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The therapeutic outcomes in major depressive disorder (MDD), one of
the most common and heterogeneous mental illnesses, are affected by
factors that remain unclear and often yield unsatisfactory results. Herein,
we characterized the composition and metabolic function of the gut
microbiota of patients with MDD during antidepressant treatment, based
on 16S rRNA sequencing and metabolomics. The microbial signatures
at baseline differed significantly between responder and non-responder
groups. The gut microbiota of the non-responder group was mainly
characterized by increased relative abundances of the phylum Actinobacteria,
families Christensenellaceae and Eggerthellaceae, and genera Adlercreutzia
and Christensenellaceae R7 group compared to that of the responder
group. Additionally, the gut microbiota composition of the responder and
non-responder groups differed significantly before and after treatment,
especially at the genus level. Moreover, 20 differential metabolites between
the responder and non-responder groups were identified that were
mainly involved in lipid metabolism (cholestane steroids and steroid
esters). Eggerthellaceae and Adlercreutzia displayed strong co-occurrence
relationships with certain metabolites, suggesting alternations in the gut
microbiome, and associated metabolites may be potential mediators of
successful antidepressant treatment. Overall, our study demonstrates that
alterations in gut microbiota composition and metabolic function might be
relevant to the response to antidepressants, thereby providing insight into
mechanisms responsible for their efficacy.

gut microbiota, depression, treatment responses, 16S rRNA sequencing,
metabolomics

Introduction

Major depressive disorder (MDD) is one of the most common mental disorders
worldwide, occurring with high incidence and causing disability (Kessler et al., 2003;
Huang Y. et al, 2019). The main symptoms of MDD include persistent sadness
and anhedonia, often accompanied by obvious physical symptoms and insomnia.
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The lifetime prevalence of MDD in adults is 13-16% (Lépine
and Briley, 2011; Greenberg et al., 2015; Johnston et al,
2019). Several methods are currently used to treat patients
with MDD. However, despite administration of sufficient
doses and maintenance of treatment, 30-40% of patients do
not respond to treatment, leading to significant treatment
resistance and unsatisfactory results (Maalouf and Brent,
2012; Thomas et al., 2015; Cipriani et al., 2018). Therefore,
understanding the mechanism underlying unsatisfactory
outcomes of antidepressants is needed to achieve the successful
treatment of MDD.

Previous studies have shown that many factors may lead
to poor MDD treatment outcomes, including heterogeneity,
genetic factors, and individual physiological conditions such as
the state of immune homeostasis (Amitai et al., 2016; Manchia
et al., 2020). However, these conclusions remain controversial.
Thus, exploring factors that affect the effectiveness of MDD
treatment continues.

Increasing evidence indicates that the gut microbiota
plays a vital role in regulating brain function and human
behavior (Mayer et al., 2014; McGuinness et al., 2022). Several
observational studies have examined the gut microbiota of
patients with MDD (Zheng et al, 2016; Lin et al, 2017;
Chen Z. et al,, 2018; Cheung et al., 2019; Valles-Colomer
et al,, 2019; Lai et al, 2021; Chang et al., 2022). In general,
higher relative abundances of proinflammatory species such
as Desulfovibrio and members of family Enterobacteriaceae,
and lower relative abundance of short-chain fatty acid
producing-bacteria such Faecalibacterium are observed in
MDD (Simpson et al, 2021). Other studies have reported
that the use of probiotics and synbiotics can improve the
symptoms of depression or anxiety in patients (Yong et al,
2019; Alli et al., 2022). Additionally, a plant-based diet has
been shown to improve depressive symptoms by affecting
gut function (Horn et al.,, 2022). These results indicate that
MDD may affect the composition of the gut microbiota;
thus, targeting the gut microbiota may provide a new option
for its treatment.

