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Lactobacillus reuteri NK33 (NK33) and Bifidobacterium adolescentis NK98 (NK98) alleviate
immobilization stress-induced depression. To understand the gut microbiota-mediated
mechanisms of NK33 and NK98 against depression, we examined their effects on Escherichia coli K1
(K1)-induced depression and gut dysbiosis in mice. NK33, NK98, and their mixtures (1:1,4:1,and 9:1)
mitigated K1-induced depression and colitis. NK33 and NK98 additively or synergistically increased
BDNF*/NeuN* cell population and suppressed NF-kB action in the hippocampus. They alleviated gut
dysbiosis by reducing the Proteobacteria population and increasing the Clostridia population.
These results suggest that NK33 and NK98 may alleviate depression and colitis by ameliorating gut
dysbiosis.
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Excessive exposure to stressors such as social defeat, immobilization, antibacterials, and pathogen infection
stimulate the release of adrenal hormones noradrenaline, adrenaline, and glucocorticoids through the activation
of the hypothalamic-pituitary-adrenal (HPA) axis and the secretion of proinflammatory cytokines IL-6 and TNF-
a. This results in the occurrence of psychiatric disorders, colitis, and gut dysbiosis [1, 2]. Treatment with 2,4,6-
trinitrobenzenesulfonic acid (TNBS), a colitis inducer, causes colitis, gut dysbiosis, and cognitive impairment in
mice [3]. Oral gavage of ampicillin causes gut dysbiosis, colitis, and anxiety/depression in mice [4]. Infection with
pathogens such as TNBS-induced Escherichia coli and ampicillin-induced Klebsiella oxytoca in the intestine of
mice causes colitis with psychiatric disorders, including anxiety/depression and memory impairment, through
the activation of the microbiota-gut-brain (MGB) axis [3-5]. However, Lactobacillus mucosae NK41 alleviates E.
coli K1 (K1)-induced cognitive impairment, depression, and colitis in mice by the amelioration of gut dysbiosis
[5].

Gut microbiota consist of > 1,000 bacterial species in humans and animals [6] and display a variety of
physiological functions such as modulation of the host'’s immune and nervous systems and defense against
pathogen attacks [6, 7]. However, the induction of gut opportunistic E. coli K1 by immobilization stress (IS) causes
colitis and psychiatric disorders [5, 8]. Bifidobacterium adolescentis IM38 mitigates anxiety in IS-treated mice [9].
Lactobacillus reuteri NK33 (NK33), B. adolescentis NK98 (NK98), and their (1:1) mixture were also reported to
alleviate IS-induced anxiety/depression in mice [10]. However, at present, the gut microbiota-mediated
inhibitory mechanism of probiotics NK33 and NK98 against anxiety/depression remains unclear.

Therefore, in the present study, we examined the effects of NK33, NK98, and their mixtures (1:1,4:1,and 9:1) on
K1-induced gut dysbiosis, colitis, and depression in mice.

Male C57BL/6 mice (5 weeks of age; 19-21 g in weight) were supplied by Koatech Inc. (Republic of Korea). The
animals were maintained under controlled condition (temperature, 20 + 2°C; humidity, 50 £ 10%; light-dark
cycle, 12 h). The mice received standard laboratory chow with tap water ad libitum. All animal experiments were
approved by the Institutional Animal Care and Use Committee of the University (IACC No. KUASP(SE)-19-152)
and were performed according to the University Guide for Laboratory Animal Care and Usage.

NK33 and NK98 were cultured in MRS broth (BD, USA) for probiotics and K1 was cultured in the tryptic soy
broth (BD). Cultured bacteria were centrifuged (5,000 g, 20 min, 4°C) and suspended in 1% maltose.

The mice with K1-induced depression were prepared following a previous report [8]. To evaluate the effects of
NK33 and NK98 on the occurrence of depression, the mice were randomly divided into seven groups (CON, EC,
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EN33, EN98, EN1:1, EN4:1, and EN9:1), with five animals in each group. All groups except the CON group were
orally gavaged with K1 (1 x 10° CFU/mouse) daily for 5 days. The test agents (CON, 1% maltose; EC, 1% maltose;
EN33, 1 x 10° CFU/mouse/day of NK33; EN98, 1 x 10° CFU/mouse/day of NK98; EN1:1, 1 x 10’ CFU/mouse/day
of the NK33 and NK98 (1:1) mixture; EN4:1, 1 x 10° CEU/mouse/ of the NK33 and NK98 (4:1) mixture; and
EN9:1, 1 x 10° CFU/mouse/ of the NK33 and NK98 (9:1) mixture) were orally gavaged once a day for 5 days from
24 h after the final K1 treatment.

Following previous reports [5, 8], depression-like behaviors were measured in the elevated plus maze (EPM)
task, forced swimming test (FST), and tail suspension test (TST) 18 h after the final treatment with test agents.
Corticosterone, TNF-qa, and IL-6 levels were assayed by using enzyme-linked immunosorbent assay kits, as
described in Supplement Methods. Immunohistochemistry was performed according to the method of Kim et al.
[5].

