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Major depressive disorder (MDD) often begins during adolescence, a critical developmental period during which nearly 50% of
lifetime cases emerge. Despite its high prevalence and impact, objective diagnostic biomarkers for adolescent MDD remain limited,
particularly those related to gut microbiota. Our study examined potential co-diagnostic biomarkers from peripheral blood and
fecal samples in adolescents with MDD. We enrolled drug-naive adolescents with first-episode MDD (n =46, aged <18 years,
71.74% female) and age-/sex-matched healthy controls (HCs, n = 44). The levels of tight junction proteins (Claudin-5, Zonulin, FABP)
and inflammatory biomarkers (IL-6, IL-8, TNF-a, and CRP) were markedly elevated in the plasma of adolescents with MDD, indicating
gut barrier dysfunction and systemic inflammation. The microbiome in MDD patients exhibited a lower Firmicutes-to-Bacteroidetes
ratio. At the genus level, Intestinimonas and Barnesiella were significantly enriched, while Dialister and Collinsella were considerably
reduced. Integrating Collinsella abundance with tight junction proteins and inflammatory markers significantly improved diagnostic
performance, achieving an area under the curve (AUC) of 0.964. Moreover, Collinsella negatively correlated with sex, Claudin-5, and
TNF-a. Claudin-5 was strongly associated with short-chain fatty acids (SCFAs)-related pathways, including alanine, aspartate,
glutamate metabolism, D-glutamine and D-glutamate metabolism, and autophagy regulation. Treatment of Caco-2 cells with
propionate and butyrate confirmed the regulatory effects of SCFAs on tight junction biomarkers. These findings suggest the
interplay between gut dysbiosis, barrier dysfunction, and inflammation in adolescent MDD and support microbiota-host biomarkers
as a promising strategy for improving MDD diagnostic precision.
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INTRODUCTION

Depression is a highly prevalent and recurrent disorder that
severely affects adolescents, with approximately 50% of cases
occurring during this developmental stage [1]. It is recognized as
the leading cause of disability and mortality among adolescents,
with estimates suggesting that up to 20% of this demographic will
experience major depressive disorder (MDD) before reaching
adulthood [2]. Furthermore, individuals with a history of
adolescent MDD are roughly three times more likely to develop
MDD in adulthood [3]. In China, the prevalence of MDD among
children and adolescents aged 6-16 years was reported at 2.0%
[4], while the lifetime prevalence of MDD in adolescents in the
United States rose from 8.1-15.8% between 2009 and 2019 [5].
Despite being one of the most pressing global public health
challenges, MDD often remains undiagnosed and inadequately
treated [6]. This issue can be primarily attributed to its complex
pathogenesis, the variability of individual experiences, and the
stigma surrounding mental health [7]. Therefore, identifying

objective diagnostic biomarkers and elucidating potential
mechanisms underlying early-stage MDD is particularly important
in adolescence.

The microbiota-gut-brain (MGB) axis has been proposed to
explain the crosstalk between the brain and intestinal flora [8].
Gut microbiota has been linked to several neuropsychiatric
disorders via the MGB axis, including Parkinson’s disease [9],
autism [10], bipolar disorder [11], and MDD [11]. Fecal
transplantation trials have induced depressive-like behaviors in
rodents, revealing a causal role for gut microbiota in MDD onset
[12]. Dysbiosis may modulate the immune system and trigger
cytokine production [13], disrupt the intestinal and blood-brain
barrier (BBB) permeability [14], and activate microglia in the
central nervous system [15], potentially contributing to clinical
depression [16]. Thus, gut microbiota may influence depressive
symptoms by modulating both peripheral and central immune
systems [17]. Gut microbiome disturbances in adolescents with
MDD have previously been explored in a small-scale cohort with
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16S rRNA sequencing [18]. However, metagenomics may offer
deeper insights into microbial diversity, community structure,
and metabolic functional potential. To date, the specific role of
gut microbiota in immunoregulation in adolescent MDD remains
poorly understood.

Short-chain fatty acids (SCFAs), a class of beneficial microbial
metabolites, have been shown to influence peripheral immune
function by altering the permeability of the intestine and the BBB
[19]. They are essential for maintaining epithelial barrier integrity,
modulating monocyte and macrophage antimicrobial and inflam-
matory activities, and exerting anti-inflammatory and tolerogenic
effects on lymphocytes [20]. Particularly, butyrate has been
identified to increase the expression of tight junction proteins,
such as occludin and Claudin-1 [21]. It also enhances oxygen
consumption in intestinal epithelial cells, stabilizes hypoxia-
inducible factor (HIF) expression [22], and promotes intestinal
barrier repair by inducing the expression of tight junction
biomarkers [23]. Additionally, butyrate inhibits the synthesis of
pro-inflammatory mediators, such as IL-6, IL-12, and nitric oxide, in
response to lipopolysaccharide (LPS), potentially contributing to
intestinal immune tolerance [24]. Collectively, these findings
support the homeostatic and anti-inflammatory role of SCFAs,
particularly butyrate, in intestinal epithelium regulation [20].
However, the strength of the evidence linking SCFAs to alterations
in cytokine profiles and gut microbiota composition in the context
of adolescent MDD remains unclear.

