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Abstract

Neuropeptide hormone oxytocin has roles in social bonding, energy metabolism, and wound
healing contributing to good physical, mental and social health. It was previously shown that
feeding of a human commensal microbe Lactobacillus reuteri (L. reuteri) is sufficient to up-
regulate endogenous oxytocin levels and improve wound healing capacity in mice. Here we show
that oral L. reuteri-induced skin wound repair benefits extend to human subjects. Further, dietary
supplementation with a sterile lysate of this microbe alone is sufficient to boost systemic oxytocin
levels and improve wound repair capacity. Oxytocin-producing cells were found to be increased in
the caudal paraventricular nucleus [PVN] of the hypothalamus after feeding of a sterile lysed
preparation of L. reuteri, coincident with lowered blood levels of stress hormone corticosterone
and more rapid epidermal closure, in mouse models. We conclude that microbe viability is not
essential for regulating host oxytocin levels. The results suggest that a peptide or metabolite
produced by bacteria may modulate host oxytocin secretion for potential public or personalized
health goals.
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1. Introduction

In a series of prior studies using mice we have shown that the prototype probiotic bacterium
Lactobacillus reuteri (L. reuters) imparts an array of health benefits (Erdman and Poutahidis,
2014; Ibrahim et al., 2014; Lakritz et al., 2014; Levkovich et al., 2013; Poutahidis et al.,
2013a,b, 2014, 2015; Varian et al., 20164, b, 2014). Aside from its previously described
positive contributions in the heath of oral (Iniesta et al., 2012; Martin-Cabezas et al., 2016)
and gastrointestinal (Gl) tract mucosa (Cruchet et al., 2015; Gao et al., 2015; Liu et al.,
2012; Schreiber et al., 2009; Varian et al., 2016a; Walter et al., 2011), the probiotic has
systemic effects on the immune and hormonal profile of the host animal (Buffington et al.,
2016; Erdman and Poutahidis, 2014; Ibrahim et al., 2014; Lakritz et al., 2014; Lee et al.,
2016; Levkovich et al., 2013; Livingston et al., 2010; Poutahidis et al., 2013a,b, 2014, 2015;
Simon et al., 2015; Varian et al., 2016a,b, 2014). Mice that consume L. reuterilive longer
(Ibrahim et al., 2014; Varian et al., 2016a) and resist obesity (Fak and Backhed, 2012;
Poutahidis et al., 2013b; Qiao et al., 2015; Varian et al., 2016b, 2014) and age-associated
atrophic changes of skeletal muscle (Varian et al., 2016a), testis (Poutahidis et al., 2014),
and thyroid (Varian et al., 2014) and thymus glands (Varian et al., 2016a). They also have
healthy fur coats (Erdman and Poutahidis, 2014; Levkovich et al., 2013), heal their skin
wounds faster (Poutahidis et al., 2013a) and are resistant to intestinal (\Varian et al., 2016a),
mammary gland, liver, and lung cancer (Lakritz et al., 2014; Poutahidis et al., 2015).

Prompted by the observation that mice consuming L. reuteri consistently exhibit increased
grooming and maternal care behaviors (Ibrahim et al., 2014), we discovered that the
probiotic increases the plasma levels of oxytocin (Ibrahim et al., 2014; Poutahidis et al.,
2013a; Varian et al., 2016b). This unprecedented probiotic effect has been proven essential
for several of the systemic beneficial effects of L. reuterias exemplified by experiments
using oxytocin deficient mice and immune cell transfers (Erdman and Poutahidis, 2014;
Ibrahim et al., 2014; Poutahidis et al., 2013a; Varian et al., 2016b). Interestingly, many of the
published beneficial health effects of oxytocin overlap with recognized L. reuteri health-
promoting attributes. Indeed, as with L. reuteri (Britton et al., 2014; Collins et al., 2016;
Poutahidis et al., 2013a,b; Varian et al., 2016a,b, 2014; Zhang et al., 2015b), the exogenous
administration of oxytocin has been shown to accelerate wound healing (Gavrilenko et al.,
2003; Gouin et al., 2010; Vitalo et al., 2009), counteract obesity (Barengolts, 2016; Blevins
and Baskin, 2015), suppress uncontrolled inflammation (Wang et al., 2015) and prevent
muscle wasting (Costa et al., 2014; Elabd et al., 2014) and bone loss (Colaianni et al., 2014;
Sun et al., 2016; Tamma et al., 2009).

A role for oxytocin in promoting good mental health, including social bonding, a general
sense of well-being, and improved learning and memory is emerging (Carter, 2014;
Donaldson and Young, 2008; Feldman et al., 2016). At the same time, recent evidence
supporting the presence of a gut-microbiota-brain axis (Dinan et al., 2013; Kelly et al., 2016;
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Sherwin et al., 2016) suggests that probiotic bacteria can influence emotions, mood, anxiety
and depression (Dinan et al., 2013; Kelly et al., 2016; Sherwin et al., 2016). This places
oxytocin (Carter, 2014; Donaldson and Young, 2008; Feldman et al., 2016) and probiotic
bacteria among novel approaches for preventing or even treating neuropsychiatric disorders
(Dinan et al., 2013; Kelly et al., 2016; Sherwin et al., 2016). Hence, their name
psychobiotics (Dinan et al., 2013).

Apart from findings showing that L. reuteri upregulates oxytocin and enhances maternal care
behaviors (Ibrahim et al., 2014; Poutahidis et al., 2013a; Varian et al., 2016b), until recently
there were no other data suggesting that this bacterium could be considered among
suspected psychobiotics (Dinan et al., 2013). However, a recent study in mice (Buffington et
al., 2016) supports this notion and expands prior findings connecting maternal obesity-
induced gut microbiota dysbiosis with detrimental effects in the offspring. A gut microbiota
that is poor in L. reuteri associates with adverse social behavior effects in offspring mice.
Conversely, supplementary consumption of L. reuteri upregulates oxytocin in the
hypothalamus, stimulates the mesolimbic dopamine reward system and promotes prosocial
behavior (Buffington et al., 2016). This matches earlier multigenerational findings involving
feeding of special diets and L. reuteri ATCC 6475 in mice (Poutahidis et al., 2015).

Among the newly recognized actions of oxytocin, its connection with the immune system, is
particularly important (Wang et al., 2015). Indeed, oxytocin contributes to the maturation
and selection of T-lymphocytes in the thymus (Hansenne et al., 2009, 2005; Wang et al.,
2015), which is integral for immune system homeostasis and overall health. We have
recently reported that mice consuming L. reuteriretain a sizable thymus in adulthood and
that this effect is mediated by the probiotic-induced upregulation of the Forkhead Box N1
(FoxN1) in thymic epithelial cells (Varian et al., 2016a). FoxN1 is essential for normal
thymus development and a competent host immune system as exemplified by mice deficient
in FoxN1 (athymic nude mice), which lack functional T-lymphocytes (Nehls et al., 1994;
Romano et al., 2013; Zhang et al., 2012), and as a result are highly susceptible to infections
and developing cancer.