In the field of tumor treatment, the gut microbiota
can reportedly influence the efficacy of chemotherapy and
immunotherapy (Vivarelli et al., 2019). Moreover, the fecal
microbiota profile of patients with first-episode psychosis was
correlated with their response to antipsychotics (Macedo et al.,
2017; Schwarz et al., 2018). Similar findings have been observed
in the field of depression treatment. Pisanu and Squassina
(2017) reported that altered gut microbiome composition
can affect the mechanism of action of antidepressants and
regulate their therapeutic effect. Fontana et al. (2020) reported
that patients with MDD exhibited obvious gut dysbiosis,
and that the gut microbiota characteristics of patients with
treatment-resistant MDD differed significantly from those
of responders to antidepressants. These results suggest that
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the gut microbiota is not only related to MDD onset,
but also to the effects of antidepressant treatment. Jiang
et al. (2015) found that gut microbiota o-diversity was
increased in non-responders compared to healthy controls
(HCs), but not in responsive patients with MDD. Duan
et al. (2021) reported that alterations in gut microbiota
composition and metabolic function might be relevant to
varying patient responses to the antidepressant escitalopram.
Recent animal experiments have also demonstrated that lower
relative abundance of Firmicutes and higher relative abundance
of Bacteroidetes were associated with the effects of fluoxetine
and the tricyclic antidepressant amitriptyline in rats with
depression-like behaviors (Zhang et al., 2021). Ye et al.
(2021) also reported that vortioxetine hydrobromide may
ameliorate depressive symptoms by promoting reconstruction
of the gut microbiome. These results further support that
the gut microbiota may be an important factor affecting
MDD treatment, suggesting broad prospects for enhancing
therapeutic success.

The mechanisms underlying the effects of antidepressants
on the gut microbiome remain to be fully elucidated. Studies
have reported that many antidepressants exert antimicrobial
effects (Zhernakova et al., 2016; Macedo et al., 2017), such
as selective serotonin reuptake inhibitors (SSRIs) that destroy
the bacterial cell wall through efflux inhibition (Munoz-Bellido
et al.,, 2000; Coban et al., 2009; Bohnert et al.,, 2011). Shen
et al. (2021) found that gut microbiota diversity tended
to return to the normal state in patients with depression
after escitalopram treatment. Further, ketamine can inhibit
microorganisms such as Staphylococcus aureus and other
Staphylococcus species (Gocmen et al., 2008; Begec et al., 2013)
and has been shown to improve the a- and B-diversity of
the gut microbiota (Huang N. et al,, 2019). The ketamine
enantiomer (R)-ketamine significantly attenuated the relative
abundance of members of the phylum Bacteroidetes, genera
Clostridium, Ruminococcus, and Butyricimonas, and class
Mollicutes after chronic social defeat stress in susceptible
mice (Qu et al, 2017; Yang et al., 2017). These studies
suggested that the gut microbiota-brain axis may mediate
the antidepressant actions of ketamine and (R)-ketamine.
Other studies have shown that the gut microbiota can also
influence the therapeutic efficacy of antidepressants by affecting
their metabolization (Jourova et al, 2016; Zhang et al,
2018).

In summary, although some interesting findings have
been reported, the specific microorganisms or metabolites that
impact the efficacy of antidepressants in patients with MDD
remain controversial and warrant further research. Limitations
of previous studies, such as small sample size, sample
heterogeneity, and lack of testing for blood concentration,
affected the strength of the results. Therefore, the aim of this
study was to further elucidate correlations between the gut
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microbiota and response to antidepressants in patients with
MDD. Additionally, this study included only first-episode and
drug-naive patients to reduce sample heterogeneity and applied
16S rRNA sequencing and metabolomics approaches to improve
the robustness of the data.

Materials and methods

Research design and participant
recruitment

Patients with first-episode MDD and HCs participated in
this study. The hospitalized patients with MDD were recruited
from the Mental Health Center at West China Hospital, Sichuan
University from January to October 2019. All patients were
from Chengdu (Sichuan, China), which is a relatively closed
area with a unique climate and inhabitants have similar eating
habits. Patients with MDD were diagnosed according to the
Structured Clinical Interview for DSM-IV (SCID) by two
psychiatrists. Patients aged < 18 or > 45 years with organic
etiology for their psychiatric symptoms, psychotic features,
or intellectual disability were excluded. The HCs included 30
worker volunteers aged 18-45 years. For HCs, diagnosis of
mental disorder was excluded by two psychiatrists according
to the SCID and 24-item Hamilton Depression Rating Scale
(HAMD-24) score was < 7.

To avoid bias caused by the influence of body weight,
only subjects with a normal body mass index (BMI, 18.5-22.9)
were selected for the study. To further exclude the influence
of physical disease, subjects with the following diseases were
also excluded from the study: cardiovascular disease (e.g.,
hypertension); endocrine and metabolic diseases (e.g., diabetes
mellitus, obesity, or fatty liver disease); digestive diseases (e.g.,
liver cirrhosis, irritable bowel syndrome, or inflammatory bowel
disease); drug or alcohol abuse; use of antibiotics, probiotics,
prebiotics, or symbiotics during the 6 months before collection
of fecal samples; known active bacterial, fungal, or viral
infections; and obvious dietary preferences (e.g., vegetarians).

