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Supplementation with
Lactobacillus helveticus NS8
alleviated behavioral, neural,
endocrine, and microbiota
abnormalities in an endogenous
rat model of depression
Husile Alatan1†, Shan Liang2,3*†, Yosuke Shimodaira1, Xiaoli Wu3,
Xu Hu3, Tao Wang3, Jia Luo4, Katsunori Iijima1* and Feng Jin2,3*

1Department of Gastroenterology and Neurology, Akita University Graduate School of Medicine,
Akita, Japan, 2Mirai Food Academic Institute of Japan, Akita, Japan, 3Key Laboratory of Mental Health,
Institute of Psychology, Chinese Academy of Sciences, Beijing, China, 4Psychology College, Sichuan
Normal University, Chengdu, China
Introduction: Major depressive disorder is a condition involving microbiota–

gut–brain axis dysfunction. Increasing research aims to improve depression

through gut microbiota regulation, including interventions such as probiotics,

prebiotics, and fecal microbiota transplants. However, most research focuses on

exogenous depression induced by chronic stress or drugs, with less attention

given to endogenous depression. Additionally, research on gut mycobiota in

depression is significantly less than that on gut bacteria.

Methods: In the present study, Wistar–Kyoto rats were used as an endogenous

depression and treatment-resistant depressionmodel, while Wistar rats served as

controls. Differences between the two rat strains in behavior, gut bacteria, gut

mycobiota, nervous system, endocrine system, immune system, and gut barrier

were evaluated. Additionally, the effects of Lactobacillus helveticus NS8

supplementation were investigated.

Results: Wistar–Kyoto rats demonstrated increased depressive-like behaviors in

the forced swimming test, reduced sucrose preference in the sucrose preference

test, and decreased locomotor activity in the open field test. They also exhibited

abnormal gut bacteria and mycobiota, characterized by higher bacterial a-
diversity but lower fungal a-diversity, along with increased butyrate, L-tyrosine,

and L-phenylalanine biosynthesis from bacteria. Furthermore, these rats showed

dysfunction in the microbiota–gut–brain axis, evidenced by a hypo-serotonergic

system, hyper-noradrenergic system, defective hypothalamic–pituitary–adrenal

axis, compromised gut barrier integrity, heightened serum inflammation, and

diminished gut immunity. A 1-month L. helveticusNS8 intervention increased the

fecal abundance of L. helveticus; reduced the abundance of Bilophila and

Debaryomycetaceae; decreased immobility time but increased climbing time

in the forced swimming test; reduced hippocampal corticotropin-releasing

hormone levels; decreased hypothalamic norepinephrine levels; increased

hippocampal glucocorticoid receptor, brain-derived neurotrophic factor
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dopamine, and 5-hydroxyindoleacetic acid content; and improved the gut

microbiota, serotonergic, and noradrenergic system.

Conclusion: The depressive phenotype of Wistar–Kyoto rats is not only

attributed to their genetic context but also closely related to their gut

microbiota. Abnormal gut microbiota and a dysfunctional microbiota–gut–

brain axis play important roles in endogenous depression, just as they do in

exogenous depression. Supplementing with probiotics such as L. helveticus NS8

is likely a promising approach to improve endogenous depression and

treatment-resistant depression.
KEYWORDS

microbiota, mycobiota, serotonin, noradrenaline, corticotropin releasing hormone, gut
barrier, inflammation, butyrate
Introduction

Major depressive disorder (MDD) ranks among the most

prevalent mental disorders globally (1), yet its specific etiology

remains incompletely understood. Gut microbiota dysbiosis and

microbiota–gut–brain axis dysfunction may play pivotal roles in the

pathophysiology of depression (2–5). MDD patients exhibit

different gut microbiota from healthy controls, and transplanting

fecal microbiota from patients into germ-free mice or microbiota-

depleted rats induces depression in the recipient rodents (6, 7).

Conversely, transplanting fecal microbiota from healthy individuals

to MDD patients alleviates symptoms (8, 9). Antibiotics treatment

can disturb gut microbiota and potentially induce depression (10,

11). Supplementation of specific probiotics can improve MDD

symptoms (12, 13). Additionally, prebiotics (14), fermented foods

(15), and a healthy diet (16, 17), known to help maintain balanced

microbiota, have demonstrated some antidepressant effects.

Chronic stress and early life stress, two typical depression risk

factors, can also disrupt microbiota and induce microbiota–gut–

brain axis dysfunction (18, 19). A poor diet that is high in ultra-

processed foods, one of the most common factors disrupting gut

microbiota (20), can increase the risk of mental disorders including

depression (21).

Targeting gut microbiota to improve mental disorders,

including depression, has become a hot point in recent years.

Increasing clinical research has shown that probiotic

supplementation alleviated symptoms of MDD patients (12, 13).

Mechanistic studies have also found that probiotics improve

microbiota–gut–brain axis function by promoting brain

neurogenesis, regulating neurotransmitter metabolism, improving

hypothalamic–pituitary–adrenal (HPA) axis function, exerting

anti-inflammatory effects, and reducing gut barrier permeability

(22–24). To date, dozens of probiotics have demonstrated

antidepressant effects, including species such as Lactobacillus

helveticus, Lactobacillus reuteri, and Bifidobacterium longum (22–
02
25). However, most research has concentrated on exogenous

depression, with relatively few studies addressing endogenous

depression. Despite similar symptoms, their etiologies differ

markedly: exogenous depression is triggered by external events or

life changes, whereas endogenous depression stems from internal

factors such as genetics and biochemical imbalances. Furthermore,

most research has focused on the role of gut bacteria, with only two

studies investigating gut mycobiota. Both studies identified

alterations in gut mycobiota and bacteria–fungi interaction

networks in patients with depression (26, 27).

Wistar–Kyoto (WKY) rats, an inbred strain developed from

Wistar rats, were initially used as normotensive controls for

spontaneous hypertension rats (SHR). They were soon found to

exhibit typical depressive symptoms, including psychomotor

retardation, learned helplessness, anhedonia, and increased

susceptibility to stress-induced ulcers (28, 29). Thus, this unique

rat strain is widely utilized as a model for endogenous depression,

treatment-resistant depression, and irritable bowel syndrome (IBS)

(30, 31).

L. helveticus NS8, an isolate from naturally fermented dairy

products collected from Inner Mongolia grassland, has

demonstrated promising effects in antidepression and regulation

of the microbiota–gut–brain axis. NS8 supplementation alleviated

depression-related behavioral and gut–brain axis abnormalities in

SD rats (24, 32) and regulated the brain peptidome, HPA axis, and

gut microbiota in C57BL/6 J mice (33). Additionally, it

demonstrated excellent binding capacity to intestinal epithelial

cells and anti-inflammatory properties in both in vivo and ex vivo

experiments (24, 32, 34, 35).

To investigate the role of gut microbiota in endogenous depression

and whether genetic background affects probiotic intervention, we used

WKY rats as the endogenous depression model and Wistar rats as

controls. Gut bacteria (16S rRNA sequencing) and gut mycobiota (18S

rRNA sequencing) were analyzed to investigate the association between

gut microbiota and the depressive phenotype. Depression-like
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behaviors were evaluated to ascertain differences between the two rat

strains and to determine whether L. helveticus NS8 exhibited an

antidepressant effect. Additionally, indicators of the microbiota–gut–

brain axis, including neurotransmitters, cytokines, hormones,

neuropeptides, mucins, tight junction proteins, and short-chain fatty

acid (SCFA) receptors, were assessed to explore how the microbiota

influence behavior.
Materials and methods

Animals and treatments

The animal experiments were approved by the Institutional

Animal Care and Use Committee of the Institute of Psychology,

Chinese Academy of Sciences. Adult male specific-pathogen-free

WKY rats and Wistar rats were obtained from Vital River

Laboratories (Beijing, China). Rats (weighing 220–240g) were

individually housed under standard laboratory conditions

throughout the experiment (12/12 h light/dark cycle, lights on at

07:00 h; 22°C–24°C, 40%–60% humidity). The experiments

commenced 2 weeks after the rats’ arrival for accommodation.