Another well-established effect of oxytocin in the immune system relates with its ability to
down-regulate neutrophilic proinflammatory responses (Al-Amran and Shahkolahi, 2013;
Biyikli et al., 2006; Iseri et al., 2005a,b; Petersson et al., 2001; Wang et al., 2015). Studies
using L. reuteri consumption in mice consistently show a downregulation of circulating
neutrophils in the context of maintaining homeostasis during wound repair and slim
physique (Poutahidis et al., 2013a; Varian et al., 2016a,b). Ways in which L. reuteri
contributes to reducing neutrophils and consequently lowering systematic inflammatory tone
are particularly important in the light of recent evidence that neutrophils are an important
cellular component of chronic smoldering subclinical systemic inflammation that associates
with increased risk for carcinogenesis, metabolic disorders and cardiovascular disease
(Coffelt, 2016; Fc, 2016; Manda-Handzlik and Demkow, 2015; Seijkens et al., 2014).
However, while oxytocin has apparent beneficial effects, repeated pharmaceutical oxytocin
administration may have unwanted effects under certain circumstances in humans. It may be
anxiogenic and promote aggressiveness towards others that are being thought as outsiders or
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competitors (De Dreu et al., 2011). Also, in patients suffering from borderline personality
disorder, oxytocin decreased trust and cooperation (Bartz et al., 2011).

Given the challenges raised regarding the efficacy and safety of exogenous oxytocin
administration (Lefevre and Sirigu, 2016; Leng and Ludwig, 2016), the likelihood that
microbial supplementation may endogenously increase oxytocin levels appears appealing. In
order to go deeper into the mechanistic analysis of L. reuterimode of action, including
oxytocin induction and eventually therapeutic strategies, however, a basic question arises. Is
it required to ingest live L. reuteri organisms to achieve up-regulation of oxytocin and
associated health benefits?

In the present study, we show that oral dosing of L. reuterileads to improved wound repair
capacity in mouse models and human subjects. We provide direct evidence that dietary L.
reuterilysate is sufficient for wound healing improvements and increases the number of
oxytocin-positive cells in the caudal portion of the paraventricular nucleus of the
hypothalamus (PVN) in mice. The increase in oxytocin-positive cells in the PVN is
correlated with lowered circulating levels of stress hormone corticosterone in mice
consuming L. reuteri. Microbe-induced oxytocin is necessary for the induction of important
beneficial host effects, including proficient wound repair. Finally, sterile L. reuterilysate
prepared by sonication is sufficient for achieving up-regulation of oxytocin and health
benefits in mice, suggesting that these phenomena are triggered by a bacterial component,
rather than live probiotic bacteria.

2. Methods

2.1. Animal models

Female outbred Swiss stock CD-1 female mice (Charles River, Wilmington MA), C57BL/6
wild type (w9), oxytocin-wt [of-wi] and oxytocin-knockout (ot-ko) B6;129S-Oxttm1Wsy/J
mice (purchased initially from Jackson labs; Bar Harbor, ME) were used in three separate
experiments. Mice were housed and handled in Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited facilities using techniques
and diets including L. reuteri as specifically approved by Massachusetts Institute of
Technology’s (MIT) Committee on Animal Care (CAC). Mice were housed under standard
12:12 light cycle conditions with lights on at 7AM. Mice were fed a standard control chow
Purina RMH3000.

Mouse models were bred in-house to achieve experimental groups. Mice were randomly
assigned to experimental groups, and group housed with 4-5 mice per cage. Each
experiment included 5-11 animals per group as specifically enumerated within the text.
Mice received in their drinking water L. reuteri ATCC-PTA-6475 originally isolated from
human breast milk.

2.2. L. reuteri administration in mouse models

In each experiment, subsets of mice received in their drinking water a strain of L. reuteri
ATCC-PTA-6475 cultivated as described elsewhere (Poutahidis et al., 2013a; Saulnier et al.,
2011). Live organisms were supplied at a starting dosage of 3.5-5.0 x 10° - organisms/
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mouse/day in drinking water (Lakritz et al., 2014), using oral dosage extrapolated from
humans consuming daily chewable L. reuteri DSM17938 tablets (BioGaia Protectis). Live
bacterial counts in water bottles were calculated to be 1.4 x 108 colony forming units (CFU)
per mouse on day 1, 4.1 x 10° CFU on day 2, and 1.1 x 10° CFU on day 3. Fresh drinking
water for both groups of animals was replaced twice weekly throughout the experiments. L.
reuteriwas detectable by PCR in feces and bowel of mice undergoing the live bacteria
dosing regimen, as described in detail in Lakritz et al. (2014).

2.3. Wound repair assay in mice

To test putative roles for microbes or microbe lysate-induced wound healing, as previously
described in detail (Poutahidis et al., 2013a), mice underwent a standardized 2.0 mm dorsal
cutaneous biopsy procedure under general inhalant isoflurane anesthesia with perioperative
buprenorphine injectable analgesia. The mid-dorsal surgical procedures involved first
shaving the biopsy site (Suppl. Fig. 1), with alternating betadine and ethanol scrubs
according to institutional policy, and finally the biopsy using a 2.0 mm cutaneous skin punch
biopsy tool [Miltex Inc, York, PA USA]. Mice were examined at six days after biopsy based
upon significant differences that emerged in earlier studies (Poutahidis et al., 2013a). Mice
entered experiments at eight weeks of age. Four weeks later [three weeks after start of L.
reuteri or sham treatment plus six days of post-biopsy observation], at the conclusion of the
study mice were euthanized with CO, overdose and wound areas were examined
postmortem. Specifically, formalin-fixed, routinely-processed, paraffinized, flat wounded
skin tissues were used for wound area measurements before being embedded in paraffin
blocks. Direct microscopy with a Nikon eclipse 50i microscope and a Nikon DS-5M-L1
digital camera was used to examine and photograph wounds in paraffinized gross skin
specimens. The wound areas were subscribed and measured in images using the ImageJ
image processing and analysis program (NIH, Bethesda, MD). Results were recorded as
image pixels.

2.4. Human subiject trials

Fourteen healthy female volunteer subjects in a double blind placebo controlled study
consumed chewable L. reuteriDSM17938 supplements (BioGaia Protectis) or placebo 60
mg vitamin C twice daily for three weeks before undergoing a full-thickness biopsy of
forearm skin at MIT’s Clinical Research Center. Female subjects only were selected in order
to minimize differences between sexes, and to simultaneously gather data for skin
appearance in females. Subjects (N = 7 assigned randomly per treatment group) had a mean
age of 29 years (range, 19-42y) and included individuals with diverse ethnicity (Suppl.
Table 1). Human skin wounds were photographed under standardized conditions at time
points before and immediately after biopsy plus d3 after biopsy (Suppl. Fig. 2). Individuals
measuring the wounds and those collecting data were blind to the identity of experimental
treatment groups.

The wound areas were subscribed (inset in Fig. 2A) and the subscribed area was measured in
each image using ImageJ (NIH, Bethesda, MD). Results were recorded in pixels, scaled and
transformed in mm? using a standard scale originally contained in the images. To achieve
that, wound area measurements were in pixels and then associated with the known distance
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of 1 mm according to the standard scale contained in the corresponding image, using the
“set scale” command of ImageJ.

2.5. Experimental design of mouse model studies

2.5.1. Experiment 1—To probe the roles of a human breast and gut commensal microbe
in physiology, we examined outbred stock CD-1 female mice. Females were selected to
better match the human subject trial. Eight-week-old CD-1 mice were randomly subdivided
into groups of ten mice per treatment [N = 10 mice per group] and received in their drinking
water probiotic L. reuteri ATCC-PTA- 6475, as described above, continuously for four
weeks until the end of the experiment at 12 weeks-of-age. At three weeks after the start of
treatment, mice underwent the 0.2 mm skin wound procedure (as described above) at six
days before necropsy, an experimental duration comprised of three weeks of feeding bacteria
before biopsy plus six days of wound monitoring after biopsy. Tissue collections were
performed after CO, overdose and exsanguination. For complete blood counts of immune
cells, whole blood was collected via cardiac puncture from unconscious mice. Blood plasma
was processed immediately with a preservative and then frozen for future oxytocin and
corticosterone analyses. Thymus weights were recorded upon necropsy. Tissues were
collected for histology and immunohistochemistry.