All procedures contributing to this study complied with the
ethical standards of national and institutional committees on
human experimentation and Declaration of Helsinki (1975), as
revised in 2008. All procedures involving human participants
and patients were approved by the Ethics Committee of
West China Hospital (WCH) of Sichuan University (approval
number: 2019-268). All participants provided informed consent.

24-item Hamilton Depression Rating
Scale

The HAMD-24 (Hamilton, 1960) scale was used to assess
the severity of depressive symptoms before treatment (baseline)
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and 8 weeks after treatment. Patients were classified into
the responder group if their HAMD-24 score reduction rate
(R_HAMD) was > 50%; otherwise, the patient was classified into
the non-responder group (Keller, 2003).

Treatment

All patients received an 8-week intervention with one type
of SSRI (citalopram, escitalopram or paroxetine) or serotonin-
NE reuptake inhibitor (venlafaxine). The starting dose for 1
week was based on the recommended dosage in the package
insert and gradually adjusted to the therapeutic dose. During the
study period, patients were not allowed to use drugs other than
those prescribed in this study. Prescriptions were provided by
psychiatrists and administered by nurses to improve treatment
compliance. For patients with insomnia, short-term (not more
than 1 month) use of the minimum benzodiazepine dosage was
allowed at bedtime.

Antidepressant doses were converted to fluoxetine
equivalents using Furukawas method, supplemented by

the daily defined dose method (Hayasaka et al., 2015).

Serum collection and analysis of blood
drug concentration

After 7 days of continuous medication and at the end of the
8-week period, 3 mL cubital venous blood was collected before
medication was administered in the morning. The blood sample
was placed in an anticoagulant centrifuge tube containing
sodium heparin, centrifuged for 5 min, and the plasma
was stored at —80°C for further testing. High-performance
liquid chromatography (HPLC) was used to measure the
drug concentration in the plasma, as previously described
(Olesen and Linnet, 1996).

Stool collection and polymerase chain
reaction amplification

Collected stool samples were quickly frozen at —80°C
for further analysis. Microbial DNA was extracted using the
QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) and
stored at —20°C.The following polymerase chain reaction (PCR)
primers were used to amplify the V3-V4 region of the bacterial
16S ribosomal RNA gene: 5'-ACTCCTACGGGAGGCAGCAG-
3’ (forward) 5'-GGACTACHVGGGTWTCTAAT-3'
(reverse). PCR amplification was performed using the

and

TransStart® FastPfu Polymerase system (Transgen Biotech,
Beijing, China), including 4 pL 5 x FastPfu Buffer, 2 pL
dNTPs (2.5 mM), 0.8 pL each primer (5 pM), 0.4 pL FastPfu
Polymerase, and 10 ng template DNA. The reaction mixture
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was initially denatured at 95°C for 2 min, followed by 25 cycles
consisting of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, and a
final extension period of 72°C for 10 min.

16S rRNA gene sequencing analysis

Sequencing libraries were constructed according to
standard protocol using paired-end sequencing with the
Iumina Miseq platform (Illumina Inc., San Diego, CA,
United States), as previously described (Bartram et al., 2011).
Operational taxonomic units (OTUs) were selected and
analyzed using QIIME2 (Kuczynski et al, 2012). The raw
reads were deposited in the NCBI Short Read Archive under
BioProject ID PRJNA778934.

Gas chromatography-mass
spectrometry analysis

Fecal sample (50 mg) was loaded into a 2 mL centrifuge
tube and extracted in 500 wL solution containing 2% L-2
chlorophenylalanine in methyl alcohol:water (4:1) using a 6-
mm steel ball. The sample was ground with a frozen tissue
grinding machine at —10°C and 50 Hz for 3 min. Then,
200 pL chloroform was added and the sample was ground
again at —10°C and 50 Hz for 3 min. Subsequently, an ice-cold
mixture of methanol and chloroform was added, the sample was
vortexed for 3 min, and then frozen at —20°C for 30 min. The
sample was centrifuged at 12,000 rcf for 20 min at 4°C, and
the supernatant was placed in a glass derivative flask and dried
under vacuum. Following this step, 80 wL methoxypyridine
solution (15 mg/mL) was added to the vacuum-dried sample,
which was vortexed for 2 min and placed in an oscillating
incubator at 37°C for 90 min. BSTFA and n-hexane were
added to the mixture, and the samples was derivatized at
70°C for 60 min.

