ligands including polyphenolic flavonoids,
indoles and tryptophan metabolites (Nguyen and Bradfield, 2008). To test if synbiotic-
derived polyphenolic metabolites, as determined with the bioavailability study, attenuate the
inflammatory response of macrophages through the AHR, a coculture of human
adenocarcinoma cells (Caco-2) and activated macrophages (THP-1) was constructed to
model the gut epithelial-immune cell interaction. Inflammation was modelled as a low-dose
LPS challenge in which untreated controls exhibited a decrease in epithelial integrity
measured as the transepithelial electrical resistance (TEER) and an increase in cytotoxicity,
kynurenine production and IL-1f production (Table 2). To test which plasma synbiotic-
derived metabolites (Table 1) were conveying the synbiotic’s anti-inflammatory activity, two
concentrations of several metabolites were tested in the LPS-treated coculture system (Table
S8). Based on the metabolite’s effects on TEER, cytotoxicity and the induction of
kynurenine and //-1 gene expression, it was determined that the best candidates for AHR-
specific signaling included 4-HPAA, 4-HPPA, CA, 3" MeQ, 7" MeQ and Kamf, as these
metabolites invoked dose-dependent anti-inflammatory effects, which correlated to Cyplal
mMRNA expression (Table S8). To test the direct effect of AHR signaling, cells were
pretreated with an AHR antagonist 6, 2, 4’ -trimethoxyflavone (TMF) before the LPS
challenge, which was confirmed to reduce AHR activity with reduced Cyplal expression.
TMF inhibited the synbiotic’s ability to increase TEER, reduce cytotoxicity and ameliorate
kynurenine and IL-1p production in response to LPS challenge (Table 2). In addition, the
beneficial effects of 4AHPAA, 4HPPA and CA were similarly abrogated by TMF whereas the
anti-inflammatory activity of 3'MeQ, 7" MeQ and Kamf occurred independent of AHR
signaling. In THP-1 cells, TMF reversed the synbiotic’s beneficial effect on Nrp3, Caspl,
IL-10and /cam mRNA expression. Similar trends were observed for the 4HPPA, 4HPAA
and CA metabolites with the flavanols being less affected by TMF treatment. Interestingly,
Tlr4 expression was suppressed in TMF-treated synbiotic, 4HPAA, 4HPPA and CA while in
the flavanol-treated culture, 7/r4was strongly upregulated (Fig. 5a). In Caco-2 cells, AHR
signaling observed through CyplIal expression was strongly downregulated by TMF as
expected, with a general decrease in the tight junction protein zona occludin (ZoJ), claudin
(CIna) and occludin (Occ) across all treatment groups (Fig. 5b). This shows that the impact
of AHR signaling is specific to THP-1 cells and only specific synbiotic-derived metabolites
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4HPAA, 4HPPA and CA indicating a putative mechanisms of synbiotic-induced variations in
the Treg/Th17 ratio in response to stress.

Cocultures of human colorectal adenocarcinoma (Caco-2) and phorbyl 12-myristate 13-
acetate (PMA)-activated human monocyte (THP1) cells were pretreated with the supernatant
of 24 h fermented BDPP, probiotic or synbiotic solutions or specific metabolites (250
ng/mL) for 24 h before stimulation with LPS, IFN< and ATP for 8 h. Wells were also treated
with or without 6, 2, 4’ -trimethoxyflavone (TMF), a potent AHR antagonist. Treatment- and
TMF-induced variations in transepithelial electrical resistance (TEER), cytotoxity measured
with an lactate dehydrogenase (LDH) release assay, kynurenine with a chemical assay and
IL-1p with ELISA. TEER, cytotoxicity and kynurenine are represented as percentage of
control while IL-1p is fold change from untreated controls. Each sample has n =4
independent samples mean +/— SEM, significance calculated with a student’s #test *p <
0.05, **p < 0.01 within the same treatment group and t p < 0.05 compared to LPS-treated
control (highlighted in grey).