Considering the critical roles of SCFAs and the fluctuating
abundance of specific intestinal microbiota in adolescents with
MDD, we hypothesized that particular microbiota compositions
may be associated with peripheral inflammation and tight
junction biomarkers in adolescent MDD. To test this, we employed
metagenomics and 16S rRNA sequencing to identify potential co-
diagnostic biomarkers from blood and fecal samples. In addition,
we conducted SCFA interventions in Caco-2 cells to assess the
regulatory effects of propionate and butyrate on tight junction
proteins. The study highlights a previously unrecognized connec-
tion between key gut microbes and epithelial barrier biomarkers,
offering insights into novel diagnostic approaches for adolescent
depression.

METHODS
Participants enrollment
A total of 46 drug-naive patients with first-episode MDD aged <18 were
recruited from the Department of Psychiatry at the First Affiliated Hospital
of Chongging Medical University. All patients met the Diagnostic and
Statistical Manual of Mental Disorders-version 5 (DSM-5) criteria for MDD,
as assessed by two experienced psychiatrists. Depression and anxiety
severity were evaluated using the 17-item Hamilton Rating Scale for
Depression (HAMD-17) and the Hamilton Anxiety Rating Scale (HAMA). The
following exclusion criteria were applied to patients with MDD: (1) current
or lifetime diagnosis of neurological diseases or other psychiatric disorders
such as epilepsy, anxiety disorder, autism, attention-deficit/hyperactivity
disorder (ADHD) or obsessive-compulsive disorder (OCD); (2) current
presence of acute or chronic physical illnesses; (3) a family history of
neurological or psychiatric diseases, such as Parkinson’s disease, schizo-
phrenia, and neurodevelopmental disorders; (4) abnormal results from
routine blood examinations; (5) a history of alcohol and/or drug abuse; (6)
use of antibiotics, probiotics, prebiotics, or synbiotics for three consecutive
days within the past month; (7) girls who are pregnant or nursing; (8)
participation in other clinical drug trials within the previous year.
Forty-four age- and sex-matched health controls (HCs) were recruited
from the First Affiliated Hospital of Chongqing Medical University’s Medical
Center. They were classified as participants according to the following
criteria: (1) HAMD-17 and HAMA total scores both <7; (2) no personal
history of depression or any other major psychiatric disorder; (3) no prior
use of antidepressant medication; (4) no history of self-harm or suicide. The
same exclusion criteria applied to the MDD group were also used for the
HC group. This study was approved by the Ethics Committee of Chongqing
Medical University (approval number: 2020-864).
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Sample collection of blood and fecal

For each enrolled participant, 2 mL of fasting venous blood samples were
collected between 8:00 a.m. and 12:00 p.m. in ethylene diamine tetraacetic
acid (EDTA) tubes. Plasma was separated by centrifugation at 3000 x g at
4 °C for 10 min and stored at —80 °C for subsequent measurement of tight
junction and inflammatory biomarkers. Stool samples were collected in
sterile centrifuge tubes within 24 h following questionnaire assessments
and blood collection, then immediately stored at —80 °C.

Tight junction and inflammatory marker measurements

According to our previous research [25], the plasma levels of tight junction
and inflammatory markers, including Zonulin (JL14924), Claudin-
5(JL53306), fatty acid-binding protein (FABP, JL20052), LPS (JL12996), IL-6
(JL14113), IL-8 (JL19291), TNF-a (JL10208), and CRP (JL13865), were
detected by commercial enzyme-linked immunosorbent assay (ELISA) kits
(Shanghai Jianglai Biotechnology, Shanghai, China), following the manu-
facturer's instructions. Each sample was measured in triplicate, and the
average value was used for analysis. Briefly, 0.1 mL of diluted antibody
(50 ng/mL) was added to the reaction hole and incubated overnight at
4°C. Then, 0.05 mL of diluted sample and freshly diluted enzyme-labeled
antibody were added and incubated at 37 °C for 60 min. Next, 0.1 mL of
3,3',5,5-tetramethylbenzidine (TMB) substrate solution was added and
incubated at 37 °C for 10-30 min. Finally, 0.05 mL of 2 M sulfuric acid was
added to stop the reaction, and the optical density (OD) was measured at
450 nm using a microplate reader. The data were analyzed using R (version
4.2.2), and a P-value < 0.05 was considered statistically significant.