Microbiota pyrosequencing was performed using Illumina iSeq 100 (USA), as previously reported [11].
Pyrosequencing reads were deposited in the NCBIs short read archive under the accession number PRINA603024.

Experimental data were indicated as mean + standard deviation (SD) and analyzed by Graph-Pad Prism 8
(GraphPad Software Inc., USA). The significance for data was analyzed by using one-way analysis of variance with
Tukey's multiple comparison test (p < 0.05).
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Fig. 1. Oral gavage of Lactobacillus reuteri NK33 and/or Bifidobacterium adolescentis NK98 alleviated
Escherichia coli K1-induced depression-like behaviors in mice. Effects on depression-like behaviors in the TST (A),
and FST (B). Effects on IL-6 (C) and TNF-a expression (D), NF-kB activation (p-p65/p65, E), and BDNF'/NeuN" cell
populations (F) in the hippocampus. Effects on corticosterone (CORT, G) and IL-6 (H) levels in the blood. Mice were orally
exposed to K1 and thereafter test agents (EC, vehicle [1% maltose]; EN33, 1 x 10° CFU/mouse/day of NK33; EN98, 1 x 10’
CFU/mouse/day of NK98; EN1:1, 1 x 10° CFU/mouse/day of the (1:1) mixture of NK33 and NK98]; EN4:1, 1 x 10° CFU/
mouse/day of the (4:1) mixture of NK33 and NK98]; EN9:1, 1 x 10° CFU/mouse/day of the (9:1) mixture of NK33 and NK98])
were orally gavaged daily for 5 days. CON group was treated with vehicle instead of test agents and K1. Blood corticosterone and
IL-6 levels were assayed by ELISA kits. All data were expressed as mean + SD (n = 5). Means with same letters are not
significantly different (p < 0.05).
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First, the effects of NK33 and NK98 on K1-induced anxiety/depression in mice were examined (Figs. 1A and B).
Oral gavage of K1 significantly increased the immobility times in the TST and FST to 179% and 141% of the
control group, respectively. However, NK33, NK98, and their mixtures (1:1, 4:1, and 9:1) inhibited the EC-
induced depression-like behaviors: they decreased the immobility times in TST to 107%, 92%, 107%, 94%, and
104% of the control mice, respectively, and in FST to 92%, 89%, 96%, 94%, and 101% of the control mice,
respectively. Exposure to K1 also increased IL-6 and TNF-a expression and NF-«B activation in the hippocampus
and corticosterone and IL-6 levels in the blood (Figs. 1C-E). Oral administration of NK33, NK98, and their
mixtures suppressed K1-induced IL-6 and TNF-a expression and NF-kB activation in the hippocampus (Figs. 1C-
E), while the K1-suppressed BDNF'/NeuN" cell population was increased in the hippocampal CA3 region (Fig.
1F). The treatments also reduced corticosterone and IL-6 in the blood (Figs. 1G and H). NK38 and NK98
additively or synergistically suppressed depression-like behaviors, IL-6 expression in the hippocampus, and
corticosterone and IL-6 levels in the blood (Figs. 1A-C, G-H).

Oral gavage of K1 significantly induced colon shortening, myeloperoxidase activity, and TNF-a and IL-6
expression in the colon of mice (Figs. 2A-D). K1-induced myeloperoxidase activity and IL-6 expression were
significantly suppressed by the treatment with NK33, NK98, or their mixtures (1:1, 4:1, and 9:1). NK38 and NK98
additively or synergistically suppressed these colitis markers.

Next, we examined whether K1 would cause gut dysbiosis, and whether probiotics NK33 and NK98 would
alleviate K1-induced gut dysbiosis in mice (Fig. 3, Supplement Fig. S1, Supplement Tables S1, S2, S3). Treatment
with NK33, NK98, and their mixtures increased K1-suppressed a-diversity based on OTU and Shannon indices
and shifted p-diversity using the principal coordinate analysis (PCoA) based on Jensen-Shannon analysis. The
bacterial community of mouse feces was significantly affected by K1 treatment. Treatment with NK33 or NK98
partially shifted the K1-dependent, altered gut microbiota composition. In particular, NK33 more potently
shifted K1-altered gut microbiota composition to those of the control mice than did NK98. At the phylum level,
exposure to K1 increased the Proteobacteria and Firmicutes populations as compared to those of the control mice.
K1 treatment significantly increased Helicobacteriaceae populations, while the Prevotellaceae population was
lower. However, NK33, NK98, and their mixtures suppressed the K1-increased Preoteobacteria population, while
the Tenericutes population increased. Furthermore, NK33 increased Muribacteriaceae and PAC001068_g
populations in K1-treated mice. NK98 increased PAC001770_s and KE159538_3 populations in K1-treated mice.
Their mixtures (1:1, 4:1, and 9:1) increased Clostridia and Lachnospiraceae populations, PAC001120_s and
Helicobacter rodentium group populations, and KE159538_g and KE159571_g populations, respectively.