In experiment 1 (E1), 16 WKY rats were randomly allocated

into two groups: a control group and a stress group. Similarly, 16

Wistar rats were also randomly allocated into a control group and a

stress group. The stress group were restrained in polypropylene

cylinders (6 cm inner diameter, with air vents at the nasal end of the

cylinder and length adjusted for each rat) for 6 hours per day for 7

days. Following the stress period, all rats underwent behavioral

testing. Fresh fecal samples were collected at the end of the

experiment and stored at −80°C until sequencing. The flow

diagram was provided in Supplementary Figure S1A.

In experiment 2 (E2), 16 WKY rats were randomly allocated

into a control group and a Lactiobacillus group. Similarly, 16 Wistar

rats were also randomly allocated into a control group and a

Lactobacillus group. The Lactobacillus groups received daily

supplementation of L. helveticus NS8 in their drinking water at a

concentration of 109 CFU/ml until the end of the experiment. The

drinking water was changed every 24 h to ensure the number of live

bacteria not declined lower than 108 CFU/ml. Behavioral testing

was performed after 30 days of L. helveticus NS8 supplementation.

The flow diagram was provided in Figure 1A. L. helveticus NS8 was

cultured, extracted, and suspended using the same procedure as in

our previous study (24).
Behavioral testing

Open field test (OFT). An open-field apparatus (50 cm × 50 cm

× 50 cm) was used to measure locomotor activity. Rats were placed

in the center; their behavior was recorded for 5 min using a CCD

camera. The images were recorded on an IBM computer with Image

ANYMAZE software (Stoelting, USA). The total distance and mean

moving speed were considered indices of locomotor activity.

Forced swimming test (FST). Depressive-like behaviors were

evaluated using FST. The forced swim apparatus consisted of
Frontiers in Immunology 03
polypropylene cylinders (30 cm inner diameter and 50 cm

height). During the test, the water depth was approximately 30

cm, and the water temperature was 24°C ± 1°C. The test included a

2-day protocol. On day 1, the rats were placed in the cylinder and

allowed to swim for 15 min for adaptation. Twenty-four hours later,

the rats were placed in the cylinder again, and their swimming

behaviors were recorded for 5 min. The durations of climbing

(struggling), swimming, and immobility (floating in the water

without movement) were all recorded.

Sucrose preference test (SPT). A modified version of SPT was

utilized to evaluate anhedonia in rats according to Chiba (2012)

(36). Rats were provided with free access to 200 mL of tap water and

200 mL of a 1% sucrose solution for 24 h. The consumption of tap

water and the 1% sucrose solution was recorded. The positions of

these bottles were counterbalanced among the rats and switched

them once after 12 h. Sucrose preference is expressed as the

percentage of 1% sucrose consumption over the total liquid

consumption (the sum of 1% sucrose consumption and tap

water consumption).
Animal termination and tissue dissection

After the behavioral tests, the rats were initially rendered

unconscious by CO2 inhalation, then sacrificed by quickly

decapitation, and trunk blood samples were collected into sterile

tubes. The tubes were then centrifuged at 3,000 rpm at 4°C for 10

min. The serum was then aspirated and stored at −80°C until further

analysis. The whole brains were immediately removed and placed on

ice-cold plates. Subsequently, the hippocampus and hypothalamus

were rapidly isolated, frozen in dry ice, and stored at −80°C. Samples

from the colon and ileum (approximately 3 cm above and below the

cecum), and granular feces from the rectum, were also promptly

collected, frozen in dry ice, and stored at −80°C for further analysis.
Enzyme-linked immunosorbent
assay analysis

The hippocampus, hypothalamus, ileum, and colon samples were

homogenized in phosphate-buffered saline (0.1 mol L−1) on ice. The

homogenate was then centrifuged at 3,500 rpm for 10 min at 4°C.

The supernatants were aspirated and stored at −80°C until further

analysis. The contents of monoamine neurotransmitters [including

serotonin (5-hydroxytryptamine, 5-HT), 5-hydroxyindoleacetic acid

(5-HIAA), norepinephrine (NE), and dopamine (DA)], brain-derived

neurotrophic factor (BDNF), glucocorticoid receptor (GR),

corticotropin-releasing hormone (CRH), tryptophan hydroxylase 2

(TPH2), indoleamine 2, 3-dioxygenase 1 (IDO1), tyrosine

hydroxylase (TH), interleukin-17a (IL-17a), and interleukin-10 (IL-

10) in the hippocampal supernatants were determined using ELISA

kits following the manufacturer’s instructions. The levels of 5-HT,

NE, DA, BDNF, GR, CRH, and corticosterone (CORT) in the

hypothalamic supernatants were also determined using ELISA kits.

Additionally, levels of 5-HT, 5-HIAA, NE, DA, 4-hydroxy-3-

methoxyphenylacetic acid (HVA), TH, gamma-aminobutyric acid
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(GABA), glutamic acid (GLU), and substance P (SP) in the ileal and

colonic supernatants were determined using ELISA kits. Levels of 5-

HT, 5-HIAA, adrenocorticotropic hormone (ACTH), CORT, IL-17a,

IL-10, interleukin-6 (IL-6), interleukin-1b (IL-1b), tumor necrosis

factor-alpha (TNF-a), transforming growth factor-beta (TGF-b),
interferon-gamma (IFN-g), and lipopolysaccharide (LPS) in the

serum were also detected using ELISA kits. The GABA and GLU

ELISA kits were purchased from Shanghai Enzyme-Linked

Biotechnology Co., Ltd. (Shanghai, China), while the others were

obtained from Cusabio Biotech Co., Ltd. (Wuhan, China). The

sensitivity of each kit is shown in Supplementary Table S1.
Reverse transcriptase-polymerase
chain reaction

For RT-PCR analysis, total RNA was extracted from the

samples after homogenization and converted to cDNA using

standard methods. Colonic and ileal samples were homogenized

in 1 ml of TRI Reagent (Thermo Fisher Scientific Inc., Waltham,

MA, United States). RNA isolation was performed using traditional

methods involving sequential washes with bromochloropropane,
Frontiers in Immunology 04
isopropanol, and 75% ethanol. RNA concentrations were measured

using a NanoDrop Lite Spectrophotometer (Thermo Fisher

Scientific Inc., Waltham, MA, United States). Subsequently, the

qualified RNA samples were converted to double-stranded cDNA

using a TIANScript Reverse Transcription Kit (Tiangen Biotech

Co., Ltd., Beijing, China). The collected cDNA samples were

subsequently used in quantitative real-time RT-PCR to measure

mRNA levels. The sequences of the forward and reverse primers

used for amplification were described in Supplementary Table S2.

The RT-PCR reactions were performed using the ROCHE

LightCycler480 (Roche Diagnostics). A standard tissue sample

was used to determine the efficiency of the PCR reactions. The

housekeeping gene glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used for internal normalization. Relative mRNA

quantification was calculated using the DDCt method.
Microbiota gene sequencing and
bioinformatic analysis

The 16S rRNA and 18S rRNA sequencing of the fecal samples

were performed at Wekemo Tech Co., Ltd. (Shenzhen, China). The
FIGURE 1

WKY rats presented abnormalities with Wistar rats in behaviors. (A) Brief flow diagram of experiment 2. (B) Rats’ behaviors in sucrose preference test.
(C) Immobility time and climbing time in forced swimming test. (D) Locomotor activities in open field test. (E) Body weight gain of the rats during the
experiment 2. Scheirer–Ray–Hare test followed by Dunn’s test adjusted by B–H method was used in parts (B, C), two-way ANOVA followed by
Tukey HSD test was used in part (D), and repeated measures ANOVA was used in part (E).
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V3–V4 hypervariable regions of the bacterial 16S rRNA genes were

amplified with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-
3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using a

thermocycler polymerase chain reaction (PCR) system (GeneAmp

9700, ABI, TX, USA). The fungal 18S rRNA genes were also

amplified with primers SSU0817F (5 ′-TTAGCATGGA

ATAATRRAATAGGA-3′) and 1196R (5′-TCTGGACCTG

GTGAGTTTCC-3′) using the same thermocycler polymerase

chain reaction (PCR) system. The qualified samples were

sequenced on an Illumina MiSeq platform following the standard

protocols at Wekemo Tech Co., Ltd. Amplicon sequence variants

(ASVs) were identified using the amplicon denoising algorithm

(DADA2). a- and b-diversities were calculated using the core-

metrics-phylogenetic plugin in QIIME 2. Microbial functions

(MetaCyc pathways) were predicted using the phylogenetic

investigation of communities by reconstructing unobserved states

(PICRUSt2) based on high-quality sequences. We conducted an in-

depth analysis of the sequencing data. The Linear Discriminant

Analysis Effect Size (LEfSe) analysis was conducted in Galaxy

(usegalaxy.org), the MetaCyc analysis was performed in STAMP

2.1.3 (Dalhousie University), and the correlation network was

visualized using Cytoscape 3.10.0 (cytoscape.org).
Statistical analysis

R version 4.2.3 (R Core Team, 2013) was used to analyze the

behavioral, physiological, and microbiota data and to draw figures.