Fecal DNA extraction

The microbiota composition of 46 MDD patients and 44 HCs was
determined by shotgun metagenomic sequencing and 16S rRNA analysis.
Total microbial genomic DNA was extracted using the PF Mag-Bind Stool
DNA Kit (Omega Bio-Tek, Georgia, USA) per the manufacturer’s instruc-
tions. The concentration and purity of the isolated DNA were determined
using a Synergy HTX microplate reader and a NanoDrop 2000, respectively.
The integrity of genomic DNA was evaluated by electrophoresis on a 1%
agarose gel.

Metagenomic sequencing analysis

Extracted DNA was fragmented to an average size of about 400 bp using a
Covaris M220 ultrasonicator (Gene Company Limited, China) for paired-end
library preparation. Libraries were constructed using the NEXTFLEX Rapid
DNA-Seq Kit (Bioo Scientific, Austin, TX, USA). Paired-end sequencing was
performed on an lllumina NovaSeq platform at Majorbio Bio-Pharm
Technology (Shanghai, China) using NovaSeq reagent kits. Quality control
(QQ) of reads was performed using BBDuk (v39.01) for adapter removal
(https://sourceforge.net/projects/bbmap/), quality trimming, and filtering.
The human reference genome GRCh38.p13, downloaded from the NCBI
FTP site, was indexed by BBSplit to remove host-derived reads. Low-
complexity sequences (entropy < 0.01) were filtered out.

Following QC, taxonomic profiling was done using MetaPhlAn v4.1.1
with default settings for relative abundance estimation [26]. To improve
the resolution of unassigned taxa, profiling was repeated using the
unclassified-estimation option. The enriched biological functions were
determined using HUMANN3 v3.9 with default parameters [27], using the
ChocoPhlAn and UniRef databases [28], and grouping sequences at 90%
identity. HUMANN gene families (UniRef90) were subsequently collapsed
into Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog (KO)
groups for downstream pathway analysis.

16S rRNA sequence analysis

To complement metagenomic profiling, 16S rRNA sequencing was
included to identify robust genus-level biomarkers that are resilient to
platform-specific biases. The hypervariable V3-V4 region of the bacterial
16S rRNA gene was amplified using primer pairs 338 F (5-ACTCCTACGG-
GAGGCAGCAG-3') and 806 R (5-GGACTACHVGGGTWTCTAAT-3') on a T100
Thermal Cycler (BIO-RAD, USA). The PCR reaction mixture, including 4 pL
5 x FastPfu buffer, 2 uL 2.5 mM dNTPs, 0.8 uL each primer (5 uM), 0.4 uL
FastPfu polymerase, 0.2 uL BSA, 10 ng of template DNA, and ddH,O to a
final volume of 20 pL. PCR amplification cycling conditions were as follows:
initial denaturation at 95 °C for 3 min, followed by 25 cycles of denaturing
at 95 °C for 30’5, annealing at 55 °C for 30's, and extension at 72 °Cfor 45 s,
and single extension at 72 °C for 10 min, and end at 4 °C. The PCR product
was extracted from a 2% agarose gel and purified. Then, it was quantified
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using a Synergy HTX microplate reader (Biotek, USA). Purified amplicons
were pooled in equimolar amounts and then subjected to paired-end
sequencing (300 bp) using an lllumina NextSeq 2000 platform (lllumina,
San Diego, USA). The sequencing was performed by Majorbio Bio-Pharm
Technology Co., Ltd. (Shanghai, China) following their standard protocols.

Quality control was performed using FastQC v0.11.9. The raw sequences
were subsequently processed with DADA2 (R dada2 v1.26.0) [29], which
included initial quality trimming, error rate estimation, read pair merging,
chimeric sequence removal, and construction of the community data
matrix. Taxonomy was assigned to amplicon sequence variants (ASVs)
using the SILVA database v138.1. Each genus was generated by
agglomerating all ASVs assigned to that genus using the tax glom
function in phyloseq [30].

Abundance analyses

Abundance analyses were performed using genus- and pathway-level
profiles derived from shotgun metagenomic data. The relative proportions
of phyla and genera within each sample and across groups were analyzed
and visualized using the microbial R package (v0.20.20, https://github.com/
guokai8/microbial). This package was also employed to evaluate alpha
diversity (Observed, Chaol, Shannon, Simpson, InvSimpson, and Fisher)
between the MDD and HC groups. Beta diversity in overall microbial
compositions between groups was formally tested using permutational
multivariate ANOVA (PERMANOVA) via the adonis2 function in the vegan R
package (v2.6-4, https://CRAN.R-project.org/package=vegan).