Gas chromatography-mass spectrometry (GC-MS) analysis
was performed at room temperature for 30 min using the
Agilent 8890 GC system coupled to an Agilent 5977B MSD
system (Agilent Technologies, Santa Clara, CA, United States).
The temperatures of the MS quadrupole and ion source
(electron impact) were set to 150 and 230°C, respectively. The
MS data were obtained in full-scan mode (m/z 50-500) and the
solvent delay time was set to 5 min. The MS data were analyzed
using MassHunter Workstation Quantitative Analysis software
(version 10.0.707.0) and metabolites were qualitatively analyzed
using the Fiehn database.

Bioinformatics and statistical analysis

The sequencing data were identified and extracted in FASTQ
format using the sequence index files. Barcodes and primers
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at the beginning and end of the sequences were used to
identify and select sequence reads. The sequence number of
each sample was normalized, and OTUs with a 97% identity
threshold were analyzed using UPARSE software (version
7.1).! Chimeric sequences were identified and removed using
UCHIME software (version 4.1).> The taxonomy of each 16S
rRNA gene sequence was analyzed by RDP Classifier® using the
SILVA 16S rRNA database at a confidence threshold of 70%
(Yilmaz et al., 2014).

Ace, Chaol, Simpson, and Shannon indices were used
to determine a-diversity. B-diversity was calculated using the
“vegan” package (version 2.5-7) in R (version 4.0.5). Bray-
Curtis distances were used for principal coordinates analysis
(PCoA). Analysis of similarity (ANOSIM) tests were performed
to identify differences in -diversity between groups. Differential
key bacteria and metabolites between groups were identified
using Welch’s t-tests with STAMP analytical software. Only
false discovery rate (FDR)-adjusted p-values < 0.05 were
considered significantly enriched. Linear regression model
analysis was performed using the “psych” package (version 2.1.6)
in R (version 4.0.5). Correlation analysis between groups was
conducted using the Spearman method and the results were
displayed as heatmaps and co-occurrence networks.

Results

Comparison of clinical and
demographic characteristics between
patients with major depressive disorder
and healthy controls, responders and
non-responders

A total of 63 patients (20 males and 43 females) and 30 HCs
(10 males and 20 females) were included in this study. Their ages
ranged from 19 to 45 years (mean £ SD = 28.34 4 8.63 years
for patients and 29.23 £ 6.59 for HCs). No notable differences
were observed in age, sex, marital status, BMI, and history of
smoking/drinking both between patients with MDD and HCs
(Table 1). No notable differences were observed in age, sex,
marital status, family history, BMI, history of smoking/drinking,
baseline HAMD/Hamilton Anxiety Rating Scale (HAMA),
and fluoxetine equivalent dosage between responders and
non-responders (Table 1). The blood drug concentration of
all patients was within the reference concentration range
recommended by the guidelines (Hiemke et al., 2011). The
average dosage and blood drug concentration of antidepressants
is shown in Table 2.

1 http://drive5.com/uparse/
2 http://drive5.com/uchime/
3 http://rdp.cme.msu.edu/
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TABLE1 Comparison of clinical and demographic characteristics between patients with MDD and HCs, responders, and non-responders.

Group MDD HCs p-value Responders Non-responders p-value
(n=63) (n=30) (n=36) (n=27)

Age (years, mean % SD) 28.34 £+ 8.63 29.23 £6.59 0.621 29.86 £ 8.02 26.33 £9.14 0.109

Sex, n (%) 0.878

Male 20 (31.7) 10 (33.3) 10 (27.8) 10 (37.0)

Female 43 (68.3) 20 (66.7) 26 (72.2) 17 (63.0)

Marital status, 1 (%) 0.954 0.080

Single 29 (46.0) 14 (46.7) 20 (55.6) 9(33.3)

Married 34 (54.0) 16 (53.3) 16 (44.4) 18 (66.7)

Family history, n (%)

Yes 12 (19.0) NA 7 (19.4) 5(18.5) 0.926

No 51 (81.0) NA 29 (80.6) 26 (81.5)