Normality and homoscedasticity of the data were assessed using the

Shapiro–Wilk test and Levene’s test, respectively. Data showing

normal distribution and homogeneity of variances were subjected to

two-way analysis of variance (ANOVA) with post-hoc Tukey

honestly significant difference (Tukey HSD) test. Data that did

not meet these criteria were analyzed using the Scheirer–Ray–Hare

test, followed by Dunn’s test adjusted by the Benjamini–Hochberg

(B–H) method. Correlation analysis was performed using

Spearman’s correlation, with subsequent adjustment using the B–

Hmethod. Data are presented as mean ± standard error of the mean

(SEM). The microbiota data were also analyzed using the

aforementioned nonparametric tests. A p-value < 0.05 or adjusted

p-value < 0.05 was considered significant.
Results

WKY rats presented abnormal behaviors
compared with Wistar rats

WKY rats exhibited more depressive-like behaviors compared

toWistar rats in both experiments 1 and 2 (Figure 1; Supplementary

Figure S1; Supplementary Tables S3, S4). The WKY rats showed

significantly less climbing time and more immobility time than

Wistar rats in the FST (Figure 1C; Supplementary Figure S1C), less

sucrose preference in the SPT (Figure 1B), and shorter moving

distance and lower speed than Wistar rats in the OFT (Figure 1D;
Frontiers in Immunology 05
Supplementary Figure S1D). The WKY rats also grown slower than

Wistar rats (Figure 1E). These findings indicate that the WKY rats

in the present experiments qualify as an endogenous model of

depression, as previously reported (29).
WKY rats presented an abnormal gut–brain
axis compared with Wistar rats

Besides behavioral abnormalities, the WKY showed a series of

abnormalities in the gut–brain axis (Supplementary Table S5).

First was the serotonergic system (Figure 2A). Compared to

Wistar rats, WKY rats exhibited lower levels of 5-HT in the

hippocampus (marginally significant, p= 0.0789) and colon,

reduced mRNA expression of TPH1 and IDO1 in the colon,

while increased mRNA expression of TPH1 in the ileum. Next

was the noradrenergic system (Figure 2B). Compared toWistar rats,

WKY rats exhibited lower levels of NE in the serum but higher

concentration in the colon. However, the expression of TH, the

rate-limiting enzyme of NE synthesis, was decreased in the colon.

The third was the GABAergic system (Figure 2C). WKY rats had

lower GABA levels than Wistar rats in both the colon and ileum.

The fourth was the HPA axis and neuropeptides (Figure 2D).

Compared to Wistar rats, WKY rats had higher levels of CRH in

the hippocampus, lower levels of ACTH and CORT in the serum,

and decreased expression of CRH and NPY in the colon. The fifth

was the immune system (Figure 2E; Supplementary Table S5). In

serum, WKY rats exhibited lower levels of TGF-b but higher levels

of IL-1b, IL-6, and TNF-a than Wistar rats, indicating a higher

circulating inflammatory level. In the colon, WKY rats exhibited

lower mRNA expression of IFN-g, IL-1b, IL-6, TNF-a, IL-10, and
IL-17a. In the ileum, WKY rats showed lower mRNA expression of

IFN-g and IL-10, both indicating a lower immune activation in the

gut of WKY rats.
WKY rats exhibited a compromised gut
barrier compared to Wistar rats

Compared to Wistar rats, WKY rats had more than twice the

amount of LPS in the serum (Figure 3A), indicating higher gut

barrier permeability in WKY rats. Regarding tight junctions (TJs,

Figure 3B), WKY rats had reduced mRNA expression of occludin in

the colon, although the reduction in zonula occludens 1 (ZO-1) was

not significant. For mucins (Figure 3C), WKY rats presented lower

mRNA expression of Muc3 in the colon than Wistar rats. These

findings indicate compromised gut barrier integrity in WKY rats.

Considering the important role of SCFAs in the microbiota–gut–

brain axis (37) and mucosal integrity (38), the mRNA expression of

SCFA receptors in the gut was also analyzed. WKY rats exhibited

lower mRNA expression of Olr59 (the functional ortholog of Olfr78

in murine and OR51E2 in humans), GPR41, and GPR43 in the colon

and lower mRNA expression of GPR41 and GPR43 in the ileum

(Figures 3D, E). Additionally, the mRNA expression of NF-kB and

TLR-4 was decreased in the colon of WKY rats (Figure 3F).
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WKY rats exhibited abnormal gut bacteria
and mycobiota compared to Wistar rats

WKY rats exhibited distinct gut bacteria and mycobiota

compared to Wistar rats in both experiments 1 and 2

(Supplementary Tables S3, S4). Regarding bacteria, WKY rats had

higher a-diversity, indicated by higher Chao1 estimator, Faith’s

phylogenetic diversity, Shannon index, and Simpson index, than

Wistar rats (Figures 4A, B). However, in terms of mycobiota, WKY

rats exhibited lower a-diversity, indicated by a lower Shannon

index, than Wistar rats (Figure 4C). Unweighted-unifrac principal

coordinates analysis (PCOA) of bacteria clearly separated the two

rat strains (Figures 4D, E; Supplementary Figures S2A, E), with

significant differences observed in predicted bacterial functions
Frontiers in Immunology 06
[Figure 4F; Supplementary Figure S2B, principal component

analysis (PCA) of MetaCyc]. Fungal PCOA also distinguished the

two rat strains (Figure 4G; Supplementary Figure S2C), but the

predicted fungal functional differences were not consistent across

the two experiments (Figure 4H; Supplementary Figure S2D, PCA

of MetaCyc).

The LEfSe analysis of bacteria was conducted at the species level

and identified 94 biomarker bacteria distinguishing WKY andWistar

rats (Figure 4I). WKY rats had a higher abundance of bacteria in 17

famil ies ( inc luding Clostr idiaceae, Turic ibacteraceae,

Erysipelotrichaceae, Peptostreptococcaceae, Elusimicrobiaceae,

S taphy lococcaceae , Barnes i e l l aceae , Ve i l lone l l aceae ,

Porphyromonadaceae, Helicobacteraceae, Desulfovibrionaceae,

Deferribacteraceae, Christensenellaceae, Odoribacteraceae, F16,
FIGURE 2

WKY rats presented abnormalities with Wistar rats in brain–gut axis. (A) Differences between WKY rats and Wistar rats in serotonergic system. (B) Differences
in noradrenergic system. (C) Differences in GABAergic system. (D) Differences in neuroendocrine system. (E) Differences in immune system. Two-way
ANOVA followed by Tukey HSD test or Scheirer–Ray–Hare test followed by Dunn’s test adjusted by B–H method was used.
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unidentified Clostridiales family, and unidentified Bacteroidales

family) and in the 18 genera (including Turicibacter, Allobaculum,

Oscillospira, Elusimicrobium, Clostridium, Staphylococcus,

Butyricicoccus, Phascolarctobacterium, Parabacteroides, Alistipes,

Helicobacter, Mucispirillum, Butyricimonas, Bilophila, Coprobacillus,

Desulfovibrio, unidentified Dehalobacteriaceae genus, and Dorea).

Wistar rats had a higher abundance of bacteria in seven families

(including Lactobacillaceae, Rikenellaceae, Enterobacteriaceae,

Paraprevotellaceae, Peptococcaceae, Anaeroplasmataceae, and

Alcaligenaceae) and in the eight genera [including Lactobacillus,

unidentified Rikenellaceae genus, Anaerostipes, Prevotella

(Paraprevotellaceae), rc4_4, Clostridium (Erysipelotrichaceae),

Anaeroplasma, and Sutterella]. The LEfSe analysis of mycobiota

was conducted at the genus level and identified 18 biomarker

fungi (Figure 4J).