4. Discussion

Probiotics and gut microbiota-derived metabolites play a significant role in managing
cognition and mood, especially under conditions of chronic stress (Burokas et al., 2017;
Liang et al., 2015). Indeed, gut-brain-axis mechanisms, including inflammation, the
regulation of neurotransmitters and their precursors are linked to the development of stress-
induced neuropsychiatric conditions (Strandwitz, 2018; Clark and Mach, 2016; Petra et al.,
2015). Synbiotics provide a useful therapeutic strategy over conventional treatments for
neuropsychiatric disorders as synbiotics inherently address the diseases’ multifactorial
nature through the generation of a battery of bioactive metabolites. The stress-induced
physiological adaptations characteristic of depression include neurodegeneration,
impairment of hippocampal neurogenesis, reduced serotonergic signaling, altered HPA axis
regulation and importantly, modulated neuro- and peripheral-inflammatory processes
(reviewed in (Mahar et al., 2014). A handful of clinical trials have established efficacy for
the use of probiotics and synbiotics against depression (Vaghef-Mehrabany et al., 2019)
including one recent study where synbiotic treatment to 75 hemodialysis patients over
twelve weeks resulted in greater improvement of depressive scores and serum brain-derived
neurotropic factor (BDNF) levels compared to probiotic treatment alone (Haghighat et al.,
2019). Here, BDPP attenuated while the probiotic and synbiotic treatment eradicated
depressive-like behavior as observed by immobilization time in the forced swim test. In
contrast, stress-induced anxiety-like behavior observed as time in a center compartment of
the open field test was improved by both synbiotic and BDPP treatment demonstrating how
the synbiotic consistently attenuates diverse stress-induced behaviors. This feature can be
attributed to the increased bioavailability and bioactivity of the synbiotic-derived
metabolites. The synbiotic generated a larger host of plasma- and brain-bioavailable
metabolites than BDPP alone as the synbiotic includes probiotic bacteria that are responsible
for the fermentation of the parent polyphenols present in BDPP. In addition, the probiotics
and polyphenolic prebiotic together alter the composition of the gut microbiota differently
than the prebiotic alone creating a bacterial environment that is more efficient at cross-
feeding and consequently, metabolite production (Gurry, 2017). As indicated previously, the
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behavioral outputs observed here can only be generalized for male mice, as female mice
respond different to stress. Further, these behavioral test have limitations (Hodes et al.,
2015). The forced swim test only measures one dimension of depression, anhedonia, while
human depression is multifaceted so conclusions can only be reared on this symptom of
depression (Bourin et al., 2001). The sucrose preference test was intentionally not used in
this study as the BDPP and probiotic solutions have a slight flavor, which could confound
the taste test. Similarly for the open field test, the center measure represents only one aspect
of anxiety and cannot be generalized to the complexity of the human condition (Seibenhener
and Wooten, 2015). Nevertheless, both the forced swim and open field tests are robust, well
characterized test that together validate how the synbiotic can attenuate the chronic stress
associated behaviors.

4.1. A synbiotic regulates serotonin availability through the kynurenine pathway

Of the body’s serotonin, 95% is located in the Gl tract (Camilleri, 2009) and the gut
microbiota heavily influences the metabolic fate of tryptophan by modulating the local
inflammatory milieu (O’Mahony et al., 2015). The balance of tryptophan metabolism
towards either kynurenine or serotonin production depends on the expression of ubiquitously
distributed IDO and hepatic TDO (Clarke et al., 2012). IDO activity is stimulated by the
cytokines IFNy, TNFa and IL-1p while TDO is induced by glucocorticoid release: both
characteristics of stress-induced depression. Thus, it would be expected that IDO and TDO
expression would be upregulated under conditions of chronic stress consequently reducing
serotonin and increasing kynurenine metabolite production.