2.5.2. Experiment 2—To test whether oxytocin is required for wound healing benefits of
oral therapy with gut microbes, we next examined oxytocin-wt [of-wi4 and oxytocin-
knockout (ot-ko) B6;129S-Oxttm1Wsy/J mice. Eight-week-old B6; 129S-Oxttm1Wsy/J
mice were randomly subdivided into groups of eight-ten mice per treatment [N = 8-10 mice
per group] and received in their drinking water L. reuteri ATCC-PTA- 6475 continuously
until 12 weeks-of-age. Mice underwent the 0.2 mm skin wound procedure at six days before
necropsy. Tissues were collected upon necropsy.

2.5.3. Experiment 3—To test whether physiological effects are achievable using non-
viable microbe lysates alone, C57BL/6 WT mice underwent the same assays as above.
Eight-week-old C57BL/6 mice were randomly subdivided into groups of eight-ten mice per
treatment and received in their drinking water for four weeks a postbiotic lysed L. reuteri
ATCC-PTA-6475 continuously until 12 weeks-of-age. Mice underwent the 0.2 mm skin
wound procedure at six days before necropsy, with an experimental duration comprised of
three weeks of feeding bacteria before biopsy plus six days of wound repair prior to
necropsy. Tissues were collected upon necropsy, as above.

2.6. Production of sterile microbe lysate

L. reuteri ATCC-PTA-6475 was cultivated using methods as previously described
(Poutahidis et al., 2013a; Saulnier et al., 2011), confirmed for purity with a gram strain, and
then suspended in sterile 1xPBS and measured for concentration with a spectrophotometer
in order to calculate final dosages. A bacteria pellet was obtained by centrifugation for 10
min at 14,000 rpm and then resuspended and incubated in a Lysozyme STET buffer for 4 h
at 37 degrees Celsius. Bacteria-buffer was centrifuged for 10 min at 7500 rpm to obtain a
pellet, that was subsequently washed 2X and then resuspended in 1xPBS before lysing by
sonication in an ice water bath at 20 kHz and the amplitude of 30% intensity for one-minute-

Brain Behav Immun. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Varian et al.

Page 7

on-then-one-minute-off for 25 min. Lysed bacteria was then centrifuged for 15 min at 4000
rpm and passed through a 0.2um filter to remove whole bacteria and large fragments, with
the soluble supernatant being collected as the final product. The supernatant was then
confirmed to be sterile using growth in anaerobic enriched thioglycollate media with
Vitamin K1 and hemin (Bectin, Dickinson and Company, Sparks, MD) and by the streak
plate method on Sheep blood agar plates (Remel, Lanessa KS) with no growth after three
days. Bacterial lysate was stored in 1 ml aliquots at —80 degrees Celsius until feeding to
mice in experiments described above.

2.7. Special microbial treatments for animals

Mice were fed standard rodent chow (RMH 3000; Purina Labs, St Louis MO). Subsets of
animals were supplemented orally with intact or lysed ATCC strain of L. reuteri 6475 as
described elsewhere (Lakritz et al., 2014; Varian et al., 2016b), using a supply dosage of 3.5
x 10° organisms/mouse/day continuously in drinking water. For Experiment 1, Swiss mice
received live intact L. reuteriorganisms in drinking water. For Experiments 2 and 3, mice
received L. reuteri as above, or, alternatively, controls received regular drinking water. For
experiment #3, lysate confirmed to be sterile was delivered to C57BL/6 mice at the same
concentration as live organisms in drinking water. Mice began drinking L. reuteri ATCC-
PTA- 6475 organisms, as above, starting at 8 wks of age, and then underwent skin biopsy
three weeks later, followed by postmortem analyses at 12 weeks of age. Drinking water was
replaced twice weekly to minimize variability in microbial exposure levels. In all cases,
control animals received regular drinking water.

2.8. Determining mass of thymus gland

Upon necropsy, intact mice were weighed in their entirety using a ScoutPro SP202 scale
[Chaus Corporation, Pinebrook NJ]. Thymus tissue was removed and weighed separately.

2.9. Complete blood cell counts

Whole blood was collected by cardiac puncture from unconscious animals upon necropsy
and suspended in EDTA to prevent clotting. Automated neutrophil counts were then
performed using mouse parameters in a HemaVet 950FS (Drew Scientific, Oxford CT).
Counts were confirmed by manual reading of blood smears. Terminal blood collections for
mice were performed mid-day for all subjects in order to minimize variability due to
circadian rhythms.

2.10. Measurement of plasma oxytocin and corticosterone levels

Whole blood was collected terminally by cardiac puncture under general anesthesia to
obtain plasma. Whole blood was collected into pre-chilled 5 ml EDTA tubes with 250 KIU
of an oxytocin preservative, aprotinin, and refrigerated immediately until preparation of
plasma. Plasma was isolated by centrifugation at 1800¢g, 15 min, 4 °C, and then stored in
aliquots at —=70 °C. Plasma was then tested commercially for oxytocin and corticosterone by
an outside laboratory with internal validations (AniLytics, Inc., Gaithersburg, MD).
Euthanasia for mice was performed mid-day for all subjects (n = 8-10 per group) to
minimize variability due to circadian rhythms.
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2.11. Histopathology and histomorphometry

Formalin-fixed tissues were embedded in paraffin, cut at 4— 5 um, and stained with
hematoxylin and eosin (HE). Wound epidermal gap in histological images were measured
using the ImageJ image processing and analysis program (NIH, Bethesda, MD) as
previously described (Poutahidis et al., 2013a).

2.12. Brain tissue collection and immunohistochemistry for oxytocin

Mouse brains (including skulls) were removed and fixed in 10% formalin and stored at 4 °C
until further processing. Next, brains were dissected from the skull and post-fixed in 4%
paraformaldehyde in 0.1 M borate buffer (pH 9.5) for 48 h before cryoprotection in 30%
sucrose (dissolved in basic physiologic saline; 0.9% NaCl) for 48 h. Following
cryoprotection, brains were flash-frozen in cold methylbutane and stored at —45 °C. Coronal
(30 um) sections were collected using a cryostat and were stored free-floating in tris-
buffered saline (TBS) overnight at 4 °C. The following day, tissue sections from each subject
were immunolabeled for oxytocin (OT) (Ben-Barak et al., 1985; Franklin and Paxinos,
2008).

Oxytocin immunoreactivity (ir) was visualized using a monoclonal primary antibody
provided by Dr. Harold Gainer (NINDS). This highly specific antibody was raised against
mammalian oxytocin-associated neurophysins, and exhibits no cross-reactivity (Ben-Barak
et al., 1985). Briefly, tissue sections were first washed in TBS, subjected to an antigen
retrieval step (0.05 M sodium citrate in TBS), blocked in blocking solution (20% normal
goat serum [NGS], 0.3% Triton-X, 1% H,0, in TBS), and incubated overnight at 4 °C in
mouse anti-oxytocin (PS38; 1:100, 2% NGS, 0.3% Triton-X). Tissue sections were then
rinsed in TBS and incubated in biotinylated secondary antibody solution (goat antimouse
[1:500; Vector, Burlingame, CA], 2% NGS, 0.3% Triton-X in TBS) for 1 h. Tissue sections
were incubated in avidin-biotin complex (ABC Elite Kit; Vector) for 1 h and visualized
using diaminobenzadine (DAB peroxidase substrate kit; Vector). Sections were mounted on
gelatin-coated slides, rinsed in 50% ethanol, air-dried and coverslipped using Permount
(Fisher Scientific, Pittsburgh, PA).

