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Stress-protective effects have been reported for M. vaccae NCTC 11659 and
M. vaccae ATCC 15483T. However, it remains to be investigated whether also
closely related rapidly growing environmental saprophytic non-tuberculous
mycobacteria (NTM) species have protective effects against the negative
consequences of chronic psychosocial stress. Therefore, the aim of the current
study was to assess whether repeated i.g. administrations of a heat-inactivated
preparation of Mycobacterium aurum DSM 33539 prior to 19 days of chronic
subordinate colony housing (CSC) are able to ameliorate the negative effects
of this preclinically validated mouse model for chronic psychosocial stress on
subsequent dextran sulfate sodium (DSS) colitis in male C57BL/6N mice. The
results of the present study show that repeated i.g. administrations of M. aurum
DSM 33539 have stabilizing effects on the composition of the gut microbiome,
indicated by the findings that M. aurum DSM 33539 prevented CSC-induced
increases in the relative abundances of the colitogenic phyla Desulfobacterota
and Deferribacterota. Indeed, the relative abundance of Deferribacterota on day
19 was strongly correlated with histological damage to the colon. In line with
the latter, M. aurum DSM 33539 was further protective against the aggravating
effects of stress on subsequent DSS colitis. Collectively, our findings confirm and
extend previous findings from our group and suggest that the stress-protective
effects reported for M. vaccae NCTC 11659 and M. vaccae ATCC 154837 are
generalizable also to other NTM species.
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Introduction

Urbanization is on the rise (United Nations, Department
of Economic and Social Affairs, Population Division, 2014),
and various stress-associated somatic and mental disorders are
more prevalent in urban vs. rural areas of the developed world
(Peen et al, 2010; Riedler et al., 2001; Langgartner et al.,
2019). Many of these disorders are accompanied by an over-
reactive immune system and chronic low-grade inflammation
(Pace et al., 2006; Gola et al., 2013), and prospective human and
mechanistic animal studies strengthen the idea that an exaggerated
immune (re)activity plays a causal role in their pathogenesis (Pace
et al.,, 2006; Hodes et al., 2014; Kivimaki et al., 2014; Rohleder,
2014). Therefore, one possible mechanism predisposing individuals
raised in an urban environment, relative to individuals raised
in a rural environment, to develop stress-associated disorders,
is a long-lasting deficit in immunoregulation, resulting in an
uncontrolled/facilitated activation and delayed resolution of the
evolutionary-conserved inflammatory stress response. Deficits in
immunoregulation are thought to be in part dependent on reduced
exposure, especially during early life, to so-called “Old Friends”
microorganisms with which mammals co-evolved (Rook, 2013).
However, contact with these microorganisms that play a role in
setting up regulatory immune pathways is slowly but progressively
diminishing due to dramatic changes in global climate, excessive
levels of environmental pollution, and recent COVID-19-related
restrictions, with urban concrete landscapes of high-income
countries being most affected (Rook et al., 2013; Martinez et al.,
2015).

Consistent with what is proposed by the “Old Friends”
hypothesis, we and others have previously shown that repeated
(s.c.) with a heat-killed
preparation of Mycobacterium vaccae NCTC (National Collection
of Type Cultures) 11659, an abundant saprophytic “Old Friend”
from mud with immunoregulatory properties, is effective in:
(i) stabilizing the gut microbiome (Reber et al., 2016a; Foxx
et al., 2020), (ii) increasing the percentage of Tregs in mesenteric
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lymph node cells (Reber et al, 2016a), (iii) preventing stress-
induced colitis and proinflammatory cytokine secretion from
freshly isolated mesenteric lymph node cells stimulated with
anti-CD3 antibody ex vivo (Reber et al., 2016a), (iv) preventing
stress-induced aggravation of dextran sulfate sodium (DSS)-
induced colitis (Reber et al., 2016a), (v) preventing stress-induced
exaggeration of anxiety (Reber et al, 2016a), (vi) preventing
stress-induced microglial priming and neuroinflammation (Frank
et al, 2019, 2018; Fonken et al., 2018a,b), (vii) ameliorating
features of age-associated microglia activation in the amygdala
and hippocampus (Sanchez et al., 2022), (viii) preventing negative
outcomes of sleep deprivation (Bowers et al., 2020), and (ix)
enhancing fear extinction (Hassell et al, 2019). In an extension
of these findings and in support of using “Old Friends” not
only to prevent but also to treat stress-associated disorders, we
recently showed that M. vaccae NCTC 11659 also ameliorates
stress-induced anxiety when administered repeatedly via the s.c.
route during chronic psychosocial stressor exposure, i.e., after the
first psychosocial traumatization has occurred (Amoroso et al,
2020). Finally, we showed in male mice that i.g. M. vaccae NCTC
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11659 administrations protect against: (i) the stress-induced
increase in splenic TLR2T and TLR4" polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSCs) and TLR4™"
monocytes/mononuclear (MO)-MDSCs; (ii) the increase in
functional splenic in vitro glucocorticoid (GC) resistance typically
seen following psychosocial stress in combination with significant
wounding; and (iii) the stress-induced increase in basal and
LPS-induced splenic in vitro cell viability (Langgartner et al., 2023).
Our recent findings confirm the protective effects of M. vaccae
NCTC 11659 against stress-induced aggravation of DSS colitis
even when administered via the non-invasive intranasal (i.n.) route
prior to or during stress exposure, respectively (Amoroso et al.,
2019).

Although our earlier findings already show that the stress-
protective effects of M. vaccae NCTC 11659 are not specific for this
strain but transferable also to M. vaccae ATCC (American Type
Culture Collection) 154837 (Loupy et al., 2021), it remains to be
investigated whether closely related rapidly growing environmental
saprophytic non-tuberculous mycobacteria (NTM) species have
protective effects against the negative consequences of chronic
psychosocial stress. Therefore, the aim of the current study was to
assess whether repeated i.g. administrations of a heat-inactivated
preparation of Mycobacterium aurum DSM 33539 prior to 19
days of chronic subordinate colony housing (CSC) are able to
ameliorate the negative effects of this preclinically validated mouse
model for chronic psychosocial stress on subsequent DSS colitis
in male C57BL/6N mice. The CSC model is based on chronic
subordination (19 days) of four male mice toward a dominant male
conspecific (Reber etal., 2016a; Langgartner et al., 2015). Compared
to respective single-housed control (SHC) mice, CSC is known
to, among other physiological and behavioral effects, induce an
anxiety-like phenotype (Amoroso et al., 2020; Langgartner et al.,
2017; Slattery et al., 2012) as well as to aggravate DSS-induced
colitis (Reber et al., 2016a; Amoroso et al., 2019; Reber et al., 2008)
and promote the development of spontaneous colitis (Reber et al.,
2016a; Langgartner et al., 2017; Reber et al., 2007, 2011).