The stress-induced reduction of serotonin in the prefrontal cortex and the ileum was rectified
only by the synbiotic demonstrating a direct correlation between serotonin metabolism in the
Gl tract and the brain. There was a disparate relationship between treatment group and
tissue-specific expression of /do. /do mRNA expression was ubiquitously elevated in the
brain and periphery in response to stress, and the synbiotic effectively downregulated its
expression in the hippocampus, liver and most significantly in the ileum. However, probiotic
treatment also downregulated /do expression in the ileum and hippocampus, which does not
correspond to the serotonin levels in either the ileum or the prefrontal cortex. Serotonin
levels are impacted by many gut-derived factors. Gut microbiota metabolites including the
short chain fatty acids (SCFAs) downregulate IDO activity in intestinal epithelial cells by
modulating IFN+y release (Martin-Gallausiaux et al., 2018). Gut-derived tryptophan
metabolites including indoles can alter expression of kynurenine pathway enzymes including
KMO and QPRT, which subsequently alter local serotonin levels (Waclawikova and El Aidy,
2018). Finally, local IDO expression in monocytes and microglia (Schulz et al., 2015) may
be impacted by the synbiotic-specific BBB-permeable metabolites, and not by the probiotic-
derived metabolites also influencing local production of serotonin.

Serotonin levels and the synbiotic’s beneficial effects directly correlated to QA levels in the
serum (Stone et al., 2013). Elevated QA occurs in both the serum and cerebral spinal fluid of
patients with neurodegenerative and inflammatory disorders, including depression (Steiner
etal., 2011; Savitz, 2017) and is strongly correlated to depressive suicidal victims (Brundin
et al., 2016). The rate limiting step for the production of QA is the activation of KMO, an
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enzyme highly expressed in microglia, monocytes and macrophages (Jones et al., 2015) and
inhibition of KMO with natural polyphenols is neuroprotective (Zhang et al., 2019). In the
present study, KMO mRNA expression was elevated in the prefrontal cortex in response to
stress, and its expression normalized by BDPP, probiotic and synbiotic treatment. In the
liver, the stress-induced elevation of KMO was reduced only by the synbiotic whereas in the
ileum, there were neither stress- nor treatment-related effects. Compared to serotonin, QA
corresponded more closely to the treatment-dependent effects on stress-induced behavioral
abnormalities and may act as a more accurate biomarker. Despite these multiple mechanisms
regulating IDO activity and the fate of tryptophan metabolism, the common link is the
inflammatory milieu, both in the periphery and the brain.

4.2. Stress, neuroinflammation and depression

Stress promotes neuroinflammation precipitating the symptoms of depression (rev. in (Kim
and Won, 2017). Although glucocorticoids are generally anti-inflammatory, chronic
glucocorticoid elevation has proinflammatory effects in the brain (Dinkel et al., 2003) in a
manner dependent on NF-xB induction (Munhoz et al., 2010), which is important for the
stress-induced depressive-like behaviors in mice (Koo et al., 2010). Peripheral inflammation
is also an essential component of stress-induced depression. Depressed individuals have
elevated circulating monocytes and proinflammatory cytokines including IL-1p, TNF-a and
IL-6 (Dowlati et al., 2010; Howren et al., 2009), leading to elevated macrophage infiltration
into the perivascular space and consequent microglia activation (Torres-Platas et al., 2014).
This creates a positive feedback loop were peripheral inflammation drives microglial
ramification and activation (D’Mello et al., 2009), elevated production of cytokines and
chemokines in specific corticolimbic brain regions (Walker et al., 2014), stimulating
infiltration of monocytes into those regions further exasperating the neuroinflammatory
phenotype implicated in the development and recurrence of anxiety- and depressive-like
behavior (Wohleb et al., 2014).