Images were acquired under 20x magnification based on various anatomical landmarks
specific to the following subregions of the hypothalamic paraventricular nucleus (PVN):
rostral (—0.70 mm posterior to bregma), intermediate (-0.94 mm), and caudal (-1.06 mm),
using the Mouse Brain Atlas (Franklin and Paxinos, 2008) as a guide. Oxytocin-ir cell
bodies were subsequently quantified from a representative tissue section in each region using
the cell counter plugin in ImageJ (NIH; imagej.nih.-gov/ij). Data are reported as the mean
number of oxytocin-ir cell bodies per treatment in the rostral, intermediate, and caudal
portions of the PVN.

2.13. Statistical analysis

The Mann-Whitney U'test was used for all statistical analyses (Graphpad Prism version 5.01
for windows, Graph-Pad software, San Diego, CA, USA). The occurrence of wound scab
detachment was compared between experimental groups with the Chi-square test. For
analyzing oxytocin-positive cell counts, we used a one way ANOVA with a tukey post-hoc
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test. Results are presented as the mean + standard error of the mean (SEM). Effects were
considered to be significant at p < 0.05.

3.1. Oral administration of L. reuteri improves wound repair capacity

It was previously shown in C57BL/6 mice that L. reuteri ATCC PTA 6475 in drinking water
enhances skin wound-healing capability to occur in half the time required for matched
control animals via up-regulation of the neuropeptide hormone oxytocin (Poutahidis et al.,
2013a). Ability to heal flesh wounds rapidly is the hallmark of sustained good health and
longevity. For this reason, we have applied host capacity to repair tissues after surgical
wound infliction as a surrogate marker for overall fitness. In support of this, dietary L.
reuteri supplementation in mouse models has also been shown to impart a wide array of
phenotypes including improved maternal care, lowered risk for obesity, with
multigenerational effects on behavior, infertility, and cancer risks (Table 1), supporting use
of this prototype probiotic microbe in further studies.

In Experiment 1, we employed a traditional skin biopsy assay in eleven-week-old outbred
Swiss stock [CD-1] mice consuming L. reuterito test wound healing capability as a
surrogate marker for systemic resiliency and good health. Mice were drinking L. reuteri for
three weeks prior to skin biopsy. In this case, outbred Swiss mice were selected to
complement published studies in C57BL/6 mice and to overcome genetic biases imposed by
inbred strains, thus broadening translational potential of resulting data. The skin wound
assay applies a standardized 2.0 mm full thickness excision of dorsal skin of mice, with the
wound site subsequently examined microscopically at six days after biopsy. Six days was
selected as most highly significant timing based upon earlier experiments showing the rate
of wound healing during the first twelve days after biopsy (Poutahidis et al., 2013a). Using
this approach, we found that consuming L. reuteri (N = 10) speeds epithelial closure (p <
0.005) when compared with control mice (N = 10) drinking regular water (Fig. 1A and B).
We next tested whether human subjects were similarly susceptible to benefits of consuming
probiotic L. reuteri.

Building upon this microbe-centric wound repair paradigm, we tested in a small pilot study
on human subjects whether daily consumption of probiotic L. reuteri, also proven
therapeutic in human gastrointestinal diseases (Preidis and Versalovic, 2009) is sufficient to
improve skin wound-healing as seen in mouse models. For this experiment, fourteen healthy
female volunteer subjects in a double blind placebo controlled study consumed chewable L.
reuteriDSM17938 supplements (BioGaia Protectis) or placebo 60 mg vitamin C twice daily
for three weeks before undergoing a full-thickness biopsy of forearm skin at MIT’s Clinical
Research Center. Subjects had a mean age of 29 years (range, 19-42y) and included
individuals with diverse ethnicity (Suppl. Table 1). Three days following biopsy, patients
consuming L. reuterihad more rapid skin closure (N = 7 per treatment; p = 0.037) compared
with placebo (Fig. 2A). Standardized macroscopic photography (Fig. 2B) revealed smaller
wound sizes and more advanced healing in individuals after treatment with L. reuteri(N = 7)
when compared with placebo-treated controls (N = 7) (Fig. 2C).
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3.2. Drinking of L. reuteri leads to higher blood levels of oxytocin in mice

Oxytocin is pivotal in normal mammalian wound healing processes (Gavrilenko et al., 2003;
Gouin et al., 2010; Poutahidis et al., 2013a; Vitalo et al., 2009), and may serve to bridge
bacteria-triggered behaviors and stress responses with physical fitness. Thus, we tested
oxytocin levels in blood plasma of Swiss mice in Experiment 1, and found significant
systemic elevation of this hormone in animals drinking L. reuteridaily (N = 10) when
compared with matched untreated controls (N = 10) [Fig. 3A]. The microbe-enhanced skin
wound repair capacity in mice was found to rely upon oxytocin when tested in a second
experiment using oxytocin-knockout (ot-k0) B6; 129S-Oxttm1Wsy/J mice. By comparing
wound sizes (measured microscopically in pixels) it was found that ot-wt mice consuming L
reuteri (N = 8) at 6 days-post- biopsy had smaller wounds (68,464 + 13,997 pixels; mean +
SE) vs those seen in ot-ko mice consuming L. reuteri (N = 8) (225,937 + 27,539 pixels, p =
0.0003), matching earlier findings of oxytocin-dependency in mouse models (Poutahidis et
al., 2013a).

3.3. Oral L. reuteri down-regulates blood levels of stress hormone corticosterone

An inverse relationship exists, in general, between systemic levels of oxytocin and stress-
related hormones cortisol and corticosterone (Burkett et al., 2016; Cohen et al., 2010; Smith
et al., 2016a; Stanic et al., 2016; Vilela et al., 2013; Wang et al., 2012). Finding that oral L.
reuteri therapy increased circulating levels of oxytocin in our animal model, we theorized
that L. reuteri associated with better maternal care and nursing behavior may also down-
regulate stress levels in host animals. Indeed, it was previously shown that favorable mood
rises after consuming other Lactobacillus sps (Bravo et al., 2011). To examine this
possibility further, we examined levels of stress biomarker hormone corticosterone in mice
(N = 10 per group), and found lower stress hormone levels in Swiss mice drinking L. reuteri
(p < 0.01) (Fig. 3B). Increased corticosterone levels in rodent models of stress have been
linked with a decrease of thymus gland weight (Listowska et al., 2015; Monteiro et al.,
2015; Rosa et al., 2014; Zivkovic et al., 2005), and premature thymic involution, leading to
host animal immune dysregulation.

3.4. Thymus gland size is increased after oral dosing with L. reuteri

Accumulated data from animal models and human subjects shows that premature thymic
involution results in T-lymphocyte deficiency and produces a wide array of detrimental
outcomes linked with systemic immunodeficiency (Taub and Longo, 2005; Ventevogel and
Sempowski, 2013). Knowing that oxytocin has been implicated in improved immune health
(Barnard et al., 2008), and that feeding of L. reuteri ATCC PTA 6475 increases thymus
gland size in mice (Varian et al., 2016a), we examined postmortem thymus gland weights in
the same Swiss mice consuming L. reuteriin drinking water. We found that the thymus
gland weight is significantly increased (p < 0.01) in the probiotic-treated mice (N = 10)
when compared to age-matched control animals (N = 10) (Fig. 3C).