To identify features significantly associated with MDD status, differential
abundance analysis was performed at both the genus and KEGG pathway
levels using MaAsLin2 (v1.12.0) [31] and ANCOM-BC (v2.0.2) [32] R
packages. Both tools were run with default parameters, except that
microbial genera present in fewer than 5% of samples were excluded to
ensure a minimum analytic sample size (N = 5, based on 90 samples x 5%).
Statistical significance for association with MDD was defined as
concordance between ANCOM-BC and MaAsLin2 analysis, with both
methods yielding a P-value < 0.05.

Integrated biomarker identification and classification
modeling

For metagenomic sequencing data, to identify potential microbial
biomarkers at the genus level that distinguish adolescents with MDD
from HCs, we employed a random forest classifier (R randomForest v4.7-
1.1). The model was trained on genus-level relative abundance profiles,
with group label (MDD vs. HC) as the response variable. Feature
importance was assessed using the mean decrease in Gini index, which
quantifies each genus's contribution to classification accuracy. Genera
were ranked accordingly, and the top genera were selected for down-
stream analysis.

To identify the most informative clinical biomarkers for integration with
microbiome data, least absolute shrinkage and selection operator (LASSO)
regression (R glmnet 4.1-7), a regularization method for prediction and
feature selection, was applied while minimizing overfitting. The identified
biomarkers were then combined with the top microbial genera to
construct an integrative prediction model. This combined feature set
was used to train a second random forest classifier, and model
performance was evaluated using receiver operating characteristic (ROC)
and area under the curve (AUC) metrics. Finally, Spearman’s rank
correlation coefficient analysis was conducted to examine associations
among clinical characteristics, tight junctions and inflammatory biomar-
kers, and KEGG pathways.

Treatment of Caco2 cells with acetate and propionate

5% 10° Caco2 cells were seeded into a 12-well plate and incubated for 24 h
or 48 h. Cells were then treated with 5 mM, 10 mM, and 20 mM propionate
(Sigma, #55436) and 1 mM, 2 mM, and 5 mM butyrate (Sigma, #5303410),
followed by an incubation for an additional 24 or 48 h in a cell culture
incubator, respectively. Total RNA was extracted using an RNAsimple Total
RNA lIsolation Kit (Tiangen, #DP419). For LPS treatment, cells were treated
with 20 pg/mL LPS alone or in combination with 20 mM propionate or
5 mM butyrate, and incubated for 24 or 48 h. RNA was again isolated using
the same kit. Subsequently, total RNA was reversely transcribed using the
HiScript Il 1st Strand c¢DNA Synthesis Kit (Vazyme, #R312-01). Gene
expression was quantified by reverse transcription-polymerase chain
reaction (RT-PCR) with gene -specific primers of ribosomal protein lateral
stalk subunit (RPLPO), claudin-5 (CLDN5), and tight junction protein 1 (TJPT).
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qPCR primers were as follows: RPLPO-qF GCAGCATCTACAACCATGAA,
RPLPO-gR  GCAGATGGATCAGCCAAGAA; CLDN5-gF  ATGTGGCAGGT-
GACCGCCTTC, CLDN5-gR CGAGTCGTACACTTTGCACTGC; TJP1-qF CATCTC-
CAGTCCCTTACCTTTC, TJP1-gR TCTGCTGGCTTGTTTCTCTAC.

Statistical analysis

Demographic characteristics of the participants were carried out using IBM
SPSS (version 29.0.1.0, Chicago, IL, USA). The normality of distribution and
homogeneity of variance were determined using the Kolmogorov-Smirnov
and Levene's tests, respectively. Continuous variables were presented as
the mean and standard deviation and tested using the Mann-Whitney U
test. Categorical variables were expressed as frequencies and percentages,
and comparisons were made using the Chi-Square Test. Correlations were
considered statistically significant at P-value <0.05. For comparisons
involving multiple experimental cell groups, one-way ANOVA followed
by Dunnett’s post-hoc test was conducted using GraphPad Prism 10 (San
Diego, CA, USA). A P-value * 0.05 was considered statistically significant.

RESULTS

Elevated tight junction and inflammatory biomarkers in
adolescent MDD

We enrolled 46 adolescents diagnosed with MDD (33 females and
13 males) and 44 HCs (25 females and 19 males). Participants’
demographics and clinical characteristics are summarized in Table
1, and the study flow diagram is presented in Fig. 1. No statistically
significant differences were observed between the MDD and HCs
groups in terms of gender, age, or body mass index (BMI). The
MDD group scored significantly higher on both HAMD-17 and
HAMA than the HC group (P-value <0.001), as expected by the
diagnostic criteria used for group assignment.

Quantification of tight junction proteins and inflammatory
biomarkers revealed substantial elevations in Claudin-5, Zonulin,
FABP, and LPS levels in the MMD group relative to controls. This
disrupted gut barrier profile was accompanied by significantly
elevated levels of pro-inflammatory cytokines IL-6, IL-8, TNF-a, and
CRP (Fig. 2, Table 1). Together, these findings strongly indicated
the presence of gut barrier disruption and systemic inflammatory
responses in adolescent MDD.