In the current study, IL-1p was ubiquitously upregulated by stress in all regions investigated.
The most dramatic changes occurred in the ileum, serum and prefrontal cortex, supporting
the importance of the prefrontal cortex in depression’s behavioral deficits (Seo et al., 2017;
Belleau et al., 2019). In contrast, IL-6 was only upregulated in the periphery in response to
stress. Importantly, stress-induced IL-1p or IL-6 upregulation in any region, was abrogated
by the synbiotic whereas BDPP and probiotic treatments had tissue- and cytokine-specific
effects. Further, the proinflammatory profiles in the brain were not consistent with the
behavioral data indicating that there are deeper levels of regulation impacting the gut-brain-
axis-mediated biobehavioral responses to stress. This also indicates that immune regulation
in the periphery and the brain are different and it is possible that the proinflammatory state
in the periphery is influencing neuroinflammation. Similar peripheral-central innate immune
crosstalk has been proposed for systemic lupus erythematosus (Tomita et al., 2004),
Parkinson’s disease (Fuzzati-Armentero et al., 2019) and Alzheimer’s disease (Park et al.,
2019; Dionisio-Santos et al., 2019) and the remainder of this study aimed to detangle this
crosstalk and understand the specific inflammatory mechanisms responsible for the gut-
brain-axis-derived influence on the peripheral-central immune crosstalk in the context of
stress-induced depression.
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4.3. Peripheral-Central immune crosstalk drives Stress-Induced depression

The immune status of the periphery directly impacts the inflammatory state of the brain
driving neuropathologies (Kempuraj et al., 2017). To tease apart the disparate effects of
neuroinflammation and behavioral phenotypes, a mMRNA expression analysis of typical
inflammatory elements was conducted. The immune regulation was highly tissue-specific.
The canonical inflammatory pathways TLR2/4 to NF-xB signaling were more highly
upregulated in the ileum compared to the brain. One group reported that chronic stress could
be prevented by blocking TLR4 activity in the prefrontal cortex (Wang et al., 2018);
however, the TLR4 inhibitor was injected interperitoneally indicating that the blocked TLR4
response may have been occurring in the periphery, propagating the effect into the brain. In
contrast, upregulation of the NLRP3 inflammasome pathway mediators including HMGB1,
P2X7 and the downstream factors IL-18 and Caspl, were comparatively enriched in the
brain.

NLRP3 inflammasome signaling is an orchestrator of the neuroinflammatory response to
depression (Herman and Pasinetti, 2018), whereas in the Gl tract, the impact of NLRP3
activation on neuroinflammation is less well defined. Pharmacological inhibition of the
NLRP3 inflammasome attenuated depressive-like behaviors in a similar 28 day CUS
protocol (Zhang et al., 2015); however, these effects are likely primarily through
neuroinflammatory responses. In the Gl tract, NLRP3 activation contributes to elevated
IL-1B in inflammatory bowel disease (Mao et al., 2018). In a colitis model, A3~ mice
have an increased frequency of tolerogenic CD103* dendritic cells, lower Th17 immunity
and a reduced colitis phenotype, however unchanged expression of IL-18 suggested that
these effects could be independent of NLRP3 signaling (Mak’Anyengo et al., 2018). This is
in line with the observation that resident colonic macrophages are hyporesponsive to NLRP3
inflammasome activation due to extensive post-transcriptional control of NLRP3 and pro-
IL-1B through the ubiquitin/proteasome system (Filardy et al., 2016).

Using NanoString neuroimmune profiling, it was confirmed that the overall
neuroinflammatory state of the prefrontal cortex, hippocampus, liver and ileum was
upregulated in response to stress with the synbiotic consistently reducing the inflammation
compared to the tissue-specific effects of the probiotic and BDPP. In addition, distinct
tissue-specific canonical pathways were shown to be associated to the inflammatory
phenotypes. In the prefrontal cortex and hippocampus, the neuroinflammation was
associated with NF-xB, inflammasome-mediated pathways and upregulation of innate
immunity. In stark contrast, inflammation in the peripheral tissues correlated to the
activation of peripheral immune cells including dendritic cells, macrophages, T helper cells,
neutrophils and B cells. In the ileum, there was also stress-induced upregulation of leukocyte
extravasation, iCOS-iCOSL and CD28 signaling indicating that leukocytes were being
recruited to and activated in the GALT. It has been well characterized that chronic stress
increases the infiltration of monocytes and dendritic cells into the brain (Wohleb et al., 2014)
and this behavior mediates chronic stress-induced anxiety-like behavior (Wohleb et al.,
2013), while stress hormones in response to acute and repeated stress orchestrate the
redistribution of immune cells in the body in hormone- and tissue-dependent manners
(Dhabhar et al., 2012). Importantly, stress-induced increase of immune cell recruitment to
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the colonic lamina propria (Gao et al., 2018a, 2018b) and hematopoiesis (Yan et al., 2018)
depend on the gut microbiota. The histone deacetylase activity of butyrate, one of the major
SCFAs, can alter the expression of monocyte chemoattractant protein (MCP)1 and vascular
adhesion molecule (VCAM)1 reducing the infiltration and migration of macrophages into
the gut (Zapolska-Downar et al., 2004; Maa et al., 2010). In addition, butyrate can reduce
proinflammatory chemokines and cytokines release from dendritic cells and monocytes
modulating leukocyte trafficking (Gongalves et al., 2018). A similar effect has been noted
for several polyphenols including resveratrol (Cicha et al., 2011), GSPE in renal injury (Bao
et al., 2015), the microbiota-derived flavan-3-ol metabolite 5-(3",4”-dihydroxyphenyl)-y-
valerolactone (Lee et al., 2017) and others. Importantly, one study showed that metabolites
of catechins and quercetin were more effective than their parent polyphenols at reducing
monocyte adhesion to human aortic endothelial cells (Koga and Meydani, 2001), supporting
the enhanced efficacy of synbiotic treatment at modulating monocyte recruitment and
trafficking in the context of stress.