The STAMP analysis identified 11 biomarker MetaCyc

pathways distinguishing WKY and Wistar rats (Figure 4K). Four

of them belonged to butyrate biosynthesis and were abundant in

WKY rats, including acetyl-CoA fermentation to butanoate II

(PWY-5676), L-lysine fermentation to acetate and butanoate

(P163-PWY), superpathway of Clostridium acetobutylicum
Frontiers in Immunology 07
acidogenic fermentation (PWY-6590), and pyruvate fermentation

to butanoate (CENTFERM-PWY). Six other pathways, including

the superpathway of L-tyrosine biosynthesis (PWY-6630),

superpathway of L-phenylalanine biosynthesis (PWY-6628), TCA

cycle VIII (Helicobacter) (REDCITCYC), urea cycle (PWY-4984),

glutaryl-CoA degradation (PWY-5177), and dTDP-L-rhamnose

biosynthesis I (DTDPRHAMSYN-PWY), were also abundant in

WKY rats. The only pathway abundant in Wistar rats was

chondroitin sulfate degradation I (bacterial) (PWY-6572).

The gut–brain axis biomarker-related pathways were also

analyzed (Supplementary Figures S2F–O). The biosynthesis of L-

tryptophan (precursor of 5-HT synthesis) from bacteria (the sum of

TRPSYN-PWY and PWY-6629) showed no difference between the

two rat strains. The biosynthesis of L-glutamate and L-glutamine

(PWY-5505) from bacteria also showed no difference. However, the

biosynthesis of L-tyrosine and L-phenylalanine (PWY-6630 and

PWY-6628), the two precursors of NE synthesis, from gut bacteria,

were both increased in WKY rats. The butyrate biosynthesis of

bacteria (fermentation to butanoate, including P162-PWY, P163-

PWY, PWY-5022, PWY-5676, PWY-5677, and CENTFERM-

PWY) and the propionate biosynthesis of bacteria (fermentation
FIGURE 3

WKY rats presented compromised gut barrier with Wistar. (A) Concentration of LPS in the serum. (B) mRNA expression of ZO-1 and occludin in the
colon. (C) Mucin expression in the colon. (D) mRNA expression of GPR41, GPR43, and Olr59 in the colon. (E) mRNA expression of GPR41 and GPR43
in the ileum. (F) mRNA expression of TLR4 and NF-kB in the colon. Two-way ANOVA followed by Tukey HSD test or Scheirer–Ray–Hare test
followed by Dunn’s test adjusted by B–H method was used.
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FIGURE 4

WKY rats presented abnormalities with Wistar rats in gut bacteria and mycobiota. (A, B) a-Diversity indexes of bacteria and (C) a-diversity indexes of
fungi in experiment two. (D, E) Principal coordinates analysis (PCOA) of bacteria and (F) principal component analysis (PCA) of the predicted function
of bacteria. (G) PCOA of fungi and (H) the PCA of the predicted function of fungi. (I) Biomarker bacteria identified by LEfSe analysis between WKY
rats and Wistar rats (LDA>2, p<0.05). (J) Biomarker fungi between WKY rats and Wistar rats (LDA>2, p<0.05). (K) Biomarker MetaCyc pathways
identified by STAMP between WKY rats and Wistar rats (Welch’s t-test adjusted by B–H method). (L) Bacteria–fungi co-abundance network in WKY
rats and Wistar rats. Spearman’s correlations were used and only the adjusted p-value (B–H method) < 0.05 are shown. The blue lines are negative
correlations, while the red lines are positive correlations. The thicker the line, the greater the absolute value of the correlation coefficient. In parts (I–
L), Wistar rats (16 rats, composed of the Wistar control rats in experiments 1 and 2) were compared with the WKY rats (16 rats, composed of the
Wistar controls in the two experiments).
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to propanoate, including P108-PWY, PWY-5088, and PWY-7013)

were both increased in WKY rats. However, the biosynthesis of

acetate (fermentation to acetate, including P124-PWY, P161-PWY,

P162-PWY, P163-PWY, P461-PWY, and PWY-5100) and lactate

(fermentation to lactate, including P122-PWY, P124-PWY, P461-

PWY, P461-PWY, and ANAEROFRUCAT-PWY) were not affected

by treatment or strain. There were no significant differences

between the two strains in LPS biosynthesis (the sum of PWY-

6467, PWY0-1338, KDO-NAGLIPASYN-PWY, NAGLIPASYN-

PWY, and LPSSYN-PWY) and peptidoglycan biosynthesis (the

sum of PWY-5265, PWY-6470, PWY-6471, PWY-6385, PWY0-

1586, and PEPTIDOGLYCANSYN-PWY).

The bacteria–fungi co-abundance network differed between the

two strains (Figure 4L). Compared to Wistar rats, WKY rats had

more correlations, both negative and positive, between bacteria

and mycobiota.
Thirty days of L. helveticus NS8
intervention alleviated the abnormalities in
WKY rats’ behaviors and gut–brain axis

One week of restraint stress inhibited locomotor activity in the

OFT (marginally significant, p<0.08, Supplementary Figure S1D;

Supplementary Table S3), while 30 days of NS8 intervention did not

change locomotor activity (Figure 1D; Supplementary Table S4).

However, NS8 intervention markedly reduced depressive-like

behaviors in the FST. It significantly reduced immobility time and

increased climbing time in WKY rats (Figure 5A), although the

improvement in sucrose preference did not reach a significant level

(Figure 1B; Supplementary Table S4).

Apart from behaviors, NS8 intervention increased GR content

in the hippocampus while decreasing CRH content (Figure 5B) and

increased BDNF and DA concentrations in the hippocampus

(Figures 5C, D). Furthermore, NS8 intervention raised the

content of 5-HIAA in the hippocampus and colon (Figure 5E)

and decreased the concentration of NE in the hypothalamus and

ileum (Figures 5F, G). The behavioral improvements due to NS8

intervention were associated with the aforementioned gut–brain

axis indicators. The climbing time of WKY rats in the FST was

positively correlated with the content of GR, BDNF, and DA in the

hippocampus (Figure 5H). Additionally, the immobility time was

positively correlated with the CRH content in the hippocampus and

NE content in the hypothalamus (Figure 5I).
NS8 intervention had a different impact on
gut microbiota compared to
restraint stress

Neither NS8 intervention nor restraint stress affected the a-
diversity of bacteria and mycobiota. Restraint stress did not affect

the b-diversity, whereas NS8 intervention did. NS8 intervention

significantly altered the bacterial b-diversity in Wistar rats but had a

less pronounced effect in WKY rats (Figure 4D). By using the

behaviors and a-diversity indexes as indicators, distinct groups
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were successfully separated on the radar map (Figure 6A). The

WKY rats exhibited distinct behaviors and microbiota phenotypes

compared with Wistar rats. Seven days of restraint stress imposed a

mild depression-inducing effect, whereas NS8 intervention showed

a distinct antidepressive effect.

NS8 intervention and restraint stress influenced bacterial and

mycobiota compositions differently in both WKY rats (Figures 6B,

C) andWistar rats (Figures 6D, E). L. helveticuswas the only biomarker

bacterium that increased in both Wistar and WKY rats after NS8

intervention. NS8 intervention reduced the abundance of Bilophila and

Debaryomycetaceae, while restraint stress raised Debaryomycetaceae’

abundance in WKY rats.

Lactobacillus is among the most crucial beneficial bacteria in the

mammalian gut. Wistar rats and WKY rats both had two main

types of lactobacilli species: unidentified Lactobacillus genus and L.

reuteri (Figures 6F, G). The former was present in all rats of both

experiments, whereas the latter was present in over 75% of the rats.

However, L. helveticus did not appear in either strain of rats initially.