Dysbiotic gut microbiota profile in adolescent MDD

To examine microbiome alterations associated with adolescent
MDD, we analyzed fecal metagenomic sequencing data. Although
alpha-diversity metrics, including the Chao index, Fisher index,
and the number of detected species, were lower in patients with
MDD compared to HCs, these differences did not reach statistical
significance (Fig. 3A). In contrast, beta-diversity analysis revealed a
substantial distinction in microbial composition between groups,
as determined by PERMANOVA with Bray-Curtis dissimilarity (P-
value = 0.001, Fig. 3B).

At the phylum level, the MDD group exhibited a marked
increase in Bacteroidetes and a notable decrease in Firmicutes,
resulting in a significantly lower Firmicutes/Bacteroidetes ratio (P-
value < 0.001, Fig. 3C), an imbalance frequently associated with
inflammatory states. In total, 40 genera showed differential
abundance, including 25 increased and 15 decreased genera (P-
value < 0.05, Fig. 3D and Table S1). Specifically, Intestinimonas,
Barnesiella, Lawsonibacter, and Parasutterella were significantly
increased in the MDD group, while Haemophilus, Dialister,
Turicibacter, Agathobaculum, Hungatella, Collinsella, Allisonella,
and Solobacterium were substantially reduced (Fig. 3E). These
alterations highlighted dysbiotic microbial signature in adolescent
MDD.

Diagnostic potential of the combination of target gut
microbiota and biomarkers in adolescent MDD

To identify robust microbial biomarkers less susceptible to
technical variation, we conducted cross-platform validation of
genus-level signatures using 16S rRNA sequencing alongside
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Table 1. Demographic and Clinical Characteristics of Participants.

HC MDD P-value

Participants 44 46 N/A

Female (n,%) 25, 56.82% 33,71.74% 0.14*

Age (years, mean£SD) 15.68+1.43 15.89+£1.43 0.49°

BMI (kg/m2, mean+SD) 21.68+5.31 21.23+4.32 0.66°
HAMD17 score (mean+SD) 1.77+1.74 22.83+4.11 <0.001°
HAMA score (mean+SD) 1.88+£2.11%* 18.5946.62 <0.001°
Zonulin (ng/ml, mean£SD) 125.63£25.00 149.29+29.99 <0.001°
Claudin-5 (pg/ml, mean+SD) 252.64+46.53 318.20+47.70 <0.001°
FABP (ng/ml, mean+SD) 4.69+0.97 6.13+1.09 <0.001°
LPS (pg/ml, meantSD) 3.04+£1.06 4.00+0.95 <0.001°
IL-6 (pg/ml, mean+SD) 8.66+1.35 10.36+1.08 <0.001°
IL-8 (pg/ml, mean+SD) 21.74+£5.48 30.10+5.24 <0.001°
TNF-a (pg/ml, mean+SD) 9.09+2.82 13.09+2.30 <0.001°
CRP (mg/ml, mean+SD) 1.92+0.32 2.38+0.26 <0.001°

HC, health conctrol; MDD, major depressive disorder; BMI, body mass index; HAMD-17, hamilton depression scale-17
item; HAMA, hamilton anxiety scale; SD, standard deviation; N/A, not available; *, missing value data, N =25

Quantitative presented as Mean£SD or percentege. P-value of HC and MDD by chi-square testa and Mann-Whitney U
testb, respectively.

(1) Participants and sample collection (2) Sample test and data analysis (3) Cell experiment and validation
SCFAs (24h and 48h) Y
Claudin-5, Zonulin, FABP, LPS \
Vs N IL-6, IL-8, TNF-a, CRP Coco2 cals Total RNA
Healthy controls = 44 MDD patients = 46 =g . 5 \
. - g
ﬁlﬁ )\ AUC = 0.96 a
a T Plasma Elisa Combined diagnosis Cell inoculation and treatment RNA extraction
J £ ! J

~  Collinsella DNA lib
cl ibrary

| } AN d
v . — e
T O @) @ e & (=

Plasma sample Fecal sample Fecal Metagenomics

Key gut bacteria Gene expression
and 16S rRNA POR)

Reverse transcription synthesis

Fig. 1 Flowchart depicting the study design with three main components. 1 Participants and sample collection outlined the recruitment of
the subjects (healthy controls [HC], n = 44; major depressive disorder [MDD], n = 46), and the categories of biological samples collected; (2)
Sample test and data analysis specified the methodologies and biomarkers used for sample analysis; (3) Cell experiment and validation
describe the in vitro experiments aimed at validating the regulatory effects of short-chain fatty acids (SCFAs) on tight junction proteins.

metagenomic data. Collinsella, Dialister, Phascolarctobacterium and metagenomics, P-value <0.001; Dialister: 16S rRNA sequencing,
Barnesiella were identified in both datasets (Fig. 4A). Among them, P-value < 0.001; metagenomics, P-value = 0.020).