4.4. The synbiotic modulates activated lymphocyte ratios in response to stress through

the AHR

Biochemical and flow cytometry analyses verified that the synbiotic reversed the stress-
induced increase in the activated Th17/Treg ratio, validating the hypothesis driven by the
NanoString data. RORyt* Th17 and Foxp3* Tregs are the most abundant lymphocytes in the
lamina propria (Maloy and Kullberg, 2008) and the microbiota is essential for the
accumulation of both cell types (Ohnmacht et al., 2015; Lathrop et al., 2011; Atarashi et al.,
2011; Yang et al., 2014; Nishio et al., 2015) in a process coined the “microbiota-T-cell axis”
(Lee and Kim, 2017). From the Gl tract’s luminal environment, immune-modulating signals
are propagated through the gut epithelium to the antigen presenting dendritic cells and
macrophages in the GALT. Here, naive CD4* lymphocytes receive signals to differentiate
into distinct T helper cell lineages, a process influenced by cytokines, master transcription
factors and STAT proteins (Zhu and Paul, 2010). Th17 and Treg cells represent two CD4* T
cell subsets with opposing principal functions, however, these cell types maintain a
functional plasticity blurring their distinct phenotypes (Lochner et al., 2015). The
inflammatory milieu determines how the RORyt* Foxp3* common CD4* precursors
differentiate into either the proinflammatory Th17 cells or immunomodulatory Tregs. For
example, Foxp3* Treg cells can be converted into 1L-17 producing cells the presence of
excessive IL-1p (Li et al., 2010).

This plasticity between the Th17 and Treg cell types could explain the minor discrepancies
in the IL-17/IL-10 and Roryt/Foxp3 mRNA ratios in the current dataset. The ratio of I1L-17/
IL-10 in the serum of probiotic- and synbiotic-treated mice was significantly reduced;
however, this was not observed in the PBMCs in the flow cytometry data. This could be a
reflection of the general response of all the blood-derived immune cells against the specific
response in the Treg and Th17 cell types. A similar argument could be made for the ratios of
Rorytto Foxp3 mRNA levels where their ratio decreased in the control yet increased in the
stressed group, which could be explained by alterations in the transitional Foxp3* Roryt*
CD4" cells that express both transcripts. Based on the flow cytometry data, it is clear that the
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ratio of IL10* Tregs and IL17* IL-23R* Th17 activated cell populations are compromised
due to chronic stress and preferentially upregulated by the synbiotic in the liver and ileum.