After 1 month of NS8 supplementation, L. helveticus was found in

100% of Wistar rats’ feces but only 75% of WKY rats’ feces (six out

of eight rats). NS8 intervention did not make significant effect both

in the abundance of unidentified Lactobacillus genus and L. reuteri,

while restraint stress increased the abundance of L. reuteri in Wistar

rats (marginally significant, p=0.0782).
The depressive behavioral and
physiological phenotypes were correlated
with gut microbiota

For all the biomarker microbe indicators identified, only the

lowest taxonomic level was retained if a microbe had duplicate

values at different taxonomic levels. The correlation analysis was

conducted between the remaining 82 microbes and behaviors in

experiments 1 and 2, and 42 microbes that were significantly

correlated with behaviors in both experiments were selected. A

total of 10 biomarker MetaCyc pathways and five biomarker a-
diversity indexes that were significantly correlated with behaviors in

both experiments were also used for further analysis (Figure 7). In

both experiments, the fecal bacteria a-diversity index (including

Shannon index, Simpson index, Chao1 index, and Faith’s

phylogenetic diversity) was positively correlated with depression-

like behaviors. Higher bacterial a-diversity indexes were associated
with more immobility time, less climbing time in FST, less sucrose

preference in SPT, shorter moving distance in OFT, and lower

speed in OFT. On the contrary, the fungal a-diversity index

(Shannon index) was negatively correlated with depression-like

behaviors. Higher fungal a-diversity indexes were associated with

less immobility time, more climbing time in FST, more sucrose

preference in SPT, further moving distance in OFT, and higher

speed in OFT.

Eight bacteria were negatively correlated with depression-like

behaviors, including Rikenellaceae, unidentified Rikenellaceae genus,

Ruminococcus bromii, Prevotella (Paraprevotellaceae), L. helveticus,

Anaerostipes, Bacteroides fragilis, and Prevotella copri. A total of 28

bacteria were positively correlated with depression-like behaviors,
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including Barnesiellaceae, Parabacteroides, Bacteroides caccae,

Oscillospira, Alistipes putredinis, Phascolarctobacterium,

Butyricimonas, Odoribacteraceae, Turicibacter, Mucispirillum

schaedleri, Alistipes, Bacteroides uniformis, Bacteroides ovatus,

unidentified Ruminococcus genus, unidentified Dehalobacteriaceae

genus, Clostridiaceae, RF39, Mollicutes, Desulfovibrio, Bilophila,

Desulfovibrionaceae, Coprobacillus, Allobaculum, Erysipelotrichaceae,

unidentified Clostridiales family, Ruminococcus callidus ,

Peptostreptococcaceae, and unidentified Bacteroidales family. Six

fungi were negatively correlated with depression-like behaviors,

including Dothideomycetes, Cladosporium, Tremellomycetes,

Tremellales, Wallemia, and Basidiomycota. A total of 10 MetaCyc

pathways were all positively correlated with depression-like behaviors.

The physiological indicators were additionally associated with

the gut microbiota composition and bacterial function. The

abundance of L. helveticus was negatively correlated with the

CRH content in the hippocampus and NPY mRNA expression in

the ileum and positively correlated with the 5-HIAA content in the

hippocampus and colon. The abundance of Bilophila was negatively

correlated with colonic IDO1, CRH, NPY, IL-1, Olr59, and occludin

expression, and serum NE content, and positively correlated with

colonic NE content. The abundance of Rikenellaceae, unidentified

Rikenellaceae genus, and Prevotella (Paraprevotellaceae) were

positively correlated with the content of colonic proinflammatory

cytokines, gut barrier permeability indicators, SCFAs receptors,
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serum stress hormones, TLR-4, NF-kB, and 5-HT, and were

negatively correlated with serum inflammation. The abundance of

Tremellomycetes and Tremellales were both positively correlated

with the colonic gut barrier permeability indicators and

SCFAs receptors.

In contrast, the abundance of Barnesiellaceae, Parabacteroides,

Bacteroides caccae , Osci l lospira , Alis t ipes putredinis ,

Phascolarctobacterium, Butyricimonas, Odoribacteraceae,

Turicibacter, M. schaedleri, Alistipes, unidentified Ruminococcus

spec ies , unident ified Dehalobac ter iaceae genus , and

Desulfovibrionaceae were negatively correlated with colonic

proinflammatory cytokines, gut barrier permeability indicators,

SCFAs receptors, serum stress hormones, TLR-4, NF-kB, and 5-

HT, and positively correlated with serum inflammation. Acetyl-

CoA fermentation to butanoate II, L-lysine fermentation to acetate

and butanoate, superpathway of Clostridium acetobutylicum

acidogenic fermentation, pyruvate fermentation to butanoate, and

TCA cycle VIII (Helicobacter) presented similar correlations with

the above bacteria. Superpathways of L-tyrosine biosynthesis and L-

phenylalanine biosynthesis were also negatively correlated with

colonic gut barrier permeability indicators and stress hormones.

The physiological indicators were significantly interconnected

(Supplementary Figure S3). The LPS levels in the serum showed

multiple significant negative correlations. Specifically, it was

negatively correlated with the levels of NE, ACTH, and CORT in
FIGURE 5

NS8 intervention improved the behavioral and physiological abnormabilities of WKY rats. (A) Behaviors of rats in forced swimming test. (B) GR and
CRH content in hippocampus. (C, D) BDNF and DA content in the hippocampus, respectively. (E) The 5-HIAA concentration in the hippocampus and
colon. (F, G) NE concentration in the hypothalamus and ileum, individually. (H) Physiological indicators correlated with climbing time. (I)
Physiological indicators correlated with immobility time. Except for 6–8 rats/group in part (F), the others were all 8 rats/group. Data showing normal
distribution and homogeneity of variances were subjected to independent samples t-test (A, B, D, E, G), and the others were subjected to Mann–
Whitney U-test (C, F). Spearman’s correlation was used in parts (H, I).
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the serum; the mRNA expression of GPR41 in the ileum; and the

mRNA expression of NPY, CRH, occludin, Olr59, CFR41, and

GPR43 in the colon. The mRNA expression of TPH1 in the ileum

showed a negative correlation with the TGF-b content in the serum,

the mRNA expression of IDO1, occludin, and CFR41 in the colon,

and the mRNA expression of IL-10 in the ileum. The gut barrier

biomarkers (occludin, Olr59, GPR41, and GPR43) demonstrated a

positive correlation with the inflammatory biomarkers in the colon
Frontiers in Immunology 11
(including IL-1b, IL-6, IL-10, TNF-a, IL-17a, and IFN-g). The
indicators of neural (5-HT content and mRNA expression of

TPH1 and IDO1 in the colon), neuroendocrine (mRNA

expression of CRH and NPY in the colon, content of ACTH and

CORT in the serum), immune (mRNA expression of IL-1b, IL-6,
and IL-17a in the colon), and gut barrier indicators (Occludin,

Olr59, GPR41, and GPR43) were positively correlated with

each other.
FIGURE 6

NS8 made opposite effects with restraint stress. (A) The influence of the above two interventions on behaviors and a-diversity; different groups were
compared with Wistar control as the reference group. (B) Effects of NS8 intervention on gut microbiota and (C) effects of restraint stress on gut
microbiota in WKY rats (LEfSe analysis, LDA>2, p<0.05). (D) Effects of NS8 intervention on gut microbiota in Wistar rats and (E) effects of restraint
stress on gut bacteria and mycobiota in Wistar rats (LEfSe analysis, LDA>2, p<0.05). (F) Impaction of the two interventions on L. helveticus, Bilophila,
Debaryomycetaceae, L. reuteri, and unidentified Lactobacillus in WKY rats. (G) Impaction of the two interventions on L. helveticus, L. reuteri, and
unidentified Lactobacillus in Wistar rats. Kruskal–Wallis’s test followed by Dunn’s test adjusted by B–H method was used in parts (F, G).
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Discussion

In the present study, WKY rats exhibited more depression-like

behaviors, including less climbing time and more immobility time

in the FST, reduced sucrose preference in the SPT, and decreased

locomotor activities in the OFT, as previously reported (28, 29, 39).

Moreover, we were the first to find that these endogenous

depressive rats had an abnormal microbiota–gut–brain axis. The

WKY rats demonstrated higher bacterial a-diversity and lower

fungal a-diversity, a different bacteria–fungi interaction network,

distinct bacterial function, a compromised gut barrier, fewer SCFA

receptors in the ileum and colon, heightened serum inflammation,

diminished gut immunity, and abnormalities in the serotonergic

system, noradrenergic systems, GABAergic system, and HPA axis.