Materials and methods

Animals

Male C57BL/6N mice weighing 17-19g (~5 weeks of age)
were used as experimental mice and male CD-1 mice (Charles
River, Sulzfeld, Germany) weighing 30-35 g were used as dominant
aggressor mice. Standard polycarbonate mouse cages (16 cm width
x 22cm length x 14 cm height) were used. All mice were kept
in a specific pathogen-free (SPF) animal facility under standard
laboratory conditions (12-h light-dark cycle, lights on at 06:00 a.m.,
22°C, 60% humidity) and had free access to tap water and standard
mouse diet. Reporting of the animal study was carried out in
accordance with the ARRIVE guidelines 2.0 (Percie du Sert et al.,
2020), and the study was approved by the Federal Animal Care
and Use Committee (Regierungsprasidium Tiibingen, Germany).
All efforts were made to minimize the number of animals used and
their suffering. Given that the CSC paradigm is based on territorial
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aggression and the establishment of a social hierarchy, only male
mice were used in the present study.

Experimental procedures

A diagrammatic illustration of the experimental timeline is
shown in Figure 1. Following arrival on day -21, all C57BL/6N
mice were housed in groups of four and received repeated i.g.
administrations of either heat-killed Mycobacterium aurum DSM
33539 (n = 17) or its vehicle (Veh) sterile water (n 16) on
days -21, -14, and -7. Mice were housed individually following
the last administration on day -7 until the start of the CSC
paradigm on day 1 or remained single-housed (SHC) for control
(Veh-SHC: n = 8; Veh-CSC: n = 8; M. aurum-SHC: n = 9; M.
aurum-CSC: n = 8). Fecal pellets for compositional analysis of
the intestinal microbiome were collected at different experimental
days before as well as during the CSC paradigm. Behavioral
tests [i.e., elevated plus-maze (EPM, day 19), open-field/novel
object test (OF/NO, day 20), and social preference/avoidance test
(SPAT, day 21)] were performed to assess changes in general and
social anxiety-related behaviors. After the SPAT, all mice were
single housed and received 1% dextran sulfate sodium (DSS;
MP Biomedicals, Santa Ana, CA, USA) in their drinking water
for 1 week. On day 28, mice were euthanized between 07.00
and 10.00 a.m. by decapitation following brief CO, inhalation for
assessment of adrenal weight, ex vivo interferon gamma (IFN-y)
secretion from anti-CD3/CD28-stimulated mesenteric lymph node

10.3389/fnins.2024.1488603

cells (mesLNCs), colon length, and histological damage score of
the colon.

Intragastric administration of
Mycobacterium aurum DSM 33539

A whole heat-killed preparation of M. aurum DSM 33539
[supplied as 20 mg/ml of stock solution; provided by Aurum
Switzerland AG, Alfred-Escher-Strasse 26, 8002 Zurich,
2021)] was administered
intragastrically (i.g.) via a 20-gauge gavage needle on days
-21, -14, and -7 prior to CSC or SHC conditions. M. aurum
DSM 33539 was diluted in sterile water (Ampuva) at a final
concentration of 1 mg/ml, and each mouse received 100 pl of M.

Switzerland (Nouioui and Dye,

aurum DSM 33539, equivalent to a final dose of 0.1 mg M. aurum
DSM 33539/mouse. Of note, this is the same dose that our group
has used previously for s.c. and i.g. administration of M. vaccae
NCTC 11695 and M. vaccae ATCC 15483 in mice (Reber et al,
2016a; Amoroso et al., 2020; Langgartner et al., 2023; Amoroso
etal., 2019; Loupy et al., 2021).

Chronic subordinate colony housing
paradigm

The CSC paradigm was performed as described previously
(Langgartner et al., 2015; Reber et al., 2008, 2007; Foertsch and
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FIGURE 1

Experimental timeline: male C57BL/6N mice received repeated i.g. administrations of M. aurum DSM 33539 or sterile water (vehicle, Veh) on days
-21, -14, and -7, before being individually housed for 1 week and subsequently exposed to either 21 days of chronic subordinate colony housing
(CSC) or single-housed control (SHC) conditions. Stool samples for the assessment of the fecal microbiome were collected on days 1 and 19.
General anxiety was assessed employing the elevated plus-maze (EPM; day 19) and the open-field/novel object (OF/NO; day 20) test, followed by an
assessment of social anxiety employing the social preference/avoidance test (SPAT; day 21). Immediately after the SPAT, on day 21, all experimental
mice were housed singly and received 1% dextran sulfate sodium (DSS) via their drinking water for seven consecutive days (days 21-28). All mice
were euthanized on the morning of day 28 for assessment of physiological and immunological parameters. Figure was created with BioRender.com.
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Reber, 2020). Briefly, mice were weighed and assigned to either the
SHC or the CSC group, according to their body weight. To induce
chronic psychosocial stress, four CSC mice were housed together
with a dominant male CD-1 aggressor mouse for 21 consecutive
days. To avoid habituation, CSC mice were transferred to the
home cages of novel dominant aggressor CD-1 mice on days 8
and 15. Before the beginning of the CSC procedure, all potential
dominant CD-1 mice were tested for their aggressiveness to
exclude individuals severely injuring their conspecifics. SHC mice
remained undisturbed in their home cages except for changing their
bedding one time a week. In a previous study, we convincingly
demonstrated that single housing is the adequate control group
for the CSC paradigm, as unfamiliar group-housed males also
establish a social hierarchy, negatively affecting parameters assessed
routinely in studies employing the CSC paradigm (Singewald et al.,
2009).