The gut microbiota and its metabolites guide the expansion of specific dendritic cell and
macrophage subtypes generating a cytokine profile that drives differentiation of naive CD4*
cells (Arpaia et al., 2013; Yadav et al., 2013). For example, SCFAs can stimulate tolerogenic
CD103™" dendritic cells (Hartog et al., 2015) to produce cytokines that induce Foxp3* Tregs
(Jia et al., 2018) while polyphenols have also been linked to altered Treg and Th17
populations (Yahfoufi et al., 2018). Treg’s can also be induced by specific microbiota
populations including Clostridium clusters IV and XIVa (Atarashi et al., 2011),
Lachnospiraceae and Ruminococcaceae (Han et al., 2018), and L. reuteri (Liu et al., 2014).
In contrast, segmented filamentous bacteria produce soluble factors that drive differentiation
of Th17 cells (Ivanov et al., 2009; Goto et al., 2014) whereas Prevotella spp. stimulate
epithelial cells to produce cytokines that promote Th17 immune cell responses (Larsen,
2017). Since the synbiotic both produces metabolites and invokes specific changes in the gut
microbiota, the impact on immune remodelling may be two-fold.

Investigating potential transcriptional regulators that are responsible for the synbiotic’s
overall impact on immune cell migratory patterns, the NanoString analysis revealed that the
AHR is a predicted regulatory transcription factor in this regard. The AHR is ubiquitously
expressed with concentrated levels in immune cells and acts as a mediator of dioxin toxicity,
receptor for xenobiotics and metabolic products, including those derived from the gut
microbiota (Grohmann and Puccetti, 2015). The AHR is critically involved in the immune
response; although, its tissue- and time-dependent impact of LPS-mediated immune
responses (Wu et al., 2011) demonstrates how the AHR is more involved in “fine-tuning” the
adaptive immune response and maintenance of intestinal homeostasis (Korecka et al., 2016).
In general, in mucosal immunity, AHR activation leads to decreased symptoms of intestinal
inflammation (Takamura et al., 2010) primarily through increasing IL-22 production and
regulating the development of innate lymphoid cells (ILCs) and intraepithelial lymphocytes
(Gao et al., 2018; Zelante et al., 2014; Hubbard et al., 2015). This being said, it is important
to emphasize the promiscuous nature of AHR signaling. There are many opposing studies
both /n vitroand in vivo regarding the downstream manifestation of AHR activity with the
same ligands (Julliard et al., 2014; Sun et al., 2020). In general, the AHR is deemed
protective, facilitating a positive feedback loop in response to its endogenous ligands to
prevent the over-reactivity of an immune response with the induction of Tregs and other
modulatory mechanisms, while exogenous pathogenic ligands can also act through the AHR
to invoke proinflammatory, Th17-dominated responses. The current studies validate that the
gut microbiota metabolites fall on the protective side of AHR signaling, stimulating Treg
differentiation and promoting resilience to stress-induced inflammatory responses.

Arguably, the most important AHR ligands are the tryptophan metabolites including
endogenous kynurenine and gut microbiota-derived indole-3-aldehyde, whose agonism
increases the production of IL-22 (Zelante et al., 2013). Indeed, tryptophan metabolism
shapes immune regulation through the AhR/IDO axis (Zelante et al., 2014). AHR agonism
drives IDO, TDO, kynurenase and KMO expression, increasing kynurenine production in an
autocrine loop of AHR activation (Mogel et al., 2008; Quintana et al., 2010). Importantly, the
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AHR/IDO axis promotes Foxp3* Treg cell production (Fallarino et al. (2006); Mezrich et al.
(2010)) where in dendritic cell AHR knockouts /7 vitro, Treg expansion was suppressed with
a disproportionate increase in Th17 cells (Nguyen et al., 2010). In a pulmonary fungal
infection model, the IDO/AHR axis controlled the infection’s severity by regulating the
Treg/Th17 ratio (de Aradjo et al., 2017). The impact of AHR reaches further than dendritic
cells in the Gl tract, as AHR activation in ILCs and gut intraepithelial lymphocytes shape the
gut microbiota-host interaction in mucosal immunity (Gutiérrez-Vazquez and Quintana,
2018). As such, it has been suggested that AHR activation can alleviate the
neuroinflammatory symptoms of multiple sclerosis (Rothhammer et al., 2016), the
comorbidities between obesity and depression (Chaves Filho et al., 2018), and stroke (Chen
et al., 2019). Importantly, in a model where exogenous kynurenine was injected into mice as
a model of depressive-like behavior, the increase in neuroinflammation and chemotaxis of
monocytes to the brain was shown to occur in a kynurenine- and AHR-dependent manner,
mostly due to the upregulation of CCL2, which was dampened by an AHR ligand /n vitro
(Zang et al., 2018).