One month of NS8 supplementation alleviated the depression-like

behaviors of WKY rats; improved gut microbiota composition and

function; reduced the levels of CRH in the hippocampus; increased

the levels of GR, DA, and BDNF in the hippocampus; and alleviated

the abnormalities in the serotonergic system and noradrenergic

systems (Figure 8, graphic abstract). The results were in accordance

with our previous study. A 3-week intervention with L. helveticus

NS8 corrected the behavioral abnormalities of exogenous depressive
Frontiers in Immunology 12
SD rats and improved gut–brain axis function through neural,

endocrine, and immune pathways (24).
Endogenous depression, gut microbiota,
and L. helveticus NS8

Besides the increased bacterial a-diversity and decreased fungal

a-diversity in WKY rats, we also found a positive correlation

between depressive-like behaviors and bacterial a-diversity, and a

negative correlation between depressive-like behaviors and fungal

a-diversity. Although an increasing amount of research confirms

the link between depression and the gut microbiota, previous

studies have shown inconsistent results regarding a-diversity (40–

42). Some studies found that MDD patients had higher bacterial a-
diversity than healthy controls, while other studies found lower

bacterial a-diversity; however, many studies did not find any

differences (42). Additionally, research focusing on gut mycobiota

is much less than on bacteria; Ruan et al. (2020) found that patients

with a current depressive episode had lower fungal a-diversity than
healthy controls (27), while Hao et al. (2023) found no difference

between depressive children and adolescents and controls (26). The
FIGURE 7

The gut microbiota was correlated with behaviors and physiological indicators. The heatmap showed the correlation between behaviors with
microbiota biomarkers and physiological biomarkers with microbiota biomarkers. Spearman’s correlations were used, and only the adjusted p-value
(B–H method) are shown. *p.adj < 0.05, **p.adj < 0.01.
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heterogeneous genetic context could be the reason for these

discrepancies, since the host genetic context partially regulates the

gut microbiota (43). NS8 intervention had no significant effect on

a-diversity, consistent with other research on probiotic intervention
in depressive patients (44) and in WKY rats (45).

On the other hand, most research have shown altered bacterial

b-diversity in individuals with MDD (42), which was also observed

in WKY rats in this study. However, existing research on the

specific gut microbiota composition of depressive individuals has

not reached a consensus (40–42, 46–49). The biomarker bacteria

identified in this study appeared in previously reported lists, but the

trends were not identical. Bacteria that were higher in WKY rats,

such as Turicibacter and Alistipes, also increased in MDD patients

(41, 50). Turicibacter was the only genus consistently decreased in

stressed depressed animals (46) but increased in WKY rats (51).

Overall, most biomarker bacteria identified in this study did not

reach a consensus in previous research. Furthermore, the

abundance of certain bacteria at the family level contradicted

findings at the genus/species level. WKY rats had lower

abundance of Rikenellaceae but higher abundance of Alistipes and

A. putredinis. Alistipes, a commensal belonging to Bacteroidetes, has

shown both pathogenic and protective effects in previous studies.

Several Alistipes species, including A. putredinis, can hydrolyze

tryptophan to indole (52), thereby competing with the serotonin

synthesis pathway from tryptophan. This was confirmed by the

negative correlation between colon 5-HT levels and the abundance

of Alistipes and A. putredinis in this study.

The bacteria–fungi interaction differed between WKY rats and

Wistar rats, consistent with previous research on depression (26,
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27). WKY rats exhibited more correlations between fungi and

bacteria compared to Wistar rats. This change contradicted

findings in patients with current depressive episodes (27) but

aligned with those in patients with multiple sclerosis (53).

The function of the gut microbiota also changes in depression;

however, the biomarker pathways of the microbiota remain debated

(42, 48, 54). The MetaCyc pathways of WKY rats’ gut bacteria

differed from those of Wistar rats. The increases in tyrosine and

phenylalanine biosynthesis in WKY rats were consistent with

findings in depressive patients (55). Butyrate biosynthesis was

increased in WKY rats, contrary to previous findings in MDD

patients (42, 48) and depressive rodents (49, 56). The enrichment of

butyrate-producing bacteria like Allobaculum (57) and

Butyricimonas (58) could be the reason.

The most interesting findings were in the Lactobacillus genus.

There was less unidentified Lactobacillus genus in WKY rats

compared to Wistar rats, while the abundance of L. reuteri did

not differ. NS8 intervention did not affect the abundance of either.

However, it significantly increased the abundance of L. helveticus.

The abundance of the unidentified Lactobacillus genus was over 200

times higher than that of L. helveticus, and the abundance of L.

reuteri was six times higher than that of L. helveticus in WKY rats.

This indicates that not all Lactobacillus species can improve

depression. This finding could provide insights into previous

contradictory results regarding changes in the abundance of

Lactobacillus in depressive individuals (40, 41, 46) and the

inconsistent results of probiotic interventions (25, 44). NS8

supplementation inhibited Bilophila in WKY rats. Bilophila, an

opportunistic pathogen in the Desulfovibrionaceae family that can
FIGURE 8

Graphic abstract. The reddish section on the left illustrates the behavioral, microbiota, and microbiota–gut–brain axis abnormalities in WKY rats,
while the green section represents the improvements observed after 1 month of NS8 intervention.
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convert taurine into the toxic metabolite hydrogen sulfide, showed a

positive correlation with depressive-like behaviors in this study. It

was more abundant in MDD patients (50) and was reduced

following Lactobacillus plantarum CCFM405 intervention in

Parkinson’s disease (PD) mouse models (59).

The only fungus altered by NS8 was Debaryomycetaceae. NS8

supplementation inhibited Debaryomycetaceae in WKY rats, while

restraint stress promoted them. The reduction in Debaryomycetaceae

due to NS8 intervention was more pronounced in Wistar rats than in

WKY rats, but the increase in Debaryomycetaceae due to restraint

stress was more obvious inWKY rats than inWistar rats. However, the

study of this fungus is just starting (60). Candida, a genus belonging to

Debaryomycetaceae, increased in depression, autism spectrum

disorders, attention-deficit/hyperactivity, multiple sclerosis, and IBS,

and it was associated with increased gut permeability (27, 53, 61–63).

Further studies are needed to elucidate the role of Candida in

WKY rats.

In our previous study, 1 month of live NS8 intervention altered

gut microbiota of C57BL/6 J mice (33). In the present study, NS8

supplementation significantly altered bacterial b-diversity and

function in Wistar rats but did not reach a significant level in

WKY rats. NS8 intervention increased the abundance of

Allobaculum and Butyricimonas in Wistar rats but not in WKY

rats. The increase in L. helveticus in Wistar rats was much greater

than in WKY rats. All these findings suggested that the microbiota

of WKY rats was more resistant to NS8 intervention compared to

that of Wistar rats, indicating the impact of host genetic context on

gut microbiota (43, 64).
Endogenous depression, monoaminergic
system, and L. helveticus NS8

The serotonergic system is a major focus of depression research.

TPH is the rate-limiting enzyme in serotonin biosynthesis. TPH2

synthesizes 5-HT in the brain and enteric nervous system, while

TPH1 synthesizes 5-HT in the gut epithelial cells. Tryptophan is

also metabolized via the kynurenine pathway, catalyzed by IDO1 in

the brain and gut (65). The present study observed a hypo-

serotonergic system, especially in the gut of WKY rats compared

to Wistar rats. Deficits in the serotonergic system of WKY rats have

been reported before, with the focus mainly on the brain (30, 66).

Similarly, hypo-serotonergic systems in both the brain and gut have

been reported in other depression models. The TPH2-R439H

mouse, an analogous mutation to the R441H mutation found in

human depressive patients, not only lacked TPH2 but also exhibited

increased depression and anxiety-like behaviors, reduced levels of 5-

HT and 5-HIAA in the brain (67), and fewer enteric neuronal 5-HT

in the gut (68). The reduction in colon 5-HT and TPH1 was also

observed in mice subjected to chronic defeat stress (69) and chronic

unpredictable mild stress (70).