Analysis of general and social
anxiety-related behavior

For assessment of general and social anxiety-related behavior,
experimental mice were exposed to the EPM, OF/NO, and SPAT on
days 19-21, respectively, as previously described (Amoroso et al.,
2020).

Elevated plus-maze

To assess treatment (M. aurum DSM 33539 and/or CSC) effects
on anxiety-related behavior, the EPM test was performed on day
19 of the CSC paradigm as previously described (Reber et al.,
2007). Mice were tested for 5min between 07.00 and 10.00 a.m.
The test took place in a dedicated behavioral box inside the animal
room where all animals were housed for the whole duration of the
experiment. Briefly, the plus-maze consists of two open (length:
30 cm; width: 6 cm; 1401x) and two closed (length: 30 cm; width:
6 cm; height: 17 cm, 851x) arms radiating from a central platform
(6 x 6cm) to form a plus-shaped figure elevated 130 cm above
the floor. The open arm edges were 0.3 cm in height to avoid
falling. Each mouse was placed in one of the closed arms for 30's to
habituate before the test started. During this time, the entrance to
the other arms of the maze was blocked. The maze was thoroughly
cleaned with water after each test. In order to assess the number
of entries into the closed arms, as well as the relative time spent in
the open arms (percentage of time spent in the open arms relative
to the amount of time spent in all arms), each test was videotaped
and scored afterward by an observer blind to the treatment using a
video/computer setup.

Open-field/novel object test

To further assess general anxiety-related behavior, the OF/NO
test was conducted on day 20 between 07:00 and 10:00 a.m. of
CSC exposure as previously described (Amoroso et al., 2020, 2019;
Langgartner et al, 2017). Briefly, during OF exposure, the test
arena (45 cm length x 27 cm width x 27 cm height; 350 lux) was
subdivided into an inner (9 x 27 cm) and an outer zone. The
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mouse was placed into the inner zone and allowed to explore the
arena for 5min. After 5min of OF exploration, a round plastic
object (diameter: 3.5 cm; height: 1.5 cm) was placed in the middle
of the arena and the mouse was allowed to explore the arena
containing the unfamiliar NO for 5min. During OF exploration,
the overall distance moved, the time in the inner zone, and the
time in the corners were assessed. During NO exploration, the
overall distance moved, the time spent in direct contact with the
NO, and the time in the corners was analyzed. The test arena was
cleaned thoroughly with water before each test. All parameters were
analyzed using EthoVision XT (v11.5.1022; Noldus Information
Technology, Wageningen, The Netherlands).

Social preference/avoidance test

To assess general and social anxiety-related behavior, the
SPAT was conducted on day 21 between 07:00 and 10:00 a.m. as
described previously (Amoroso et al., 2020, 2019; Slattery et al.,
2012). Briefly, the experimental mouse was placed in the SPAT
box (45cm length x 27cm width x 27 cm height; 20 lux) for
30s to habituate to the unfamiliar environment before a small
empty wire mesh cage (8.5cm length x 7.5cm width x 6.5cm
height) was introduced for 150s. This initial period informs about
general anxiety-related behavior as the mouse is exposed to a
novel object. Afterward, the empty cage was exchanged with an
identical cage containing an unfamiliar male CD-1 mouse for
another 150s. Total distance moved and the entries into the cage
zone were recorded using EthoVision XT (v11.5.1022; Noldus
Information Technology) during both 150-s trials. The box was
cleaned thoroughly with water before every test.

Dextran sulfate sodium treatment

Immediately after the SPAT on day 21, all experimental mice
were housed singly and received 1% DSS (50 kDa; Cat. no.
16011036, MP Biomedicals) through their drinking water for seven
consecutive days (days 21-28). The DSS bottles were weighed at
the beginning and at the end of the treatment and the amount
of DSS consumed was calculated. Given that drinking behavior
and, thus, overall DSS consumption varied between the groups all
physiological and colitis-related data were corrected by the amount
of DSS powder (g) consumed.

Collection of adrenal glands
On the morning of day 28 mice were decapitated following brief

CO; inhalation. Afterward, adrenals were removed, pruned of fat,
and weighed.

Isolation and incubation of mesenteric
lymph node cells

To assess treatment (M. aurum DSM 33539 and CSC) effects
on ex vivo anti-CD3/CD28-stimulated cytokine secretion from
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isolated mesLNCs, mesenteric lymph nodes were removed and
stored in ice-cold Roswell Park Memorial Institute Medium
(RPMI-1640, Cat. no. R8758, Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum (FBS, Cat.
no. 10270106, Gibco®, Thermo Fisher Scientific, Waltham, MA,
USA), 100 U/mL penicillin and 100 pg/mL streptomycin (Cat.
no. 15070063, Gibco®, Thermo Fisher Scientific), and 3 x 107>
M B-mercaptoethanol (Cat. no. M6250, Sigma-Aldrich). Lymph
nodes were mechanically disrupted and filtered through a cell
strainer (CorningTM, 70-pum nylon, Cat. no. 431751, Thermo Fisher
Scientific). Afterward, cells were washed in cell culture medium
and adjusted to a concentration of 2 x 10° cells/100 wl. Twenty-
four hours before lymph node cell incubation, wells of a 96-well
plate were pre-coated with 100 pl of anti-CD3 antibody (Cat.
no. MA1-10184, Thermo Fisher Scientific) diluted in PBS (final
concentration: 2.5 pg/ml/well). The wells were then aspirated
and washed two times with PBS before lymph node cells were
transferred to the wells. 2 x 10° cells were plated per well.
Following plating, 100 pl anti-CD28 antibody (Cat. no. 16-0281,
e-Bioscience™, Thermo Fisher Scientific) diluted in RPMI were
added to the wells at a final concentration of 1 pg/ml/well. After
48-h incubation (37°C, 5% CO,), supernatants were removed and
stored at —20°C until interferon-gamma (IFN-y) concentrations
were measured in the supernatants using a commercially available
ELISA kit.