Collinsella and Dialister were consistently decreased in adolescent We next performed random forest classification based on
MDD (Collinsella: 16S rRNA sequencing, P-value <0.001; metagenomic profiles to identify bacterial genera with predictive
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Fig. 2 ELISA results illustrating the plasma levels of tight junction and inflammatory biomarkers. Enzyme-linked immunosorbent assay
(ELISA) results showing the levels of tight junction proteins (Claudin-5, Zonulin, FABP, and LPS) and inflammatory biomarkers (IL-6, IL-8, TNF-a,
and CRP) in peripheral blood plasma samples. All measured biomarkers were significantly increased in the MDD group compared to the
healthy controls (HCs). The P-value < 0.05 was considered statistically significant (***, P-value < 0.001).

value for adolescent MMD. Collinsella, Candidatus_Saccharibacter-
ia_unclassified, and Parabacteroides emerged as top-ranked
candidates and could be promising predictive taxa for adolescent
MDD (Fig. 4B). ROC analysis showed AUCs of 0.74, 0.72, and 0.72,
respectively (Fig. 4C). In comparison, individual biomarkers,
Claudin-5, FABP, CRP, IL-6, IL-8, and TNF-q, yielded AUCs ranging
from 0.70-0.81 (Fig. 4C).

Using LASSO regression, we identified six key potential
biomarkers (Table S3) and integrated them with the top three
genera identified from random forest analysis to construct a
composite diagnostic model. Notably, the combined model
incorporating Collinsella, Candidatus_Saccaribacteria_unclassified,
and Parabacteroides achieved an AUC of 0.96, 0.97, and 0.97,
respectively (Fig. 4C), demonstrating a high level of diagnostic
accuracy for distinguishing adolescent MDD cases from HCs. These
results suggest that integrating host biomarkers with gut
microbial signatures may enhance the diagnostic precision for
adolescent MDD and support the development of precise and
effective microbiota-based diagnostic strategies.

Interconnections between SCFAs-related gut microbiota, tight
junction proteins, and pathways

To further investigate the enhanced diagnostic performance
provided by the combined model, we conducted a correlation
analysis to examine the relationships among clinical features, tight
junction proteins, inflammatory biomarkers, and target micro-
biota. The analysis revealed significant positive correlations
among the network of tight junction proteins and inflammatory
biomarkers (Fig. 5A). In contrast, Collinsella exhibited notably
negative correlations with markers such as Claudin-5 and TNF-a.
We also assessed the association between selected pathways and
SCFAs through a systematic literature review. For instance,
Claudin-5 was negatively associated with downregulated SCFA-
related pathways, including alanine, aspartate, and glutamate
metabolism [33], D-Glutamine and D-glutamate metabolism [34],
and regulation of autophagy [35] (Fig. 5B).

Other tight junction proteins, such as Zonulin, FABP, and LPS,
were also negatively correlated with other SCFAs-related path-
ways, including D-Alanine metabolism [36], glycerolipid metabo-
lism [37], and pyruvate metabolism [38, 39] (Fig. 5B). These
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findings underscore that elevated levels of tight junction proteins
might be linked to SCFA-producing gut microbes and related
KEGG pathways in adolescent MDD. Given the decreased
abundance of Collinsella, a genus known for its SCFAs production,
this indicated a potential reduction in SCFA levels in MDD.
Furthermore, the observed negative correlation between Collin-
sella and Claudin-5 also suggested that SCFAs might modulate the
expression of barrier integrity markers.

The regulation of SCFAs on tight junction proteins in Caco-
2 Cells

It is well established that patients with depression exhibit a lower
abundance of SCFA-producing gut microbes and that the serum
levels of SCFAs are reduced in depressed rodents and associated
with cytokine expression and neuroinflammation [40, 41]. Collin-
sella, a relatively novel genus, has been implicated in SCFA
biosynthesis [42]. To investigate the regulatory effects of SCFAs on
intestinal mucosal tight junction biomarkers, specifically CLDN5
and TJP1, we treated Caco-2 cells with propionate and butyrate.
Our results demonstrated that propionate treatment (20 mM) for
24 h significantly increased transcriptional levels of both CLDN5 (P-
value < 0.001) and TJP1 (P-value < 0.001), with a consistent dose-
dependent trend (Fig. 6A and B). Extending the treatment to 48 h
further enhanced the expression of CLDN5 (P-value <0.001) and
TJP1 (P-value <0.001).