Gut microbiota communicate to the brain through the HPA and MGB axes [2, 12]. Exposure to stressors causes
psychiatric disorders such as anxiety and depression [2]. The prevalence of such disorders is significantly higher in
patients with intestinal bowel disease than in healthy people [13]. A signature of intestinal bowel disease is gut
dysbiosis marked by a decrease in obligate anaerobes such as Faecalibacterium prausnitzii and an increase in
facultative anaerobes such as E. coli [14]. Gut dysbiosis causes psychiatric disorders including anxiety and
depression with gut inflammation through the disturbance of the immune and nervous systems [15-17].

In the present study, we found that exposure of mice to K1 (bacterial infection) caused gut dysbiosis in these
animals and increased their Proteobacteria populations, which is a common factor in human diseases [18]. The
Bacteroidetes and Tenericutes populations were reduced. NK38, NK98 and their mixtures alleviated K1-induced
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Fig. 2. Oral gavage of Lactobacillus reuteri NK33 and/or Bifidobacterium adolescentis NK98 alleviated
Escherichia coli K1-induced colitis in mice. Effects on colon length (A), myeloperoxidase (MPO) activity (B),and TNF-
a (C) and IL-6 expression (D). Mice were treated with K1 and/or test agents, as described in Figure 1. All data were expressed as
mean * SD (n = 5). Means with same letters are not significantly different (p < 0.05).
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Fig. 3. Oral gavage of Lactobacillus reuteri NK33 and/or Bifidobacterium adolescentis NK98 shifted
Escherichia coli K1-induced gut microbiota alteration in mice. Effects on the composition of gut microbiota,
analyzed by the pyrosequencing: OTUs (A) and Shannon’s diversity (B), principal coordinate analysis (PCoA) plot based on
Jensen-Shannon analysis (C), phylum (D), family (E), and cladogram (F) generated by LEfSE indicating significant differences
in gut microbial abundances among CON (blue), EC (red), EN33 (purple), EN98 (green), EN1:1 (blue-green), EN4:1 (orange),
and EN9:1 (chartreuse) groups. The threshold logarithmic score set at 3.5 and ranked. Yellow nodes represent species with no
significant difference. Mice were treated with Escherichia coli K1 and test agents, as described in Figure 1. All data were
expressed as mean + SD (n = 5). Means with same letters are not significantly different (p < 0.05).

gut dysbiosis, suppressed K1-induced Proteobacteria populations, and increased the K1-suppressed Tenericutes
population. Furthermore, consistent with previous reports [5, 8], exposure to E. coli caused colitis and depression
in mice. These results suggest that gut dysbiosis due to overgrowth of commensal E. coli in the gastrointestinal
tract can induce depression and colitis through activation of the MGB axis. However, oral administration of
NK33,NK98, and their mixtures were found to alleviate K1-induced anxiety/depression and colitis in mice. They
also increased K1-suppressed BDNF*/NeuN" cell population in the hippocampus. NK33 and NK98 additively or
synergistically alleviated NF-kB activation and TNF-a and IL-6 expression in the hippocampus and IL-6 and
corticosterone levels in the blood. Jang et al. reported that NK33 and NK98 alleviated immobilization stress-
induced anxiety/depression in mice by regulating gut immune responses such as NF-kB activation and inducing
brain-derived neurotropic factor (BDNF) expression [10]. Lactobacillus johnsonii, a commensal gut bacterium of
mice, significantly suppresses stress-induced blood IL-6 and corticosterone levels, increases BDNF expression,
and alleviates anxiety in mice 3, 4]. Lactobacillus plantarum suppresses anxiety-like behaviors associated with gut
dysbiosis [19]. Bifidobacterium breve strain A1 alleviates cognitive impairment in mice by suppressing -amyloid-
induced inflammatory gene expression [20]. L. plantarum C29 improves cognitive function in 5XFAD mice and
patients with mild cognitive decline by suppressing NF-kB activation and increasing BDNF expression [21,22]. L.
mucosae NK41 alleviates psychiatric disorders including cognitive impairment and depression in mice through
the modulation of NF-kB activation and gut dysbiosis [5]. Antidepressant drugs, such as amitriptyline, also
alleviate depression with colitis by suppressing the NF-«B signaling pathway [23]. These findings suggest that
NK33 and NK98 can alleviate psychiatric disorders including anxiety/depression via the regulation of NF-kB-
mediated BDNF expression. Furthermore, in the present study, NK33, NK98, and their mixtures were found to
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modulate Kl-induced gut dysbiosis in mice by suppressing Helicobacteriaceae populations and inducing
Clostridia populations, resulting in the attenuation of gut inflammation through the suppression of NF-kB
activation. These results suggest that NK33 and NK98 can alleviate depression associated with gut inflammation
through the modulation of gut microbiota composition.

Based on these findings, it can be concluded that NK33 and NK98 can additively or synergistically alleviate
depression and colitis via the amelioration of gut dysbiosis.
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