Enzyme-linked immunosorbent assay for
assessment of ex vivo IFN-y secretion from
anti-CD3/CD28-stimulated mesLNCs

Interferon-y concentration in the supernatants of ex vivo
anti-CD3/CD28-stimulated mesLNCs was measured using a
commercially available ELISA kit according to the manufacturer’s
protocol (Cat. no. DY485-05, DuoSet ELISA, R&D Systems Europe,
Ltd., Abingdon, UK).

Determination of colon length and
histological damage score of the colon

To assess CSC effects on intestinal inflammation, the colon
was removed. After its length was measured, it was mechanically
cleaned of feces. To prepare histological sections, 1cm of the
distal third of the colon was cut longitudinally and fixed in 4%
formalin overnight. The next day, the fixed tissue was embedded
in paraffin and cut longitudinally. Histological slides were obtained
from the paraffin blocks, stained with hematoxylin-eosin, and
evaluated by histological scoring performed by an investigator
blinded to treatment. Histological damage score was assessed as
previously described (Reber et al., 2008): epithelium score (0:
normal morphology; 1: loss of goblet cells (i.e., cells characterized
by large mucin granules); 2: loss of goblet cells in large areas; 3: loss
of crypts; 4: loss of crypts in large areas) and infiltration score (0:
no infiltration; 1: infiltrate around crypt bases; 2: infiltrate reaching
to lamina muscularis mucosae; 3: extensive infiltration reaching
the lamina muscularis mucosae and thickening of the mucosa with
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abundant edema; 4: infiltration of the lamina submucosa). The
total histological score of each mouse represents the sum of the
epithelium and infiltration scores and ranges from 0 to 8.

Ultra-high-throughput microbial
community analysis on the illumina
sequencing platform

For collection of fecal samples, mice were placed in a clean
cage without bedding until defecating three normal-sized fecal
pellets. After mice were placed back into their home cage, fecal
samples were collected with a sterile G21 syringe needle. Fecal
samples for analysis of the diversity and community composition
of the fecal microbiome were collected before (day 1) and
at the end of the CSC paradigm (day 19), respectively, and
frozen at —80°C until DNA extraction was performed. DNA
extraction was performed as previously described with minor
modifications (Appiah et al, 2021). Briefly, DNA was extracted
using the PowerSoil DNA Extraction Kit (MoBio Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
Samples were analyzed using 16S rRNA gene amplicon sequencing.
Therefore, marker genes in isolated DNA were PCR-amplified
using GoTaq Master Mix (Promega, WI, USA) and a primer pair
(Integrated DNA Technologies, Coralville, IA, USA) targeting the
V4 hypervariable region of the 16S rRNA gene modified with
a unique 12-base sequence identifier for each sample and the
Mlumina adapter. The thermal cycling program consisted of an
initial step at 94°C for 3 min followed by 35 cycles (94°C for 45s,
50°C for 1 min, and 72°C for 1.5 min), and a final extension at 72°C
for 10 min. PCRs were run in duplicate, and the products from
the duplicate reactions were pooled and visualized on an agarose
gel to ensure successful amplification. PCR products were cleaned
and normalized using the SequalPrep Normalization Kit (Thermo
Fisher Scientific) following the manufacturer’s instructions. After
measuring the correct size distribution of the normalized library
on a DNA1000 ScreenTape® using a Tape Station 4200 (Agilent),
the amplicon pool was sequenced on an Illumina MiSeq using
V2 chemistry and 2 x 250 bp paired-end sequencing at the
Core Facility Genomics (Medical Faculty at Ulm University).
Bioinformatic analysis was conducted in close collaboration with
the Core Facility for Bioinformatics and Data Management run
by the Medical Faculty at Ulm University. Briefly, microbiome
analysis was performed using the Quantitative Insights Into
Microbial Ecology program (QIIME2-2021.4; http://qiime2.org)
(Bolyen et al., 2019). Raw sequence data were demultiplexed
and quality filtered using the q2-demux plugin followed by
denoising with DADA2 via q2-dada2 (Callahan et al, 2016) to
identify all observed amplicon sequence variants (ASVs) [i.e., 100%
operational taxonomic units (OTUs)]. In DADA2, forward reads
were trimmed at position 19 and truncated at position 151; reverse
reads were trimmed at position 19 and truncated at position 151,
based on sequence quality. Taxonomy assignment was conducted
using a naive Bayes classifier trained on the SILVA version 128
database (Quast et al., 2013). A phylogenetic tree was created
using the SATé-enabled phylogenetic placement (SEPP) fragment
insertion method via QIIME2 (Janssen et al., 2018). Alpha diversity
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analyses were executed within QIIME2, with data rarefied to an
even sampling depth of 1,500 reads per sample (Weiss et al., 2017).
Alpha-diversity metrics [i.e., Pielou’s evenness, Shannon diversity
index, Faith’s phylogenetic diversity, observed ASVs were evaluated
after samples were rarefied. Code for reproducing microbiome
analysis can be found at https://github.com/GRalexOSS/Maurum_
Processing].

Statistics

For statistical analysis and graphical illustrations, GraphPad
Prism (version 10, GraphPad Software, LCC) was used. Statistical
analysis was performed as previously described (Kempter et al,
2021, 2023). Briefly, Kolmogorov-Smirnov test with Lilliefors’
correction was employed to test for normal distribution. Extreme
outliers in normally distributed data sets were identified by
the Grubbs test (Grubbs, 1969) and excluded from further
analysis. Normally distributed data sets were analyzed by
parametric statistics, i.e., two-tailed Student’s t-test (one factor,
two independent samples), two-tailed Student’s ¢-tests with Welch’s
correction when appropriate, and two-way ANOVA (two factors,
two or more independent samples). In case of repeated measures,
data were analyzed using a linear mixed model (LMM). Non-
normally distributed data sets were analyzed by non-parametric
statistics, i.e., Mann-Whitney U-test (one factor, two independent
samples) and Wilcoxon test (one factor, two dependent samples).
All statistical tests comparing more than two samples were followed
by post hoc analysis using Bonferroni pairwise comparison when a
significant main effect was found. Data are presented as bars (mean
+ SEM) with individual values. The two-tailed level of significance
was set at P < 0.05.