3.5. Circulating neutrophil counts are decreased in mice consuming L. reuteri

In addition, in previous studies it was shown that oral L. reuteritreatment also is associated
with a subclinical reduction of circulating neutrophils (Varian et al., 2016a,b). Therefore, we
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reason that blood neutrophils counts are a candidate biomarker for influences of L. reuterion
systemic immune status. We tested this possibility in the present experiment using outbred
Swiss mice (N = 10 per group) and find that probiotic treatment reduced (p < 0.01) the
numbers of circulating (blood) neutrophils (Fig. 3D). Lowered neutrophil counts in mice
was found to rely upon oxytocin when tested in a second experiment using oxytocin-
knockout (of-ko) B6;129S-Oxttm1Wsy/J mice. By comparing neutrophil counts (measured
as cell/ul in a CBC) it was found that ot-wt mice consuming L reuteri (N = 8) at 6 days-
post-biopsy had fewer (p < 0.01) neutrophils (1.586 + 0.122) vs those seen in ot-ko mice
drinking L. reuteri (N = 8) (3.252 + 0.289), matching earlier findings of oxytocin-
dependency in mouse models (Poutahidis et al., 2013a).

3.6. Killed sterile L. reuteri lysate is sufficient to elevate plasma oxytocin levels

Recognizing that infection with L. reuterileads to higher levels of oxytocin in mice
(Buffington et al., 2016; Poutahidis et al., 2013a; Varian et al., 2016b), raises many questions
about probiotic organism viability requirements and interactions with other host microbes. It
was earlier shown that oxytocin-mediated slenderizing effects of L. reuteriwere achievable
when using a lysed sterile L. reuteri preparation alone (Varian et al., 2016b). We next tested
in Experiment 3 whether oral administration of L. reuteri ATCC 6475 sterile lysate alone
was sufficient to raise endogenous oxytocin levels in our mouse models. A soluble extract of
sterile microbial lysate was prepared using sonication with repeated centrifugation, resulting
in a sterile soluble fraction delivered to mice in their drinking water. Plasma oxytocin levels
were then examined in twelve-week-old wild type C57BL/6 mice consuming the equivalent
of 3.5 x 10° L. reuteri ATCC 6475 organisms per day added in the form of lysate to their
drinking water. We find that mice drinking sterile lysate (N = 10) had higher circulating
levels of oxytocin measurable in blood plasma by comparison with control mice (N =9) (p <
0.001) (Fig. 4A). We also found that mice consuming lysate had lower blood levels of stress
hormone corticosterone (Lysed L. reuteriN = 10; Control N = 9) (Fig. 4B), larger thymus
glands (Fig. 4C) (N = 8-10 mice per group) and fewer circulating neutrophils (Lysed LR N
=10; Control N = 9) (Fig. 4D) when compared with untreated controls getting regular water.
These data matched earlier findings using viable L. reuteri.

3.7. Sterile L. reuteri lysate increases oxytocin-positive cell counts in the paraventricular
nucleus [PVN] of hypothalamus

To determine the source of systemic oxytocin elevations, and in particular whether microbe
treatment had an effect on the number of oxytocin-ir neurons in the PVN, mice treated with
either lysed L. reuteri, live L. reuteri, or normal drinking water (untreated controls) were
euthanized, and their brains were immunolabeled for oxytocin-associated neurophysin (Fig.
5A; Ben-Barak et al., 1985). Lysed L. reuteritreated mice had more oxytocin-ir neurons in
the caudal PVVN compared to mice treated with live L. reuterior normal drinking water
(treatment effect: F(, o) = 7.61; p = 0.003; Fig. 5B). No microbe treatment effects were
observed on the number of oxytocin-ir neurons in the rostral (F(2 22) = 0.25; p = 0.78) or
intermediate portions of the PVN (F(2 22) = 1.26; p = 0.30; Fig. 5B). Thus, microbe lysate
consumption stimulated oxytocin-producing neurons in the hypothalamus, which coincides
with increased levels of plasma oxytocin in mice.
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3.8. Ingestion of microbe lysate conveys increased wound healing capacity

Finally, to test the efficacy of lysed L. reuteriupon epithelial wound healing in the C57BL/6
mouse model, mice receiving for four weeks either live (N = 8) or lysed (N = 10) L. reuteri
ATCC 6475 underwent the skin wound assay and were compared with untreated mice
serving as controls (N = 9). Examining wound areas at the 6th day after skin excision, we
find that both viable and lysed L. reuteritreatments led to significant acceleration of wound
closure (Fig. 6A and B) compared to untreated control mice. Faster wound healing rates of
pro- or postbiotic-treated mice were also characterized by more frequent detachment of
wound scabs at 6 days after experimental wound induction (Fig. 6C). In summary, these data
led us to propose a host stress paradigm whereby microbiota and their products modulate
stress hormone levels leading to immune modulation subsequently influencing homeostasis
and wound healing processes throughout the body (Fig. 7).

4. Discussion

Here we provide evidence that postbiotic (non-viable) preparations of L. reuteriare
sufficient to elevate blood levels of oxytocin and increase the number of oxytocin-positive
cells in the PVN of mice. Microbe-triggered increases in blood and brain oxytocin were
associated with improved wound healing capacity, lowered blood levels of stress hormone
corticosterone, plus a larger thymus gland and fewer pro-inflammatory blood neutrophils in
mice consuming L. reuteri. Microbe-induced oxytocin was necessary for more proficient
wound repair. Human subject findings linking L. reuteri consumption with improved wound
repair capacity reinforce translational potential of the findings in mice. Finally, sterile
preparations of L. reuterilysate were sufficient for achieving health benefits in mice,
suggesting that these phenomena are triggered by a bacterial component, rather than by
activities or interactions of live bacteria.

We found that mice treated with L. reuterilysate had more oxytocin immunoreactive
neurons in the caudal PVN. Oxytocin produced in the PVN can be released in the brain via
axonal projections, somato-dendritic release or volume transmission (Knobloch et al., 2012;
Landgraf and Neumann, 2004; Ludwig and Leng, 2006) and act as a neuromodulator.
Alternatively, oxytocin can be released in the periphery via axonal projections to the
posterior pituitary, where it functions as a hormone. Oxytocin exerts its actions through
binding to the oxytocin receptor, which is widely expressed in the brain and periphery
(Gimpl and Fahrenholz, 2001; Jard et al., 1987; Smith et al., 2016a,b). This allows oxytocin
to modulate a large array of physiological processes, including immune-related processes.
Oxytocin-positive PVVN neurons can be parvocellular or magnocellular, and both phenotypes
have been observed in the caudal PVN (Eliava et al., 2016; Herman et al., 2002a,b).
Parvocellular oxytocin-positive neurons extend axonal projections throughout the brain,
whereas magnocellular oxytocin-positive neurons project primarily to the periphery, but also
possess collateral branches projecting to forebrain regions (Knobloch et al., 2012). This may
indicate that increased oxytocin production in L. reuteri extract-treated mice could
contribute to improving the observed wound healing capacity via both central and peripheral
pathways.
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Although speculative, an increase in oxytocin-positive PVN neurons in L. reuterilysate-
treated mice could reflect oxytocin-negative PVVN neurons that are recruited to express
oxytocin in response to a higher demand for oxytocin synthesis. This higher demand for
oxytocin synthesis is likely a direct result of increased levels of plasma oxytocin, as was
observed in L. reuteritreated mice. It should be noted that, in addition to the PVN, oxytocin
synthesized in the supraoptic nucleus (SON) might also have been affected by microbe
treatment. Unfortunately, oxytocin immunoreactive cells in the SON were too dense to
distinguish individually in order to quantify cell numbers. Thus, we cannot exclude the
possibility that oxytocin neurons in the SON, in addition to the PVN, contributed to the
increase in plasma oxytocin levels observed in mice treated with L. reuteri. This could be
addressed in future studies by quantifying oxytocin mMRNA expression in both the PVN and
SON, which may provide additional information regarding the need for higher oxytocin
synthesis in microbe lysate-treated mice.