The influence of AHR on THP-1 cells’ inflammatory phenotype was tested in an LPS-
challenged gut epithelial coculture model. The AHR antagonist TMF reversed the synbiotic-
induced decrease in IL-1f and kynurenine production to a level on par with LPS alone. This
effect was only propagated in the metabolites 4HPAA, 4HPPA and CA and not the flavonoid
metabolites 3"MeQ, 7"MeQ or Kamf, showing a significant metabolite-specific effect. In
order to determine a causal mechanism of synbiotic-induced metabolites through the AHR,
studies must be followed up by /n vivo application of the bioactive metabolites in the chronic
stress model. Polyphenols are known to have a promiscuous activity through the AHR
(Zelante et al., 2014) and an early study using an /n vitro bioassay for dioxins, marked AHR
activation was exhibited by isoflavones such as daidzein, resveratrol, some flavanones such
as naringenin, and flavones such as baicalein. On the other hand, some flavones, flavonols
such as quercetin, and anthraquinones such as emodin inhibited AHR activity (Amakura et
al., 2008). In other studies, quercetin, resveratrol and curcumin indirectly activated AHR
activity (Mohammadi-Bardbori et al., 2012), 3-hydroxyflavone induced nuclear
translocation and consequent AHR activation (Muku et al., 2018), while a battery of
hydroxystilbenes and methoxystilbenes had general agonistic effects on the AHR receptor
(Pastorkové et al., 2017) confirming the diversity and complexity of gut-derived metabolites
on the activity of the AHR receptor.

5. Conclusions

In conclusion, this study reveals a putative mechanism of gut-brain-axis signaling by which
a synbiotic can attenuate the depressive- and anxiety-like behavioral deficits associated with
chronic stress in male mice (Fig. 6). Although confirmation is required, synbiotic-specific
metabolites may potentially act as a ligand to the AHR on antigen presenting cells or
directly on the naive CD4 + T cells, impacting their response to stress ultimately leading to
reprogramming the proportions of the Treg and Th17 lymphocytes in the periphery. This
resilience to inflammation in the periphery ultimately protects against neuroinflammation in
the brain by altering the recruitment of immune cells and potentially protecting the integrity
of the BBB. Further studies must be conducted to elucidate the impact of the peripheral
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Treg/Th17 ratio on neuroinflammatory mediators; however, this study opens a new
hypothesis and potential novel therapeutic strategy for treating stress-induced depression
using synbiotics.
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Fig. 1.
Behavioral Testing of Mice Submitted to a 28-Day Chronic Stress Protocol. (a) After two

weeks of acclimatization, mice were placed on a polyphenol-free (PP-free) diet for an
additional two weeks, followed by two weeks of pretreatment (control, BDPP, probiotic or
synbiotic). Treatment therein continued throughout the duration of the protocol. At day 1,
the CUS protocol began with twice daily mild unpredictable stressors. Behavioral testing
was conducted following 26 days of stress (open field test for anxiety-like behavior, Fig. 1b)
and 28 days (forced swim test for depressive-like behavior, Fig. 1¢) after which mice were
immediately sacrificed. Each group contained 7= 15 mice mean +/- SEM with significance
analyzed with two-way ANOVA calculations and Tukey posthoc analyses, *p < 0.05 and **p
<0.01.
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Fig. 2.
Disparate Regulation of Serotonin, Kynurenine Metabolism and Immune Signaling in