Results

Effects of M. aurum DSM 33539 on
general/social anxiety

Elevated plus-maze

Statistical analysis revealed that M. aurum DSM 33539 vs. Veh
mice of the SHC group showed a significantly reduced number of
entries into the closed arms [Table 1; Factor M. aurum DSM 33539
x Factor Stress Interaction: F(; 59y = 7.168, P = 0.012; Bonferroni:
P =0.029] and percentage of time spent in the open arms [Table 1;
Factor M. aurum DSM 33539 x Factor Stress Interaction: F(; ,5) =
8.172, P = 0.008; Bonferroni: P = 0.006].

Open-field/novel object test

The distance moved during OF (Table ; MWU; P =
0.036) and NO (Table 1; Factor Stress: F(j 9 = 17.59, P <
0.001; Bonferroni: P < 0.001) exploration was significantly
reduced, while the time in the corners during NO exploration
(Table 1; Factor Stress: F(j 29y = 5.624, P = 0.025; Bonferroni:
P = 0.019) was significantly increased in CSC vs. SHC
mice of the M. aurum DSM 33539 group. The time in
the inner zone and the time in corners, both during OF
exploration and the time in the contact zone during NO
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exploration, were neither affected by CSC nor M. aurum
DSM 33539.

Social preference/avoidance test

Statistical analysis revealed a significant main effect of Factor
Social [F(j, 29y = 10.71, P = 0.003] and Factor Stress [F(j, 29) =
7.880, P = 0.009] in the distance moved during SPAT (Table 1).
Moreover, SHC mice of the Veh groups showed significantly more
entries into the cage zone during social vs. empty cage exploration
[Factor Social F(j, 29y = 12.62, P = 0.001; Bonferroni: P = 0.050].

Effects of M. aurum DSM 33539 on
CSC-induced adrenal enlargement and
aggravation of DSS-induced colitis

Relative adrenal weight was significantly increased in CSC
vs. SHC mice of the Veh but not M. aurum DSM 33539 group
[Figure 2A; two-way ANOVA: Factor Stress: F(j ,9) = 7.621, P
= 0.010; Bonferroni: P = 0.016]. Moreover, CSC vs. SHC mice
of the Veh but not M. aurum DSM 33539 group showed an
increased body weight loss during DSS treatment between days
21 and 28 (Figure 2B, MWU: P < 0.001) and between days 24
and 28 [Figure 2C, two-way ANOVA: Factor Stress: F(j ;9) =
17.84, P < 0.001; Bonferroni: P < 0.001], as well as an increased
histological damage score (Figure 2E; MWU; P = 0.005), while
colonic length was comparable between all groups (Figure 2D). Ex
vivo IFN-y secretion from anti-CD3/CD28-stimulated mesLNCs
was increased in CSC vs. SHC mice of both the Veh and M. aurum
DSM 33539 group (Figure 2F; MWU; Veh: P = 0.01; M. aurum: P
=0.002) with M. aurum DSM 33539 vs. Veh mice of the SHC group
secreting significantly less IFN-y (MWU; P = 0.046).

Effects of M. aurum DSM 33539 on
a-diversity of the fecal microbiome

Statistical analysis revealed a significant interaction effect for
Pielou’s evenness [Figure 3A; LMM: Factor Time x Factor Stress
Interaction: F(j ,g) = 8.349, P = 0.007], a significant main effect of
time for Shannon diversity index [Figure 3B; LMM: Factor Time:
F,28) = 5264, P = 0.029], a significant main effect of time
[Figure 3C; LMM: Factor Time: F(; 25y = 5.711, P = 0.024] and
stress [Figure 3C; LMM: Factor Stress: F(j 29y = 6.447, P = 0.017]
for Faith’s phylogenetic diversity and a significant main effect of
time [Figure 3D; LMM: Factor Time: F(; 57y = 8.640, P = 0.007]
and stress [Figure 3D; LMM: Factor Stress: F(j 29y = 4.196, P =
0.050] as well as an interaction effect [Figure 3D; LMM: Factor M.
aurum DSM 33539 x Factor Time x Factor Stress Interaction:
Fq,27) = 4517, P = 0.043] for observed ASVs, respectively.
Although Bonferroni post hoc analysis did not reveal significant
differences for any of the four a-diversity metrics, analysis via
separate Student’s ¢-tests between SHC and CSC mice of the M.
aurum DSM 33539 group at day 19 revealed a by-trend increase in
Shannon index (P = 0.053; Figure 3B), and a significant increase in
Faith’s phylogenetic diversity (P = 0.017; Figure 3C) and observed
ASVs (P = 0.028; Figure 3D).
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TABLE 1 EPM, OF/NO, and SPAT behavioral tests.

10.3389/fnins.2024.1488603

M. aurum

EPM
Entries to closed arms (1) 15.00 £+ 1.16 10.88 + 1.62 9.78 + 1.48* 13.38 + 1.44
Percentage time spent in open arms (%) 10.63 4 2.95 6.19 & 1.11 3.67 £0.93* 8.11 £ 1.17

OF/NO

Distance moved (OF) (cm) 1,889.24 + 73.51

1,615.38 & 161.47

1,771.01 £ 141.86

1,495.81 & 86.23*

Time in inner zone (OF) (s) 24.89 + 4.67

40.12 +13.43

28.54 £ 4.67

24.68 £+ 8.38

Time in corners (OF) (s) 139.81 £ 13.54

145.36 + 24.52

162.28 4 13.33

175.74 £ 14.88

Distance moved (NO) (cm) 1,841.82 4+ 145.72

1,526.14 4 103.52

2,090.53 £ 141.61

1,353.46 £ 96.80**

Time in contact zone (NO) (s) 10.87 +£2.23

12.73 £2.77

13.50 4 2.81

6.77 £ 1.69

Time in corners (NO) (s) 135.44 + 18.43

150.59 £ 22.25

139.33 £ 13.70

206.42 + 14.30*

SPAT

Distance moved empty cage compartment (cm) 504.63 £ 67.06

389.20 £ 54.52

548.93 + 88.78

418.41 £ 75.54

Distance moved social cage compartment (cm) 724.28 £73.16 525.28 £ 67.95 664.61 £+ 74.20 452.76 + 39.11
Entries into cage zone during empty cage exploration (s) 2.38 £0.63 2.00 £ 0.50 2.33£0.76 1.63 4+ 0.56
Entries into cage zone during social cage exploration (s) 4.75 4 0.828 2.88+0.69 3.56 £ 0.60 2.50 £0.42

CSC, chronic subordinate colony housing; EPM, elevated plus-maze; M. aurum, Mycobacterium aurum DSM 33539; OF/NO, open-field/novel object; SHC, single-housed control; SPAT, social

preference/avoidance test; Veh, vehicle (sterile water).
*P < 0.05, P < 0.001 vs. respective SHC.