The observation that lysed L. reuteri ATCC 6475 cells were comparable with their viable
counterparts in conferring typical L. reuteri- induced health benefits in mice is important.
Indeed, the ingestion of the killed form of the probiotic served to up-regulate oxytocin,
down-regulate corticosterone, increase thymic mass, decrease circulating neutrophils, and
accelerate skin wound healing. These findings are in accordance with the results of another
recent study using a different L. reuteriisolated from pet dogs (Varian et al., 2016b). In that
study, lysed extract of canine L. reuteristrain 2546 counteracted obesity and decreased
blood neutrophils of mice, recapitulating earlier findings for viable L. reuteri ATCC PTA
6475 (Poutahidis et al., 2013b; Varian et al., 2016a,b, 2014). Using oxytocin-deficient mice
in that earlier study showed that the slenderizing effects of L. reuteri 2546 lysate depended
on the hormone oxytocin (Varian et al., 2016b).

Specific bacterial components with health-promoting effects are termed ‘postbiotics’ and
hold promise as a more precise, controlled and effective therapeutic approach compared to
live probiotic cell consumption (Adams, 2010; Caselli et al., 2011; Kataria et al., 2009; Ruiz
et al., 2014; Sanchez et al., 2010). The retaining of beneficial health effects and
immunomodulatory properties has been described for many different postbiotic forms of
Lactobacillus spp. and other beneficial bacteria (Adams, 2010; Caselli et al., 2011; Kataria
et al., 2009; Ruiz et al., 2014; Sanchez et al., 2010). Based on accumulated studies the
increased value of using non-viable bacterial cells is now emerging (Adams, 2010; Kataria
et al., 2009). Killed forms are considered safer than live bacteria for many reasons (Adams,
2010; Kataria et al., 2009; Ruiz et al., 2014). The identification of the biologically-active
ingredients of killed bacteria is considered as a step forward in microbe-based research.

Postbiotic bacterial components with beneficial properties are enticing but remain largely
uncharacterized (Adams, 2010; Caselli et al., 2011; Kataria et al., 2009; Ruiz et al., 2014;
Sanchez et al., 2010). In humans, spray-dried non-viable cells of L. reuteriDSMZ17648
were potent enough to decrease Helicobacter pyloriload in the stomach (Mehling and
Busjahn, 2013). In addition, the capsular polysaccharide A of Bacteroides fragilis has been
shown to have desirable immunomodulatory effects in intestinal and neuronal tissue (Surana
and Kasper, 2012). Along the same lines, bacterial DNA, exopolysaccharides, bacteriocins,
lipoteichoic acids and other microbial cell wall components possess promising postbiotic
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attributes (Adams, 2010; Caselli et al., 2011; Kataria et al., 2009; Ruiz et al., 2014; Sanchez
et al., 2010; Surana and Kasper, 2012). Thus far postbiotic compounds identified for L.
reuteri include histamine and the bifunctional dihydrofolate synthase/ folylpolyglutamate
synthase type 2 (folC2)-mediated folate metabolism products essential for anti-inflammatory
properties (Gao et al., 2015; Thomas et al., 2016). Taken together, this suggests that L.
reuteri possesses powerful bioactive postbiotic molecules that are worthy of further
exploration and testing for pharmaceutical applications.

In the present study, lysed L. reuteri ATCC 6475 was not heat-treated. In other studies, heat-
killed non-viable forms of L. reuteri GMNL-263 were potent enough to prevent weight gain
in a diet-induced obesity rat model (Hsieh et al., 2016). In high-fat diet fed hamsters, the
same heat- treated material reduced liver fibrosis, blood LDL-cholesterol and plasma
malondialdehyde and myocardial cell apoptosis (Ting et al., 2015a,b). A heat-killed L.
reuteri ATCC 23272 also reduced pro-inflammatory cytokines, but was less potent than
viable forms in reducing eosinophil influx and airway damage (Forsythe et al., 2007);
however, killed bacteria were able to reduce visceral pain (Kamiya et al., 2006). Importantly,
Buffington et al. (2016) found that heat-killed L. reuteri ATCC 6475 failed to up-regulate
oxytocin without behavioral benefits in mice (Buffington et al., 2016). This aspect remains
to be investigated further, but indirectly points to a biologically active microbial protein in
modulating host oxytocin levels in the present studies.

An interesting aspect of edible bacteria-derived compounds is their multi-dimensional
beneficial activities. Microbe-based therapies may promote overall health by awakening
complex and multidimensional systematic pathways for good health that otherwise remain
latent due to modernized urban life-style (Erdman and Poutahidis, 2010; Rook, 2013; Walter
etal., 2011). Preliminary evidence from the present and prior studies suggests that L. reuteri
activates diverse homeostatic pathways at the whole organism level (Erdman and Poutahidis,
2014; Ibrahim et al., 2014; Lakritz et al., 2014; Levkovich et al., 2013; Poutahidis et al.,
2013a,b, 2014, 2015; Varian et al., 2016a,b, 2014). These involve inter-related gut, immune,
endocrine, and brain functions that confer longevity and counteract senility-associated
imbalances of host inflammatory responses (Erdman and Poutahidis, 2014; Ibrahim et al.,
2014; Lakritz et al., 2014; Levkovich et al., 2013; Poutahidis et al., 2013a,b, 2014, 2015;
Varian et al., 2016a,b, 2014). In short, these microbes restore whole body homeostasis.

Along these lines, testing the effects of bacterial products on the thymus gland, an
elementary immune system organ, is very informative. Firstly, because thymus is profoundly
affected by normal aging progression (Taub and Longo, 2005). Secondly, thymus gland
function is clearly influenced by neuroendocrine signaling networks. Finally, there is
extensive evidence in both animal models and human subjects that premature thymic
involution results in T-lymphocyte deficiency and produces a wide array of detrimental
outcomes linked with systemic immunodeficiency (Taub and Longo, 2005; Ventevogel and
Sempowski, 2013). In the light of these facts, the finding that mice consuming lysed L.
reuteri extract have a significantly larger thymus gland compared to their age-matched
controls may be particularly important. The youthfully-sized thymus after postbiotic
consumption coincided with increased oxytocin levels in CNS and blood and decreased
circulating corticosterone levels.
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Connections between oxytocin and normal thymus function are indeed well-documented.
Oxytocin has been shown to be essential for thymic lymphocyte differentiation and selection
(Hansenne et al., 2005). Furthermore, the autoimmune regulator gene/protein (Aire) —
important for natural T regulatory (Treg) cell differentiation in the thymus gland (Nomura
and Sakaguchi, 2007) — is induced by oxytocin in thymic epithelial cells (Hansenne et al.,
2009). Oxytocin cross-talk with immune system cells happens in part via membrane
oxytocin receptors that promote peripheral mononuclear cell proliferation and suppress pro-
inflammatory cytokines (Wang et al., 2015). Based on both preclinical models and human
studies, exogenous oxytocin treatment emerges as a novel therapy for uncontrolled
inflammation and immune-mediated tissue damage (Al-Amran and Shahkolahi, 2013;
Biyikli et al., 2006; Clodi et al., 2008; Iseri et al., 2005a; Petersson et al., 2001; Wang et al.,
2015). Specific mechanisms in the present model, whether immune or neuronal in origin,
remain to be determined.