Synbiotic-Treated CUS Mice. (a) Serotonin levels in the serum, prefrontal cortex and ileum
and (b) quinolinic acid (QA) levels in the serum, were measured by ELISA assays in
unstressed and stressed mice. ELISA analyses in the prefrontal cortex and ileum are reported
normalized to the protein content in the sample while serum based ELISA to the volume of
serum. mRNA expression of (c) indolamine-2,3-dioxygenase (/do), and (d) kynurenine 3-
monooxygenase (Kmo) in the prefrontal cortex, hippocampus, liver or ileum was measured
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by real-time PCR and expressed as relative gene expression to the standard GAPDH using
the 272ACT method. Regulation of the immune system was indicated by cytokine expression
(Fig. S2) and (e) gene expression of key immune regulatory factors. Heat map values are the
ratio of stressed vs. non-stressed group within the respective treatment group, represented as
row z-score of relative gene expression to GAPDH. Each value represents 7= 6 independent
samples mean +/- SEM with two-way ANOVA calculations and Tukey posthoc analyses
where *p < 0.05, **p < 0.01 and ***p < 0.001.
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Integrated Pathway Analysis of Stress-Induced Canonical Pathways Affected by Treatment
Groups Using NanoString Differential Expression. Gene expression analysis was conducted
as the relative gene expression of each of the stressed groups compared to the unstressed
control. Based on this data, major canonical pathways were determined by treatment groups
in the (a) prefrontal cortex, (b) hippocampus, (c) liver and (d) ileum of CUS controls and
synbiotic-treated CUS mice were determined using Qiagen’s Integrated Pathway Analysis
(IPA) Software. Expression is represented as the z-score of fold change between stressed vs.
unstressed for the control samples, or treated stress vs. untreated stress for the BDPP,
probiotic and synbiotic groups. Each group contains 77 = 4 independent samples with
canonical pathway significance cutoff at p < 0.05.
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Fig. 4.

Stress-Induced Increase in the Th17 to Treg Ratio is Ameliorated by Synbiotic Treatment.
The activity of the T helper (Th)17/Regulatory T (Treg) cells was determined by (a) ELISA
assay of IL-17/1L-10 in the serum (upper) and ileum (lower) represented as the ratio of
cytokine expression of stressed animals. (b) Gene expression analysis of key cell-type
specific transcription factors in the prefrontal cortex, cortex, hippocampus, liver and ileum
confirmed a shift in peripheral cell type populations. FACS analysis confirmed the
treatment-dependent effects on stress-induced variations in activated Th17 (CD3*
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CD4*Roryt*IL17A*IL23R™) and Treg (CD3*CD4" Foxp3* IL10%) in the serum (c,d), liver
(e,f) and ileum (g,h), compared to the unstressed vehicle control. ELISA and gpcr results
represent /7 = 6 independent samples mean +/- SEM whereas FACS plots are representative
of n = 3independent samples mean +/- SEM. Significance was calculated with the student’s
Etest, *p < 0.05 and **p < 0.01.
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Fig. 5.

/ngvitro Coculture Verification of Aryl Hydrocarbon Receptor activity in Immune Cell
Activation in Response to Treatment. With the same design as Table 2, gene expression of
key immune or epithelial barrier genes in (a) THP-1 cells or (b) Caco-2 cells is shown as the
z-score of fold change of TMF-treated vs. untreated groups. Each group represents the mean
of n = 4independent wells.
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Fig. 6.
Scheme of Synbiotic-Derived Metabolites’ Action on AHR-Mediated Treg/Th17 Ratios for

the Promotion of Cognitive Resilience in Response to Stress. Synbiotic-derived metabolites
promote cognitive resilience to stress-induced anxiety and depression by altering tryptophan
metabolism, modulating aryl hydrocarbon receptor (AHR) activity and/or affecting the
inflammatory activity of antigen presenting cells residing in the gastrointestinal associated
lymphoid tissue (GALT). These effects inhibit the typical stress-induced induction of the
innate immune response including NF-xB induction and proinflammatory cytokine
production from peripheral immune cells in the mesenteric lymph nodes (MLNs) that
ultimately interrupt blood-brain-barrier (BBB) integrity leading to the activation of
microglia and cognitive impairment. Previously undefined acronyms: TJP — tight junction
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protein, APC — antigen presenting cell, 5SHT — serotonin, GCs — glucocorticoids, RA —
retinoic acid.
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