BMI (mean =+ SD) 21.67 £3.91 21.49 £2.23 0.815 21.93 £3.70 21.33 £4.23 0.554

Smoking 0.389

Yes 11 (17.5) 7(23.3) 0.503 5(13.9) 6(222)

No 52 (82.5) 23 (76.7) 31(86.1) 21(77.8)

Drinking 0.195

Yes 22 (34.9) 6 (20.0) 15 (41.7) 7 (25.9)

No 41 (65.1) 24 (80.0) 0.143 21 (58.3) 20 (74.1)

HAMD baseline 2831 £7.58 NA 26.94 £7.73 30.14 £ 7.11 0.097

HAMA baseline 18.75+7.79 NA 20.06 £ 8.84 17.00 4 5.84 0.125

Antidepressant” (mg/day) 42.33 £11.88 NA 43.04 £11.15 41.39 £12.94 0.589

HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; NA, not applicable; MDD, major depressive disorder; HCs, healthy controls; SD, standard deviation;

BMI, body mass index.
#Fluoxetine-equivalent dose of antidepressant medication.

Differences in gut microbiota
composition between patients with
major depressive disorder and healthy
controls

A total of 63 and 30 stool samples were collected from
patients with MDD and HCs, respectively. Accounting for
70% of the valid sequences, 3,202,267 and 1,653,393 high-
quality sequences were obtained from patients with MDD
and HCs, respectively. After rarefaction of the samples
to equal sequencing depth (52,211 reads per sample) and
clustering, 4,855,660 sequences from 93 fecal samples were
grouped into 1,249 OTUs for downstream analysis. Statistical

TABLE 2 Average dosage and blood drug concentration of
antidepressants.

Antidepressant Dose (mg, Blood drug
mean = SD) concentration
(ng/mL, mean + SD)
Citalopram (n = 19) 3474 + 6.12 85.71 + 17.54
Escitalopram (n = 16) 16.25 +3.42 48.04 £+ 21.67
Paroxetine (n = 8) 38.75 + 6.41 68.48 £+ 23.20
Venlafaxine (n = 20) 198.75 4 44.04 235.48 +70.97

Frontiers in Neuroscience

analysis of a-diversity at the OTU level revealed that the
Chaol and Shannon indices of the microbial communities
did not differ significantly between patients with MDD and
HCs (Figures 1A,B). To evaluate differences in microbial
pB-diversity, PCoA and ANOSIM were conducted based on
Bray-Curtis distances. Samples from patients with MDD and
HCs were clustered into indiscriminate groups based on
p-diversity estimates, as assessed by ANOSIM tests (R = 0.064,
p = 0.053, Figures 1C,D). These results indicated that the gut
microbiota of patients with MDD was not significantly different
from that of HC:s.

However, evaluating the gut microbiome composition
revealed that patients with MDD and HCs exhibited significant
differences at the phylum, family, and genus levels. The
relative abundances of the phylum Actinobacteria, family
Bifidobacteriaceae, and genera Bifidobacterium, Blautia, and
Agathobacter were significantly higher in the microbiota
of patients with MDD than in that of HCs. However,
the relative abundance of the family Lactobacillaceae was
significantly lower in the microbiota of patients with
MDD than in that of HCs (Figure 1E). Moreover, the
relationship between these differential species and the severity
of anxiety and depression was investigated. No significant
correlation was detected between species and HAMD or
HAMA (Figure 1F).
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FIGURE 1
Differences in gut microbiota between MDD patients and HCs. (A) Bacterial richness estimated using the Chaol index. (B) Bacterial diversity
estimated using the Shannon index. (C,D) p-diversity of gut microbiota according to principal coordinate analysis (PCoA) and analysis of
similarities (ANOSIM) based on Bray—Curtis distances. (E) Significantly different species according to FDR-adjusted p-values, calculated using
Welch's t-test. The mean abundance of the blue (yellow) community differed between MDD patients and HCs. (F) Heatmap of correlations
between significantly different species and clinical indicators, determined using the Spearman method.

Gut microflora differed between
responder and non-responder groups
at baseline

The 63 stool samples from patients with MDD were
divided into responder and non-responder groups, classified
based on R_HAMD values. The gut microbiota of the
responder and non-responder groups exhibited significant
differences at the phylum, family, genus, and OTU levels.
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The relative abundances of the phylum Actinobacteria,

families  Christensenellaceae and  Eggerthellaceae, and
genera Adlercreutzia and Christensenellaceae  R7  group
were significantly lower in the responder group than in
the non-responder group (Figure 2A).