In the present mouse model studies, live L. reuteri organism consumption leads to increased
levels of oxytocin coincident with decreased levels of the stress-related hormone
corticosterone. The present study also shows that this inverse correlation of oxytocin and
corticosterone emerges in mice consuming lysed L. reuteri. This finding is in line with the
known role of oxytocin in improving social and non-social behaviors, and dampening
anxiety, stress and depression (Baribeau and Anagnostou, 2015; Carter, 2014; Feldman et
al., 2016). It is also consistent with previous reports describing the oxytocin-corticosterone
interplay in rodent models of both social (Burkett et al., 2016; Wang et al., 2012) and non-
social- related stress (Cohen et al., 2010; Smith et al., 2016a; Stanic et al., 2016; Vilela et al.,
2013). It will be interesting to investigate roles for L. reuteriin stress-induced corticosterone
levels and animal behaviors.

Interestingly, increased corticosterone levels in rodent models of stress have been shown to
correlate with a decrease of thymus gland weight (Listowska et al., 2015; Monteiro et al.,
2015; Rosa et al., 2014; Zivkovic et al., 2005), although some studies suggest that this effect
depends on the type of stressor and strain of mouse used (Cruz et al., 2012; Savignac et al.,
2011). By contrast, stimulation of social behavior or improving sense of well-being by
enrichment of caging decreased corticosterone levels while counteracting thymus shrinkage
in both mice and rats (Abou-Ismail and Mahboub, 2011; Seetharaman et al., 2016; Van Loo
et al., 2004). A study in genetically engineered mice has provided direct evidence linking
thymus gland size and function with corticosterone (Youn et al., 2011). Specifically, Youn et
al. (2011) have used mice that were deficient in Bag3, a multifunctional molecule involved
in cell survival, migration, chaperone regulation, and cellular protein metabolism. This
mouse model has highly elevated levels of corticosterone due to adrenal gland zona
reticularis hyperplasia coexisting with severe thymus gland atrophy. Remarkably, the
premature thymic involution in this model has been shown to be due to the increased
production of adrenal gland corticosterone and not due to a direct effect of Bag3depletion in
the thymus or an impaired CRH and ACTH hypothalamic-pituitary gland negative feedback
signaling (Youn et al., 2011).

In previous research (Poutahidis et al., 2013a; Varian et al., 2016a,b) and the present study
we find circulating neutrophils offer an important immune cell target of the gut-immune-
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endocrine interactive axis that is activated by L. reuteri consumption. Presently we show that
drinking nonviable L. reuteri cells is as potent as drinking live probiotics in down-regulating
circulating neutrophils. Previously we have ascribed this down-regulation to potency of
regulatory T cells, the peripheral induction of which is highly upregulated after L. reuteri
consumption(Erdman and Poutahidis, 2014; Lakritz et al., 2014; Poutahidis et al., 2013a;
Varian et al., 2016a). Our accumulated data (Poutahidis et al., 2013a; Varian et al., 2016a,b)
together with present findings, however, suggest that hormones such as oxytocin and
corticosterone may also contribute directly to this immune-mediated phenomenon.
Oxytocin’s reported actions upon inflammatory processes appear to involve neutrophil
homeostasis as one of its most characteristic actions (Al-Amran and Shahkolahi, 2013;
Biyikli et al., 2006; Clodi et al., 2008; Iseri et al., 2005a; Petersson et al., 2001; Wang et al.,
2015). Indeed, we have found that otherwise untreated oxytocin-deficient mice, which are
clinically healthy and show no evidence of inflammatory disease, have a significant
subclinical elevation of blood neutrophils compared to their wild-type controls [data not
shown]. Lower corticosterone levels after L. reuteri treatment may also contribute to the
downregulation of neutrophils. Increased corticosterone in mice subjected to maternal
separation or social stress connects with significantly increased circulating neutrophils
(Avitsur et al., 2002; Kinsey et al., 2008; Pinheiro et al., 2011; Zimecki et al., 2009).
Zimecki et al. (2009) have also shown that the lactoferrin-induced myelopoiesis leads to
increased neutrophils in the blood of mice, and depends upon the lactoferrin-associated
increase of serum corticosterone (Zimecki et al., 2009).

Although effective neutrophil-mediated responses are required for fighting infections, they
are also key mediators of obesity-associated disorders, including cardiovascular disease and
diabetes (Fc, 2016; Manda-Handzlik and Demkow, 2015; Mayadas et al., 2014). The role of
neutrophils in carcinogenesis and tumor evolution is also emerging, and a therapeutic
approach of targeting tumor-associated neutrophils has been recently introduced (Coffelt,
2016; Gregory and Houghton, 2011; Manda-Handzlik and Demkow, 2015; Rao et al., 2007,
2006; Lakritz et al., 2015). According to a recent report the microbiota drives neutrophil
aging via Toll-like receptor and myeloid differentiation factor 88, making aged neutrophils
particularly effective as disease-promoting agents (Zhang et al., 2015a). In the light of this
evidence, lowering the chronic systematic neutrophilic inflammatory tone without
compromising ability of neutrophils to counteract pathogens may be important for human
health. A previous study showing acceleration of skin wound healing using edible L. reuteri
supplementation exemplifies such a therapeutic strategy (Poutahidis et al., 2013a). Using
this mouse model, it was shown that L. reuteri did not compromise the beneficial acute
stages of neutrophilic infiltration in the wound. Instead, it accelerated closure of the wound
bed earlier in the healing process. Therefore L. reuteritreatment enforced the physiological
balance of immune cells and orchestration of wound healing process and led to faster wound
healing without compromising beneficial functions of specific immune cells including
neutrophils (Poutahidis et al., 2013a).

Wound healing is an elementary biological process that includes the timely implementation

of several different basic physiological phenomena (hemostasis, inflammation, extracellular
matrix and connective tissue formation, angiogenesis, tissue remodeling). The ability to heal
wounds effectively and swiftly reflects good health and fitness, and connects with
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youthfulness and longevity (Eming et al., 2014; Gurtner et al., 2008; Yanai et al., 2011).
Therefore, the mouse skin wound healing model is an attractive platform to test the systemic
health promoting effects of edible probiotic and postbiotic extract products. In the present
study we show that lysed L. reuteriis as effective as the viable bacteria in accelerating skin
wound healing in mice.

Going one step further, in the present studies we find that human subject outcomes support
benefit of L. reuteriwith improved wound repair capacity, thus reinforcing the translational
potential of findings in mice (Poutahidis et al., 2013a). Significant improvement in wound
healing in just 14 patients with diverse backgrounds is exciting, and raises the question
whether benefits will translate to individuals plagued with various other ailments including
diabetes and heart disease. As ongoing trials begin to address these clinical implications,
emerging data suggest health is indeed due largely to microbial factors that can be readily
modified (Hsieh et al., 2016), that when harnessed impart resiliency typical of much younger
subjects (Varian et al., 2014). Given the safety of food-grade microbes consumed in
fermented beverages for thousands of years, edible bacteria and their products may offer a
low-risk/high-impact remedy for trauma, elective procedures and poorly healing chronic
wounds that affect millions of patients in the burgeoning health care and economic crisis.
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A. Untreated L. reuteri
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Fig. 1.