Similarly, butyrate treatment (5mM) for 24 h significantly
upregulated CLDN5 (P-value <0.001) and TJP1 (P-value <0.05),
with a similar dose-dependent pattern. Notably, after 48 h of
butyrate treatment, CLDN5 and TJPT levels remained significantly
elevated compared to the control group (P-value <0.001),
suggesting that TJPT responds more slowly or requires higher
SCFA concentration than CLDN5. To mimic MDD-associated gut
inflammation, we introduced LPS stimulation and combined it
with SCFA treatment. Under these conditions, propionate and
butyrate continued to significantly elevate transcription levels of
CLDNS5 and TJP1 (Fig. 6C). These results reinforce the role of SCFAs,
produced by key gut microbes like Collinsella, in mediating the
intestinal barrier function under inflammatory stress, and align
with our broader observations linking SCFA-producing microbiota
to gut barrier integrity in adolescent MDD.
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DISCUSSION

Our study revealed substantial differences in plasma levels of tight
junction and inflammatory biomarkers between adolescents with
MDD and HCs. Elevated levels of tight junction biomarkers
(Zonulin, Claudin-5, FABP, and LPS) and inflammatory markers
(IL-6, IL-8, TNF-a, and CRP) in MDD patients suggest a link between
compromised intestinal permeability, systemic inflammation, and
the pathogenesis of MDD. The observed microbiome alterations,
characterized by a decreased Firmicutes/Bacteroidetes ratio and
particular shifts in bacterial genera, highlight the complex role of
gut microbiota in psychiatric disorders. The integration of gut
microbiota data with tight junction proteins and inflammatory
biomarkers resulted in improved predictive capabilities for
adolescent MDD. The notable improvement in predictive power
underscores the promise of these markers in developing
diagnostic tools and personalized treatment strategies. KEGG
pathway analysis indicated that increased levels of tight junction
biomarkers may be associated with SCFA-producing gut microbes
and related pathways in adolescent MDD, offering insights into
how gut microbiota alterations might affect metabolic processes
relevant to depression. Our cell experiments further validated that
SCFAs were sufficient to modulate the transcriptional level of tight
junction proteins, including CLDN5 and TPJ1.

The gut microbiota impacts various physiological and patholo-
gical aspects via neuronal, hormonal, and immunological path-
ways in adolescent MDD [11]. Based on previous research [43], we
chose MaAsLin2 and ANCOM-BC to compensate for the limitations
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of relying on a single method. The most consistent inter-tool
methods, ANCOM-Il and ALDEx2, were based on non-rarefied
data, but rare-based MaAsLin2 produced the most consistent
results across datasets of the same phenotype [43]. Collinsella, a
relatively novel bacterium in the context of depression, has been
reported to be decreased in patients with MDD [18, 44]. Acetic
acid and butyric acid are the primary fermentation metabolites of
the genus Collinsella. The genomic characterization of Collinsella
aerofaciens strains isolated from healthy human gut microbiota
further revealed their genetic capacity for bile acid metabolism
[45], a functional feature that may modulate host immune
responses and facilitate gut-brain axis communication [46].
Integrating these findings with our research, we propose that
reduced abundance of Collinsella is associated with diminished
SCFA production, potentially undermining intestinal barrier
integrity [20]. This compromised barrier function may exacerbate
the leakage of harmful gut-derived substances [47], thereby
aggravating the pathogenesis of depression. The prioritization of
Collinsella in our discussion reflects both its significant alteration in
this study and established mechanistic links to depression
pathogenesis in these studies. Future investigations should
expand focus to other SCFA-producing taxa identified, which
may help further prospective and future study.

SCFAs are among the most abundant metabolites generated by
the gut microbiota during the fermentation of non-digestible
dietary fibers [48], with acetic acid, propionic acid, and butyric acid
accounting for 95% of total SCFA production [49]. Blautia,
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Fig. 5 Tight junction biomarkers linking to the SCFA-related gut microbiota and KEGG pathways. A Spearman correlation among two
target bacteria, clinical characteristics, and plasma biomarkers. The colors of the lines represent the negative (blue) and positive (red)

correlations, respectively. The line types indicate the significance

level of Spearman correlation, with P-value < 0.05 (solid line) and P-

value > 0.05 (dashed line). B Spearman correlation between differential KEGG pathways and plasma biomarkers. The color coding of the boxes

is used to highlight significant correlations: pink boxes represent

KEGG pathways associated with SCFA that significantly correlate with

Claudin-5, while blue boxes represent KEGG pathways associated with SCFA that significantly correlate with Zonulin, FABP, and LPS. *, P-

value < 0.05; **, P-value < 0.01; ***, P-value < 0.001.