#P < 0.05, %P < 0.01 vs. respective Veh group.

8P < 0.05 vs. empty cage condition.

Effects of M. aurum DSM 33539 on the
community composition of the fecal
microbiome

Analysis of the fecal microbiome composition revealed a
significant increase in the relative abundance of Bacteroidetes
(Figure 4A) and a significant reduction in the relative abundance
of Firmicutes (Figure4B) in SHC mice of the Veh group
(Bacteroidetes, Wilcoxon: P = 0.008; Firmicutes, Wilcoxon: P
= 0.008) as well as SHC (Bacteroidetes, Wilcoxon: P = 0.012;
Firmicutes, Wilcoxon: P = 0.012) and CSC mice (Bacteroidetes,
Wilcoxon: P = 0.016; Firmicutes, Wilcoxon: P = 0.016) of the M.
aurum DSM 33539 group at days 19 vs. 1, respectively. This resulted
in a significantly decreased F/B ratio (Figure 4C) in SHC mice of
the Veh group (Wilcoxon: P = 0.008) as well as SHC (Wilcoxon: P
= 0.020) and CSC mice (Wilcoxon: P = 0.016) of the M. aurum
DSM 33539 group at days 19 vs. 1, respectively. Moreover, on
day 19 the relative abundance of the phylum Desulfobacterota was
significantly greater in Veh-treated CSC vs. SHC mice [Figure 4D;
LMM: Factor M. aurum DSM 33539 x Factor Time x Factor Stress
Interaction: F(;,57) = 12.31, P = 0.002; Factor Time: F(; 57) =4.731,
P = 0.039; Bonferroni: P = 0.008] and significantly reduced in
CSC mice of the M. aurum DSM 33539 vs. Veh group (Bonferroni:
P = 0.018). Furthermore, the relative abundance of the phylum
Deferribacterota (Figure 4E) was reduced in both Veh (strong
trend: Wilcoxon: P = 0.055) and M. aurum DSM 33539-treated
(Wilcoxon: P = 0.043) SHC mice at day 19 vs. day 1, while the
relative abundance of Deferribacterota was significantly increased
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in CSC vs. SHC mice of the Veh- (MWU: P = 0.030) but not M.
aurum DSM 33539-treated group at day 19. Correlational analyses
further revealed that the relative abundance of Deferribacterota
on day 19 correlated positively with the histological damage score
(Figure 4F; Spearman r = 0.48; Spearman P = 0.005) assessed after
8 days of DSS administration (i.e., day 28). The relative abundances
of Patescibacteria, Proteobacteria, Cyanobacteria, Actinobacteriota,
and Verrucomicrobiota (Figures 4G-K) were neither affected by
CSC nor M. aurum DSM 33539.

Discussion

The results of the present study indicate that repeated i.g.
administrations of a heat-inactivated preparation of M. aurum
DSM 33539 have stabilizing effects on the composition of
the intestinal microbiome, indicated by an M. aurum DSM
33539-associated amelioration of the CSC-induced increase in
the abundance of the colitogenic phyla Desulfobacterota and
Deferribacterota. In line with the latter, M. aurum DSM
33539 was further protective against the aggravating effects of
stress on subsequent DSS colitis, suggesting that the stress-
protective effects reported for M. vaccae NCTC 11659 and M.
vaccae ATCC 154837 (Reber et al., 2016a; Amoroso et al,
2020; Langgartner et al, 2023; Amoroso et al., 2019; Loupy
et al, 2021; Amoroso et al, 2021) are generalizable also to
other closely related rapidly growing environmental saprophytic
NTM species.
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FIGURE 2

M. aurum DSM 33539 protects against CSC-induced adrenal enlargement and aggravation of DSS-induced colitis. (A) Relative adrenal weight, (B)
delta body weight between days (d)28-21, (C) delta body weight between d28-24, (D) intestinal length, (E) histological damage score of the colon,
and (F) interferon (IFN)-vy secretion from isolated and anti-CD3/CD28-stimulated mesenteric lymph node cells (mesLNCs). Given that drinking
behavior and, thus, overall DSS consumption varied between the groups all physiological and colitis-related data were corrected by the amount of
DSS powder (g) consumed. CSC, chronic subordinate colony housing; M. aurum, Mycobacterium aurum DSM 33539; SHC, single-housed control;
Veh, vehicle (sterile water). Data are presented as mean + SEM including individual values. *P < 0.05, **P < 0.01, ***P < 0.001 vs. respective SHC

condition; #P < 0.05 vs. respective Veh condition.

M. aurum DSM 33539 protects against
CSC-induced adrenal enlargement and
aggravation of DSS-colitis

Adrenal enlargement has been shown to be the most predictive
biomarker for classification and class prediction in the CSC
paradigm (Langgartner et al.,, 2018) and a typical sign of chronic
stress (Langgartner et al, 2015). In confirmation that the CSC
paradigm worked reliably in the present study, Veh-treated
CSC mice were characterized by larger adrenals compared with
respective SHC mice. However, in contrast to our earlier studies
showing that M. vaccae NCTC 11659 is not protective against
CSC-induced hypothalamic-pituitary-adrenal (HPA) axis changes,
including adrenal enlargement, neither when administered via the
s.c. (Reber et al., 2016a; Mazzari et al., 2023) nor i.g. (Langgartner
et al., 2023) route, CSC mice repeatedly administered i.g. with M.
aurum DSM 33539 in the present study were not characterized
by adrenal enlargement compared with respective SHC mice, at
least when assessed following 7 days of DSS treatment initiated
following the termination of the CSC paradigm. As repeated i.g.
administrations of M. aurum DSM 33539 prior to CSC further
had protective effects against the CSC-induced aggravation of DSS
colitis (i.e., DSS in the drinking water between days 21 and 28)
and as a local peripheral inflammation activates the HPA axis
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and, if chronic, promotes adrenal enlargement (Wolff et al., 2014),
the protective effect of M. aurum DSM 33539 on CSC-induced
adrenal enlargement might also reflect an indirect consequence of
M. aurum DSM 33539 protecting against CSC-induced aggravation
of DSS-induced colitis. The latter represents a widely used model of
inflammatory bowel disease (IBD) (Reber et al., 2008; Reber, 2012),
and the protective effect of M. aurum DSM 33539 is indicated by
an increased body weight loss (i.e., days 21 until 28, days 24 until
28) and a higher histological damage score in CSC vs. SHC mice
in the Veh but not in the M. aurum DSM 33539 group, while
the colon length as a marker for inflammatory shortening of the
colon was not affected at all, and the CSC-induced increase in ex
vivo IFN-y secretion from anti-CD3/CD28-stimulated mesenteric
lymph node cells was comparable between Veh- and M. aurum
DSM 33539-treated mice.