L.greuteri accelerates healing of skin wounds in mouse models. (A) Subgross microscopy of
formalin-fixed, paraffinized wounded skin at 6 days after full thickness skin excision. The
margins of wounds are outlined with yellow color. The wound area in outbred Swiss mice is
significantly smaller in the L. reuteri-treated (n = 10) mouse group compared to untreated
controls (n = 10). (B) Histopathology of wounds (n = 10 per group) at the same time-point
reflects the more rapid wound healing rate of mice consuming L. reuteri. The representative
untreated mouse wound shown here has a clear epidermal gap (note the double-headed
yellow arrow pointing to epidermal edges), edematous wound bed and retained scab. By
contrast, the wound of an L. reuteri-treated mouse given for side-by-side comparison is
completely covered with epidermis, has mature collagen in the wound bed and lacks a scab.
The L. reuterieffect on wound re-epithelization is statistically significant. Hematoxylin and
Eosin (B). Scale bars: 1000 um (a) and 500 pm (b). Numbers on the y-axis of bar graphs
correspond to the mean + SEM of the parameter assessed; “*p < 0.001. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this
article.)
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A. Human Skin Closure B. Measurement Method
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Fig. 2.

Dietary L. reuteri confers increased wound healing capacity in human subjects. (A) The
wound area of human subjects consuming L. reuteri (BioGaia Protectis DSM 17938
chewable 100 million CFU) was significantly smaller compared to the placebo-treated
(Nature Made chewable Vitamin C 60 mg) controls at three days after wounding. Biopsies
were performed at Massachusetts Institute of Technology Institute for Medical Engineering
and Science (IMES) Clinical Research Center (CRC). Numbers on the y-axis of the bar
graph correspond to the mean + SEM of wound area; N = 7 per treatment; p = 0:037; Mann-
Whitney U. (B) To assess wound area, human skin wounds were photographed under
standardized conditions. The wound margins were outlined and then the subscribed area was
measured in each image. Results were recorded in mm2 using a standard scale originally
contained in the images. (C) Representative images of skin wounds show features of size
and morphology from placebo (upper row) and L. reuteri-treated (bottom row) individuals.

L. reuteri
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The wounds of subjects consuming L. reuteri have a smaller size than those of the placebo
group, compared here at d3 post-biopsy. Bar = 1 mm.
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Fig. 3.

L. reuteri effects on hormone levels and thymus size of Swiss mice. L. reuteri consumption
leads to statistically significant changes including (A) increased blood levels of oxytocin
(Untreated N = 10, L. reuteriN = 10), (B) decreased levels of circulating corticosterone (N =
10 per group), (C) increased thymus weight, (N = 10 per group) and (D) lower circulating
neutrophil counts (N = 10 per group). Numbers on the y-axis of bar graphs correspond to the
mean + SEM of the parameter assessed; ~p < 0.001, **p < 0.0001.
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B Plasma corticosterone
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Lysed L. reuteri products alter blood hormone levels and thymus gland size of C57BL/6
mice. Edible sterile, lysed L. reuteriis sufficient to (A) upregulate blood levels of oxytocin
(Untreated N = 9; Lysed L. reuteriN = 10), (B) downregulate blood levels of corticosterone
(Control N =9; Lysed L. reuteriN = 10), (C) bestow increased thymus weight (N = 8-10 per
treatment group) at statistically significant levels, and (D) lower circulating neutrophil
counts (Control N = 9; Lysed L. reuteriN = 10). Numbers on the y-axis of bar graphs
correspond to the mean + SEM of the parameter assessed; ™*p < 0.0001.
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Fig. 5.

M?ce treated with lysed L. reuteri have more oxytocin-immunoreactive (OT-ir) neurons in
the caudal PVN. (A) Representative photomicrographs depicting oxytocin-ir neurons in the
caudal PVN of mice treated with normal drinking water (Untreated N = 9), or live L. reuteri
(N =8), or lysed L. reuteri (N = 10). The numerical value in the bottom right corner of top
plates represents the distance (in millimeters) posterior to bregma for the rostral,
intermediate and caudal PVN. (B) Average number of oxytocin-ir cells observed in the
rostral, intermediate, and caudal PVN of mice treated with normal drinking water
(Untreated), live L. reuteri, orlysed L. reuteri. “p < 0.05 (Tukey post hoc tests following
one-way ANOVA).
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Fig. 6.

L. reuteriviability is not required for skin wound healing benefits. (A) Standard wound
healing assay results in C57BL/6 mice confirm that sonication-killed L. reuteri consumption
is associated with accelerated wound closure. Comparing the size of yellow color-outlined
wounds at 6 days post infliction, which are placed side-by-side according to treatment,
reveals (B) the beneficial effect of lysed L. reuterireaches particularly high levels of
statistical significance (C) The increased occurrence of early wound scab detachment at 6
days post-biopsy reflects the faster healing rate conferred by both probiotic and postbiotic L.
reuteri treatments (Control N =9, L. reuteriN = 8, Lysed L. reuteriN = 10) Scale bars: 1000
pum (a). Numbers on the y-axis of bar graphs correspond to the mean + SEM of the
parameter assessed; “p < 0.05, **p < 0.0001. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Microbe-mediated Host Stress Paradigm
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L. reuterimodulates host animal stress hormones and immune homeostasis. Consumption of
L. reuteriis sufficient to up-regulate oxytocin and down-regulate corticosterone levels,
resulting in larger thymus gland size and immune homeostasis with improved host wound

repair capacity.
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Table 1
Effect Human Mouse Rat
IBD/chronic colitis Hemarajata et al. (2013), Gao et al. (2015), Thomas et al. (2016) Liuetal.

Diarrhea (various causes)

H. pylori Gastritis
Osteoporosis

Obesity

Social behavior
Muscle Wasting
Skin health

Hair growth
Testicular atrophy
Fertility

Thyroid atrophy
Thymic atrophy
Wound healing

Multigenerational phenotypes

Cancer

Longevity

Francavilla et
al. (2014)

(2010)
Eaton et al. (2011), Preidis et al. (2012)

McCabe et al. (2013), Britton et al. (2014), Zhang et al. (2015a,b), Collins et al.,
2016;

Poutahidis et al. (2013a,b, 2014), Varian et al. (2014)
Ibrahim et al. (2014), Buffington et al. (2016)

Varian et al. (2016a,b)

Levkovich et al. (2013), Erdman and Poutahidis (2014)
Levkovich et al. (2013)

Poutahidis et al. (2014)

Ibrahim et al. (2014), Poutahidis et al. (2014, 2015)
Varian et al. (2014)

Varian et al. (2016a,b)

Poutahidis et al. (2013a,b), Erdman and Poutahidis (2014)
Poutahidis et al. (2015), Buffington et al. (2016)

Lakritz et al. (2014), Poutahidis et al. (2015), Varian et al. (2016a,b)
Ibrahim et al. (2014), Varian et al. (2016a,b)

Positive effects of L. reuteri ATCC PTA 6475 on pathological conditions studied /17 vivo.
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