Clostridium spp., Bifidobacterium spp., and Bacteroides spp. have
been reported to produce acetic acid, while Coprococcus,
Bacteroidetes, and Ruminococcus are associated with propionic
acid production [38]. The human gut microbiota, including
Lactobacillus, Bifidobacterium, Lachnospiraceae, and Ruminococca-
ceae, produce butyric acid by converting butyryl-CoA into butyrate
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and acetyl-CoA [37]. It is noteworthy that SCFA producers exhibit
metabolic interactions; for example, the acetic acid formed by
Bacteroidetes can be further transformed into butyric acid by
Firmicutes [38]. In our work, Collinsella, along with tight junction
and inflammatory biomarkers, demonstrated predictive capacity
for adolescent MDD, underlining its potential in developing
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diagnostic tools. However, the precise role of the genus Collinsella
and its underlying mechanisms in adolescent MDD remain to be
elucidated.

SCFAs play a crucial role in regulating mucosal immunity by
targeting both immune and non-immune cells, helping maintain
epithelial barrier function at mucosal surfaces [20]. Previous
clinical research has demonstrated that patients with depression
exhibit significantly reduced levels of SCFAs in plasma [17].
Furthermore, an open-label, randomized trial revealed that
supplementation with omega-3 polyunsaturated fatty acids
indirectly elevated the levels of gut microbial SCFAs by boosting
the abundance of SCFA-producing bacteria (e.g., Bifidobacterium,
Roseburia, and Lactobacillus) [50]. Additionally, SCFAs protect gut
barrier integrity by preventing bacterial and viral invasion [51].
Acetate, a key microbiome-derived SCFA, plays crucial roles in
driving microglia maturation and regulating the homeostatic
metabolic state [52]. Prebiotics treatment has been shown to
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reverse depression and anxiety symptoms in high-fat diet mice
[53]. This improvement resulted from reduced dysbiosis, increased
acetate-producing bacteria, and lower intestinal permeability,
decreasing chronic inflammation [53]. Prebiotics also modulated
the gut-brain axis, increasing brain acetate and reducing pro-
inflammatory cytokines, thus enhancing neuronal proliferation
and survival in the hippocampus and prefrontal cortex [53]. Acetic
acid can mediate inflammatory responses by recruiting immune
cells to protect the gut barrier [54].

In addition, butyric acid directly increases the expression of
Claudin-1 and occludin, potentially linked to the activation of
AMPK [55]. Valenzano et al. reported that treatment with butyric
acid (5mM) led to a 376% increase in Claudin-7 levels [56].
Moreover, butyric acid further enhances the expression of Claudin-
3 and Claudin-4 by stimulating AKT signaling pathways [57].
Consistent with these findings, we further confirmed the
regulatory effects of propionic acid and butyric acid on other
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tight junction proteins (CLDN5 and TJP1). This regulatory effect
aligns with our microbiome findings, where reduced SCFA-
producing bacteria in adolescents with MDD may contribute to
compromised gut barrier function, underscoring a potential
microbial pathway influencing MDD pathology through barrier
dysfunction. Although SCFAs have exhibited a promising barrier-
modulating effect in this study, their efficacy in clinical treatment
for adolescent MDD remains to be further explored.

Despite the strengths of this study, there are several limitations
to consider. Firstly, the sample size is relatively small to maintain
consistency between blood and fecal samples, and fecal analysis
for tight junction proteins was not performed. Secondly, this study
lacked systemic assessment of common comorbidities(e.g.,
irritable bowel syndrome), herbal medication, and lifestyle
confounding factors such as physical activity, dietary patterns,
and sleep quality, all of which may interact with gut microbiota.
Thirdly, the causal relationships among tight junction proteins,
SCFAs, and the target genus Collinsella require further validation
with more robust evidence. Finally, while our findings suggest
increased sensitivity of microbiota integrating tight junction and
inflammatory biomarkers in adolescent MDD (as indicated by the
training and test subsets, Figure S1), the specificity of these
predictive models still requires additional evaluation.{Citation}
Potential overfitting also needs to be addressed by replicating the
study with larger datasets. In summary, future studies should
incorporate expanded sample collection and analysis to address
these limitations and enhance the robustness of the findings.

In summary, our study observed elevated levels of tight junction
proteins and inflammatory biomarkers in adolescents with MDD,
indicating compromised gut barrier integrity and increased systemic
inflammation. Microbiome analysis revealed significant dysbiosis,
particularly a reduction in SCFA-producing bacteria such as Collinsella,
potentially contributing to this barrier dysfunction. Integrating
microbiota data with these biomarkers markedly improved diag-
nostic accuracy for MDD, highlighting a promising avenue for more
precise and effective diagnostic strategies. Additionally, in vitro
experiments demonstrated that SCFAs, including propionic and
butyric acids, enhanced tight junction integrity, further supporting
the relevance of gut barrier health in adolescent MDD.
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