M. aurum DSM 33539 stabilizes the
composition of the intestinal microbiome

In an earlier study, we reported strong declines in a-diversity
over time in both CSC and SHC mice administered (s.c.) repeatedly
with BBS (i.e., vehicle for M. vaccae NCTC 11659), particularly
evident at the onset of the CSC procedure (Reber et al., 2016a),
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FIGURE 3

Effects of M. aurum DSM 33539 on alpha diversity measures. Alpha diversity metrics (A) Pielou’s evenness, (B) Shannon diversity index, (C) Faith's
phylogenetic diversity (PD), and (D) observed amplicon sequence variants (ASVs). CSC, chronic subordinate colony housing; M. aurum,
Mycobacterium aurum DSM 33539; SHC, single-housed control; Veh, vehicle (sterile water). Data are presented as mean + SEM including individual
values. TP < 0.05 vs. respective SHC condition, analyzed via separate Student's t-test.
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suggesting that the CSC procedure is stressful for all mice, which
are housed in the same room. A follow-up study suggests that
dominant aggressor mice have been used that were positive for
enterohepatic Helicobacter spp. (EHS) and that CSC but not
SHC mice got infected with these EHS during CSC exposure
(Langgartner et al., 2017). As CSC but not SHC mice of the BBS
group further were characterized by an increased abundance of the
phylum Proteobacteria, including the genus Helicobacter on days 8
and 15 of CSC exposure (Reber et al., 2016a), these data collectively
support the hypothesis that a stress-induced decline in -
diversity facilitates the infection with and the expansion of certain
colitogenic pathobionts, finally promoting stress-induced intestinal
pathologies. Consistent with the latter, the abundance of both
Proteobacteria and Helicobacter spp. correlated positively with the
histological damage in the colon of SHC and CSC mice (Reber et al.,
2016a). Moreover, other stress paradigms also have been shown to
increase intestinal Helicobacter spp. abundance in mice (Guo et al.,
2009), and intestinal Helicobacter abundance predicts intestinal
inflammation scores in mice with impaired immunoregulation
(IL-10~/~ mice), whereas unstressed wild-type (WT) mice do
not develop intestinal inflammation in response to Helicobacter
spp. infection (Solnick and Schauer, 2001; Bassett et al., 2015;
Kullberg et al, 2001). Of note, in our earlier study assessing
the stress-protective effects of repeated s.c. administrations of
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M. vaccae NCTC 11659 we further detected an effect of time
for the abundance of the phylum Desulfobacterota, indexed by
the expansion of an unidentified genus of Desulfovibrionaceae
(Reber et al, 2016a). The phylum Desulfobacterota consists of
many organisms that are involved in the degradation of butyrate
(Gryaznova et al., 2022), suggesting their involvement in the stress-
induced disruption of the intestinal barrier function (Voigt et al,
2022) and supporting the association between Desulfobacterota,
an increased immune response and gut inflammation (Figliuolo
et al., 2017; Tamargo et al., 2022; Rajput et al., 2023). As CSC but
not SHC mice administered repeatedly (s.c.) with M. vaccae NCTC
11659 show a strong decline in a-diversity during the course of CSC
(Reber et al., 2016a), these findings further suggest that M. vaccae
NCTC 11659 is able to protect against the negative effects of mild
witnessing stress on intestinal a-diversity in SHC, but not against
the negative effects of severe chronic social defeat during CSC
(Reber et al., 2016a). Again, the decline in intestinal a-diversity in
M. vaccae NCTC 11659-administered CSC mice was paralleled by
an increased abundance of Proteobacteria, including Helicobacter
spp., on days 8 and 15 of CSC exposure.

In contrast to these earlier studies, the current study
has been conducted under SPF conditions using dominant
aggressor mice negative for EHS, with the consequence that
CSC mice could not be infected with EHS during CSC
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FIGURE 4
Effects of M. aurum DSM 33539 on community composition of the gut microbiome. Relative abundance of (A) Bacteroidetes and (B) Firmicutes. (C)
Firmicutes/Bacteroidetes ratio. Relative abundance of (D) Desulfobacterota, (E) Deferribacterota, (F) Spearman correlation analysis between the
relative abundance of Deferribacterota in (%) and the histological damage score of the colon corrected by the amount of DSS powder (g) consumed,
(G) Patescibacteria, (H) Proteobacteria, (1) Cyanobacteria, (J) Actinobacteriota, (K) Verrucomicrobiota. CSC, chronic subordinate colony housing; M.
aurum, Mycobacterium aurum DSM 33539; SHC, single-housed control; Veh, vehicle (sterile water). Data are presented as mean + SEM including
individual values. *P < 0.05, **P < 0.01 vs. respective SHC condition; 8P <0.05, %P <0.01 vs. respective day 1; #P < 0.05 vs. respective Veh
condition
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genus of Desulfovibrionaceae (Reber et al., 2016a), repeated i.g.
administration with M. aurum DSM 33539 in the present study
prevented the CSC-induced expansion of Desulfobacterota, which
might at least in part be mediating the stress-protective effects
of M. aurum DSM 33539 on CSC-induced aggravation of DSS-
induced colitis.