To further whether the

gut microbiota directly contribute to R_HAMD, linear

determine alterations in

regression model analysis was performed. The results
revealed that R_HAMD was correlated with differential
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Gut microflora at baseline differed between responder and non-responder groups. (A) Significantly different species according to FDR-adjusted
p-values, calculated using Welch's t-test. The mean abundance in the blue (yellow) community differed between responder and non-responder
groups. (B) Correlation of R_HAMD with differential species (R? = 0.3256), negative correlation with Actinobacteria (p = 0.00499),
Eggerthellaceae (p = 0.00868), Christensenellaceae, Adlercreutzia, and Christensenellaceae R7 group. **p < 0.01

species (R? 0.3256) and negatively correlated with
Actinobacteria (p = 0.00499), Eggerthellaceae (p = 0.00868),
Christensenellaceae, Adlercreutzia,
R7 group (Figure 2B). These results indicated that the
gut microflora significantly affected R_HAMD, especially

and Christensenellaceae

Actinobacteria and Eggerthellaceae, which were significantly
negatively correlated with R_HAMD.

Metabolic signatures differed between
responder and non-responder groups
at baseline

To explore the effects of drug therapy on the metabolic
pathways of the gut microbiome, GC-MS-based metabolomics
was used to compare the metabolic characteristics of the
responder and non-responder groups at baseline. In total, the
expression of 20 metabolites differed significantly between the
responder and non-responder groups at baseline (p < 0.05)
(Figure 3A). Specifically, the metabolites enriched in the
group trihydroxycoprostanoic
diacylglycerols,  4alpha-carboxy,  11-deoxy-prostaglandin
(PG) El, delta 8,14-sterol, porrigenin A, N,N-dimethyl-
safingol, mesobilirubinogen, indole, and acetyl-DL-leucine.

responder included acid,

Meanwhile, the metabolites enriched in the non-responder
group included
11-deoxy-PGEl,

dimethyl-safingol,

4alpha-carboxy,
delta 8,14-sterol,
mesobilirubinogen,

6-O-acetylaustroinulin,
porrigenin A, N,N-
acetyl-DL-leucine,
uzarigenin-3, acetyldigitoxin, and phosphatidylethanolamine
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(PE) (Figure 3B). These
mainly involved in lipid metabolism (cholestane steroids

differential metabolites were
and steroid esters).

To investigate potential interactions between altered
gut bacteria and metabolites, a co-occurrence network was
constructed based on the results of the Spearman correlation
analysis. In the responder group, the genus Adlercreutzia was
significantly negatively correlated with N,N-dimethyl-safingol
and 11-deoxy-PGEIl, while the family Eggerthellaceae was
significantly negatively correlated with 11-deoxy-PGEI. In
the non-responder group, the family Eggerthellaceae was
significantly negatively correlated with trihydroxycoprostanoic
acid and 4alpha-carboxy. These findings indicated that
significant differences in the metabolic pathways in the
responder and non-responder groups at baseline were caused
by different species in the gut microbiota (Figure 3C).

Dynamic changes in the gut microbiota
of patients with major depressive
disorder before and after treatment

Among the 63 samples from patients with MDD, 45 samples
(26 in the responder group and 19 in the non-responder group)
were collected after 8 weeks of treatment. Changes in the
gut microflora before and after treatment were investigated
to assess the effect of antidepressant treatment on microbial
diversity. Microbial richness, including the Chaol and Shannon
indices, did not differ significantly before and after treatment
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FIGURE 3

Changes in metabolic signatures between responder and non-responder groups at baseline. (A) Histogram based on differentially abundant
metabolites between the responder and non-responder groups, determined by Welch's t-test. (B) Pathway enrichment analysis of differentially
abundant metabolites. Lipid metabolism is the predominant metabolic pathway. (C) Interaction networks among differential species and
metabolites; node size indicates abundance, different colors represent metabolites (blue) and species (orange), negative correlations are shown
as red lines, positive correlations are shown as green lines (Spearman correlations, *p < 0.05, **p < 0.01).

(Figures 4A,B). However, samples from the responder and non-
responder groups were clustered into discriminate groups based
on P-diversity estimates, as assessed by PERMANOVA tests
(p = 0.001, Figure 4C). The results indicated that the distance
between samples was significantly reduced after antidepressant
treatment (p = 0.001), and differences between paired samples
from the same individual were significant.