The host serotonergic system is closely affected by gut

microbiota (65, 71). The higher TPH1 expression in the ileum of

WKY rats and lower expression in the colon were both correlated

with bacterial butyrate biosynthesis. Reigstad et al. (2016) found

that butyrate promoted TPH1 transcription at low concentrations
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in a human-derived enterochromaffin cell model but inhibited it at

high concentrations (72). Considering the unchanged L-tryptophan

biosynthesis and higher TPH1 expression in the ileum of WKY rats,

the lower 5-HT content in the ileum could possibly be attributed to

an increase in bacteria that metabolize tryptophan, such as A.

putredinis (52). The positive correlation between L. helveticus

abundance and 5-HIAA content in the hippocampus and colon

suggests a potential mechanism by which NS8 enhances the

serotonergic system. This regulatory role aligns with its effects

observed in exogenous depres s ion mode l (24) and

hyperammonemia model (32). Other probiotics like certain

species of Lactobacillus paracasei also regulate the serotonergic

system in depression models (73).

Catecholamines, including NE and DA, are important

monoamine neurotransmitters in both the central and peripheral

nervous systems. The noradrenergic systems were elevated in the

brain and gut but reduced in the serum of WKY rats. Previous

studies have also reported hyperactivity of the brain noradrenergic

system inWKY rats (74, 75), but the higher NE content in the colon

is reported here for the first time. Meanwhile, NE levels in the colon

of mice subjected to chronic unpredictable mild stress were found to

be increased (70, 76). Since the mRNA expression of TH decreased

in the colon of WKY rats, the increase in NE was probably related to

the increased synthesis of L-tyrosine and L-phenylalanine by gut

bacteria. Given the significant role of catecholamines in inter-

kingdom signaling between the host and microbiota (77), the

close association between the microbiota and the host

catecholamine system is not unexpected. NS8 intervention

reduced NE content in the hypothalamus of WKY rats and NE

metabolism in the colon and ileum. The reduction in NE levels by

NS8 was likely related to its inhibition of Bilophila, a bacterium

correlated with NE content in both the colon and serum. The effect

of NS8 on the noradrenergic system of WKY rats differed from its

effects on Wistar rats observed in this study and SD rats in prior

study (24). NS8 treatment increased hippocampal dopamine (DA)

content, aligning with previous reports on probiotics’ effects on

depression (73, 78). The decreased brain noradrenergic activity and

enhanced dopaminergic activity were also observed in the effects of

ketamine on WKY rats (79).
Endogenous depression, neuroendocrine
system, and L. helveticus NS8

HPA axis dysfunction also plays a key role in depression. CRH,

a 41-amino-acid residue peptide, is the dominant regulator of the

HPA axis. It is released from the hypothalamus and transported to

the anterior pituitary, where it stimulates ACTH secretion. ACTH,

in turn, stimulates the synthesis and release of glucocorticoids

(cortisol in humans, CORT in rodents) from the adrenal cortex.

By binding to GR, endogenous glucocorticoids serve as potent

negative regulators of HPA axis activity, including exerting a

negative effect on CRH expression (80). The dysfunction of the

HPA axis in WKY rats is evident in the present study. We found a

higher hippocampal CRH concentration but a decreased circulating

ACTH concentration in WKY rats. Increased brain CRH levels are
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common in MDD patients (80) and WKY rats (30, 81).

Additionally, a decrease in serum ACTH content, indicating a

blunted ACTH response to CRH, was also found in previous

research on MDD (80) and WKY rats (82). Serum CORT levels

were also reduced in WKY rats, which contradicts some research

(83) but aligns with findings from a chronic corticosterone-induced

mouse depression model (73). Considering the positive association

between basal glucocorticoids and physical activity in the present

study and previous reports (84), the lower locomotor activity levels

observed in WKY rats were closely related to their lower

CORT levels.

Since the host HPA axis and CRH system are partially regulated

by gut microbiota (85, 86), the inconsistency could possibly be

attributed to the particular microbiota of WKY rats. The NS8

intervention decreased CRH levels and increased GR levels in the

hippocampus, consistent with previous antidepressant treatments

(80). The positive effects of NS8 on the HPA axis were consistent

with our previous studies (24, 33). Other probiotics, such as L.

paracasei and Lactobacillus fermentum, have also demonstrated

their potential to regulate the HPA axis (73, 87).

NPY, a 36-amino-acid peptide, plays a key role in orchestrating

endocrine, behavioral, and gastrointestinal responses to stress,

similar to CRH (88). NPY expression was also reduced in the

colon of WKY rats, consistent with findings in IBS patients with

diarrhea (89) and in ulcerative colitis patients and mice (90).

Considering the potent orexigenic effect of NPY (91), the slower

weight gain of WKY rats was probably associated with reduced

NPY expression.

Apart from the above neurotransmitters and neuropeptides, the

glutamatergic-GABAergic system also plays a significant role in gut

health (92). The GABA content in both the colon and ileum was

decreased in WKY rats, a reduction also observed in patients with

IBS and diarrhea (93). It was not unreasonable that NS8

intervention increased the GLU content in the ileum, considering

a previous study found that 16% of lactic acid bacteria strains

isolated from Asian fermented foods are GLU producers (94).
Endogenous depression, gut barrier
impairment, immune abnormalities,
and SCFAs

Gut barrier impairment is common in MDD (95) and IBS

patients (96). The increased LPS content in the serum and

decreased expression of Muc3 and occludin in the colon suggest a

compromised gut barrier in WKY rats. Occludin, a transmembrane

protein that constitutes TJs, contains the binding site for ZO-1 and

is associated with their localization at the TJs (97). The reduction in

intestinal occludin was also observed in MDD (98) and IBS (96).

Muc3, a transmembrane mucin, was also found to be reduced in

deoxycholic acid (DCA)-induced IBS rat models (99, 100). M.

schaedleri, a putative mucin-degrading species mainly colonizing

the mucus layer, was found to increase in colitis, PD, stress-related

disorders (101), and in the present endogenous depression. This
Frontiers in Immunology 15
bacterium could be associated with the above mucus defect, and its

abundance decreased with NS8 intervention (significantly in Wistar

rats but not significantly in WKY rats). Muc2, the major gel-

forming mucin, was decreased in the DCA-induced IBS model

(99, 100) but did not change (even slightly increased) in WKY rats,

consistent with previously reported goblet cell hyperplasia (the

major mucus-secreting cell) in WKY rats (102). Additionally, the

increase in LPS and butyrate could be another reason, as both have

been shown to increase Muc2 expression in previous research (103).

Chronic inflammation is another characteristic of depression

(19). Compared to Wistar rats, WKY rats exhibited higher systemic

inflammation but lower immune activation in the gut. The higher

circulatory inflammation and LPS content are consistent with

previous depression studies (19, 24, 104), whereas the lower

immune activation is a new finding. Despite the inconsistencies,

the positive correlations between gut proinflammatory cytokines

and IDO1, 5-HT, and CRH are consistent with previous research

(105–107). The reduced expression of TLR4 (52% decrease) and

NF-kB (41% decrease) in the colon could be one reason. TLR4, an

innate immune receptor recognizing signals from microorganisms

or damaged cells, plays a significant role in neuropsychiatric

diseases including depression (108). LPS can activate the TLR4/

NF-kB pathway and induce the secretion of a series of

proinflammatory cytokines (109). Thus, the higher inflammation

in the serum and the lower immune activation in the gut of WKY

rats were not surprising. Upregulation of the TLR4/NF-kB pathway

is common in individuals with depression (108), whereas TLR4

deletion or knockout alleviates neuroinflammation and behavioral

abnormalities in mice (110, 111). Hence, the downregulation of the

TLR4/NF-kB pathway possibly protected WKY rats from further

immune impairment. Compared to the ileum, which exhibited

unchanging expression of TLR4 and NF-kB, the colon showed

decreased TLR4 and NF-kB expression and demonstrated much

lower immune activation.

The immune status is also closely related with SCFAs (37). By

activating targeted receptors such as GPR41 and GPR43, or

inhibiting histone deacetylase (HDAC), butyrate and propionate

inhibit the secretion of proinflammatory cytokines. Although the

SCFA receptors were sharply reduced in the gut of WKY rats, the

biosynthesis of butyrate and propionate from bacteria obviously

increased. Butyrate also inhibits the immune activation induced by

LPS in both the periphery and brain (112). Besides gut immune

activation, the normal immune status of the hippocampus

(unchanged cytokines and BDNF levels) in WKY rats could also

be partially attributed to butyrate.