Interestingly, in the present study repeated M. aurum DSM
33539 administrations further prevented the CSC-induced increase
in the relative abundance of Deferribacterota, which has been
associated with exacerbated intestinal inflammation at steady
state and following DSS treatment (Selvanantham et al., 2016).
Noteworthy in this context is further that, among others, the
abundances of both Desulfobacterota and Deferribacterota were
decreased in mice supplemented with probiotic bacteria over
several weeks (Gryaznova et al., 2022). Consistent with the latter,
the abundance of Deferribacterota in the present study correlated
positively with the histological damage in the colon of DSS-treated
mice of all experimental groups.

Although a significant time effect for the Shannon diversity
index, Faith’s phylogenetic diversity and abundance of observed
ASVs with lower values on days 19 vs. 1 of CSC argue for a general
decline in a-diversity in all experimental groups housed in the same
room, separate ¢-tests indicating a higher Shannon diversity index,
Faith’s phylogenetic diversity, and observed ASVs in CSC vs. SHC
of the M. aurum DSM 33539 group on day 19 suggest that M.
aurum DSM 33539 has at least mild protective effects against the
decline in a-diversity between days 1 and 19 in CSC mice. Note,
M. vaccae NCTC 11659 protected SHC from a witnessing stress-
induced decline in a-diversity, but not CSC mice (Reber et al,
2016a).

We further revealed an increase in the abundance of
Bacteroidetes in SHC mice of the Veh group between days 1 and
19 of CSC, while the abundance of Firmicutes and, consequently,
the F/B ratio were declining. This is in line with what we reported
earlier for SHC mice housed together with CSC mice in the
same room (Reber et al., 2016a). As further chronic unpredictable
immobilization stress as well as chronic social defeat stress have
been shown to lower the fecal F/B ratio in male mice (Dodiya
et al., 2020; Zhang et al., 2017), the current findings again support
the conclusion that sensory contact to CSC mice represents at
least a mild stressor for SHC mice able to affect the intestinal
microbial composition. Noteworthy, statistical analysis revealed
that CSC in contrast to SHC mice of the Veh group did not show
the above-reported increase in the abundance of Bacteroidetes as
well as a decrease in the abundance of Firmicutes and the F/B
ratio between days 19 and 1, which is in line with our earlier
study (Reber et al., 2016a) and indicating that CSC mice do
not show any relative changes in these phyla or their ratio over
time, which is probably due to the above-mentioned expansion
of Desulfobacterota and Deferribacterota or Proteobacteria (Reber
et al., 2016a), respectively. Consistent with the protective effects
of M. aurum DSM 33539 against the CSC-induced increase in
Desulfobacterota and Deferribacterota abundances in the present
study, SHC and CSC mice of the M. aurum DSM 33539 group
showed a higher abundance of Bacteroidetes and a decreased
abundance of Firmicutes and F/B ratio at days 19 vs. 1.
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M. aurum DSM 33539 did not alter
emotional behavior

In line with earlier studies conducted by our group investigating
the stress-protective effects of M. vaccae NCTC 11659 (Amoroso
et al, 2020, 2019), CSC mice repeatedly administered with
sterile water as a vehicle for M. aurum DSM 33539 prior to
stressor exposure did not reliably develop a behavioral phenotype
characterized by increased general anxiety-related behavior. The
latter might be due to the fact that most administration
procedures, including s.c. (Amoroso et al., 2020), in. (Amoroso
et al, 2019), and ig. (present study) administrations, require
immobilization of experimental mice and, thus, are per se stressful
and anxiogenic, masking possible CSC effects on emotionality.
In contrast, CSC in untreated mice reliably causes a behavioral
phenotype characterized by increased anxiety-related behavior
during elevated plus-maze, light-dark box, OF/NO, elevated
platform, and SPAT exposure (Langgartner et al, 2015, 2017;
Slattery et al., 2012; Reber et al., 2007, 2016b; Uschold-Schmidt
et al, 2012). In support of the hypothesis that immobilization
required for substance administrations per se represents a severe
stressor resulting in increased anxiety levels and, thus, masking
possible CSC effects on emotionality, acute restraint stress enhances
anxiety-like behavior with a time-delay of ~10 days, measured
as significant open arm avoidance in the EPM (Mitra et al,
2005) and accompanied by enhanced spine density on dendrites
of basolateral amygdala neurons (BLA), a site for storage of
fearful memories and/or stressful experiences (Blair et al., 2001;
LeDoux, 1993; Rogan et al, 1997; Schafe et al, 2001). Given
that prior administration of low-dose corticosterone was able to
prevent these molecular and behavioral effects of acute restraint
stress (Rao et al.,, 2012), administering Veh or M. aurum DSM
33539 during the dark phase, when corticosterone levels are
elevated due to the diurnal rhythm, might be able to prevent
the anxiogenic effects of the administration procedure per se. Of
note, as repeated i.g. administrations of M. aurum DSM 33539
in the present study reduced the entries into closed arms during
EPM testing in SHC mice as well as the distance moved in
CSC mice during both OF and NO exploration, M. aurum DSM
33539 seems to decrease general locomotion, further impeding
the interpretation of anxiogenic-like effects of M. aurum DSM
33539 in SHC mice, indicated by a decreased time spent on
the OA during EPM testing, and CSC mice, indicated by an
increased time in corners during NO exploration. However,
as the distance moved during SPAT empty and social cage
exploration was comparable between all experimental groups, the
effects of M. aurum DSM 33539 on general locomotion seem
to be rather mild and paradigm specific. Importantly, CSC-
induced social anxiety seems to be less affected by repeated
prior substance administrations than CSC-induced general anxiety,
indicated by CSC in contrast to SHC mice of the Veh group
not preferring the social over the empty cage. An effect of
i.g. M. aurum DSM 33539 treatment on a CSC-induced lack
of social preference could not be assessed, as M. aurum DSM
33539-treated SHC mice did not prefer the social over the
empty cage.
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Conclusion

Collectively, the results of this study confirm and extend
previous findings from our group and provide further support
for the microbiome-stabilizing and stress-protective potential of
rapidly growing environmental saprophytic NTM in a mouse
model of chronic psychosocial stress.
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