Although NS8 intervention did not decrease brain

inflammation (32) or enhance gut immunity (34, 35) as earlier

reported, it did elevate hippocampal BDNF levels in WKY and

Wistar rats in the current study. The beneficial effect of NS8 on

hippocampal neurogenesis is consistent with our previous findings

(24) and other probiotics research on depression (73). NS8 likely

improves behaviors by modulating the HPA axis, neurotransmitter

metabolism, and neurogenesis in WKY rats, similar to its effects in

stressed SD rats (24, 32).
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Genetic context and gut microbiota

Not only do host genetics regulate microbiota composition (43),

but the microbiota also contribute to host adaptation and health (5,

64). The deficiency of butyrate-producing bacteria has been

regarded as an important characteristic of MDD (42), and

butyrate treatment has shown antidepressant effects in exogenous

depression (113, 114). However, in hypertension studies, when

WKY rats are used as normotensive controls for SHR rats, the

results differ significantly. Compared to SHR rats, WKY rats exhibit

greater synthesis of butyrate and acetate, lower levels of colon TLR4,

lower plasma NE content, better gut barrier integrity, and reduced

gut inflammation (115, 116). SHR rats that acquired microbiota

from WKY rats through fecal microbiota transplant or cross-

fostering not only experienced reduced blood pressure but also

alleviated most of the abnormalities. Conversely, WKY rats that

received microbiota from SHR rats exhibited the opposite effects.

Furthermore, the magnitude of these changes was influenced by

both gut microbiota and genetic context (115, 117–119). Compared

with earlier reports, the reduced hippocampal BDNF content (120)

and the hypercortisolism (83) were not observed in the present

study. Based on the above results, we speculate that the gut

microbiota of WKY rats may have developed compensatory

mechanisms for host genomic deficits over hundreds of

generations, including the enrichment of butyrate-producing

bacteria and enhanced butyrate synthesis. Previous studies have

demonstrated the hypotensive, anti-inflammatory, and

neuroprotective effects of WKY rats’ gut microbiota; further

studies are needed to elucidate the antidepressant effects.

Nonetheless, the effects of the genetic context on gut microbiota

cannot be ignored. The resistance of WKY rats to the effects of NS8

intervention and cross-fostering compared with SD rats also

indicated this (24, 121).
Limitations

Under similar NS8 intervention conditions, the improvements

in behavior and the microbiota–gut–brain axis in WKY rats were

less pronounced than those previously reported in exogenous

models without genetic defects (24, 32–35). The combination of

L. rhamnosus HN001 and Lipid 70 induced a more pronounced

shift in the gut microbiota of WKY rats compared to HN001 alone

(45). Additionally, combining L. fermentum NS9 with

anthocyanidin better alleviates sodium iodate-induced retinal

degeneration than anthocyanidin alone (122). Two months of

NS8 intervention had more significant impact on the brain

peptidome of mice than 1 month (33), and the complex

probiotics L. helveticus NS8 and L. fermentum NS9 demonstrated

significant antidepressant and antianxiety effects in our

unpublished clinical study. Extending the intervention duration

or combining with other probiotics and/or prebiotics may result in

further improvements. Moreover, more in-depth animal studies

and human research are needed to elucidate the molecular

mechanisms and clinical effects of L. helveticus NS8.
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Conclusion

In conclusion, WKY rats exhibited typical depressive behaviors

and harbored specific gut bacteria and mycobiota. The depression

phenotype of WKY rats was not only attributed to their genetic

context but also closely related to their gut microbiota. Microbiota–

gut–brain dysfunction was evident in WKY rats. The hypo-

serotonergic system, hyper-noradrenergic system, defective HPA

axis, compromised gut barrier integrity, increased systemic

inflammation, dampened gut immunity, and abnormal gut

microbiota collectively contributed to the specific depression

phenotype. One month of L. helveticus NS8 intervention partially

restored behaviors, the serotonergic system, the dopaminergic and

noradrenergic system, the HPA axis, and the microbiota. The

findings of this study could be promising for patients, especially

those with a familial predisposition to depression, treatment-

resistant depression, and/or combined with IBS symptoms.
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SUPPLEMENTARY FIGURE 1

WKY rats presented abnormalities with Wistar rats in behaviors in experiment
one. (A) showed the brief flow diagram of experiment one. (B) showed the

body weight gain of the rats during the experiment one. (C) showed the
immobility time and climbing time in forced swimming test, and (D) showed
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the locomotor activities in open field test. ScheirerRayHare test followed by
Dunn’s Test adjusted by (B–H) method was used in (C), Two-way ANOVA

followed by Tukey HSD test was used in (D), and repeated measures ANOVA

was used in B. RS, restraint stress.

SUPPLEMENTARY FIGURE 2

The b-diversity of gut microbiota in experiment 1 and the effects of NS8

intervention on gut-brain axis-related bacterial MetaCyc pathways in
experiment 2. (A, E) showed the principal coordinates analysis (PCOA) of

bacteria and (B) showed the principal component analysis (PCA) of the

predicted function of bacteria. (C) presented the PCOA of fungi and (D)
presented the PCA of the predicted function of fungi. (A-E) showed the results

in experiment 1 and F-O showed the results in experiment 2. F showed the
synthesis of lipopolysaccharide from bacteria and G showed the synthesis of

peptidoglycan. H-K showed the synthesis of four key amino acid from
bacteria, including L- tryptophan, L-tyrosine, L-phenylalanine, and L-

glutamate and L-glutamine. L-O showed the synthesis of short chain fatty

acids from bacteria, including butyrate, propionate, acetate, and lactate.
ScheirerRayHare test followed by Dunn’s Test adjusted by (B–H) method

was used.

SUPPLEMENTARY FIGURE 3

The correlation network between physiological biomarkers. The network

showed the correlation between physiological biomarkers, and the

locomotor activity was also included in this analysis. The blue lines were
negative correlation while the red lines were positive correlation. The thicker

the line, the greater the absolute value of the correlation coefficient.
Spearman’s correlations were used and only the adjusted p-value (B–H
method) <0.05 (Benjamini–Hochberg method) and absolute r >0.4
were showed.

SUPPLEMENTARY TABLE 1

Sensitivity of the ELISA kits.

SUPPLEMENTARY TABLE 2

Primer sequences for RT-PCR.

SUPPLEMENTARY TABLE 3

The behaviors and alpha diversity in experiment one.

SUPPLEMENTARY TABLE 4

The behaviors and alpha diversity in experiment two.

SUPPLEMENTARY TABLE 5

The brain-gut axis indicators in experiment two.
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MDD major depressive disorder
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HPA axis hypothalamic–pituitary–adrenal axis
BDNF brain-derived neurotrophic factor
5-HT 5-hydroxytryptamine/serotonin
WKY rat Wistar–Kyoto rat
SD rat Sprague–Dawley rat
SHR rat spontaneous hypertension rat
OFT open field locomotor activity test
FST forced swimming test
SPT sucrose preference test
IBS irritable bowel syndrome
E1 experiment one
E2 experiment two
ELISA enzyme-linked immunosorbent assay
5-HIAA 5-hydroxyindoleacetic acid
NE norepinephrine
DA dopamine
GR glucocorticoid receptor
CRH corticotropin-releasing hormone
TPH tryptophan hydroxylase
TH tyrosine hydroxylase
IDO indoleamine 2, 3-dioxygenase
IL-17a interleukin-17a
IL-10 interleukin-10
ACTH adrenocorticotropic hormone
CORT corticosterone
HVA 4-hydroxy-3-methoxyphenylacetic
GABA gamma-aminobutyric acid
GLU glutamic acid
SP substance P
IL-6 interleukin-6
IL-1b interleukin-1b
TNF-a tumor necrosis factor-alpha
TGF-b transforming growth factor-beta
IFN-g interferon-gamma
LPS lipopolysaccharide
RT-PCR reverse transcriptase-polymerase chain reaction
TLR4 Toll-like receptor 4
NF-kB nuclear factor kappa B
NPY neuropeptide Y
GPR41 free fatty acid receptor 3
GPR43 free fatty acid receptor 2
Olr59 olfactory receptor 59
ZO-1 zonula occludens-1/tight junction protein 1
Muc2 Mucin-2
Muc3 Mucin-3
ogy 21
GAPDH glyceraldehyde-3-phosphate dehydrogenase
PCOA principal coordinates analysis
PCA principal component analysis
TJs tight junctions
SCFAs short-chain fatty acids
PD Parkinson’s disease
HDAC histone deacetylase
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