In the responder group, the relative abundances of
the phylum Patescibacteria, families Actinomycetaceae and
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Saccharimonadaceae, and genus Actinomyces in the gut
microbiota were significantly higher before treatment than
after treatment. However, the relative abundance of the
genus Tyzzerella-3 in the gut microbiota of the responder
group was significantly lower before treatment than after
treatment (Figure 4D). In the non-responder group, the relative
abundances of the phyla Actinobacteria and Patescibacteria,
families Eggerthellaceae and Saccharimonadaceae, and genera
Eggerthella, and Turicibacter in the gut microbiota were
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FIGURE 4

Dynamic changes in gut microbiota of MDD patients before and after treatment. (A) Bacterial richness estimated using the Chaol index.

(B) Bacterial diversity estimated using the Shannon index. (C) B-diversity determined via PERMANOVA based on Bray—Curtis distances. Paired
samples from the same individual before and after treatment are represented by dotted lines. (D,E) Significantly different species according to
FDR-adjusted p-values, calculated using Welch's t-test. The mean abundance in the blue (yellow) community differed before and after
treatment. (F) Heatmap showing significantly different microflora before and after treatment in the responder and non-responder groups. Green
indicates a significant difference in species abundance in the responder group before and after treatment. Red indicates a significant difference

in species abundance in the non-responder group before and after treatment.
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significantly higher before treatment than after treatment.
However, the relative abundance of the genus Butyricicoccus in
the microbiota of the non-responder group was significantly
lower before treatment than after treatment (Figure 4E). Thus,
significant differences were observed in the gut microbiota
of the responder and non-responder groups before and after
treatment. Furthermore, dynamic changes in species were
observed before and after treatment between the responder and
non-responder groups, especially at the genus level (Figure 4F).

Discussion

Extensive efforts have been made to elucidate the
pathogenesis of MDD and predict the efficacy of its treatment
(Maes et al,, 1997). To this end, this study searched for
possible targets in the gut microbiota. No significant differences
in richness and diversity were observed between the gut
microbiota of patients with MDD and HCs, which has been
confirmed in many studies, including our previous research
(Vinberg et al., 2019; Mason et al., 2020; Dong et al., 2021).
However, other studies have found significant differences in the
richness or diversity of the microbiota between patients with
MDD and normal controls, such as decreased a-diversity in
patients with MDD (Kelly et al., 2016; Liu et al., 2016; Huang
et al., 2018; Chung et al,, 2019; Sanada et al., 2020; Ye et al,,
2021).

The taxonomic findings of the current study indicated that
the relative abundances of the phylum Actinobacteria, family
Bifidobacteriaceae, and genera Bifidobacterium, Blautia, and
Agathobacter were significantly higher in the gut microbiota of
patients with MDD than in that of HCs. However, the relative
abundance of the family Lactobacillaceae was significantly lower
in the gut microbiota of patients with MDD than in that of
HCs. Chen J. J. et al. (2018) and Lai et al. (2021) also reported
higher relative abundance of the phylum Actinobacteria in
patients with MDD than in HCs. However, the study by Chen
J. J. et al. (2018) found that the higher relative abundance
of Actinobacteria was positively correlated with symptoms of
MDD, which is inconsistent with the results of the present study.

Conflicting results have been reported for the relative
abundance of the family Bifidobacteriaceae in the gut microbiota
of patients with MDD. Several studies have found a higher
relative abundance of Bifidobacteriaceae in patients with MDD
than in HCs (Chen J. J. et al., 2018; Rong et al., 2019; Lai
et al., 2021), which is consistent with the results of the present
study. Meanwhile, Jackson et al. (2018) and Aizawa et al. (2016)
did not reach this conclusion. The reason for the discrepancy
may be that the current study selected patients with first-onset
depression, most of whom were in the early stages of the disease.
In an animal study conducted by Kliinemann et al. (2021),
stress caused an increase in the relative abundance of the genus
Bifidobacterium and supplementation with Bifidobacterium was
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suggested to prevent the onset of depression from stress.
These results suggest that the increased relative abundance of
Bifidobacterium spp. in patients with MDD in the early stage of
the disease may be based on a protective mechanism.

Additionally, the relative abundance of the genus Blautia
was higher in the gut microbiota of patients with MDD than in
that of HCs, which aligns with some previous reports (Zheng
et al., 2016; Chen J. J. et al., 2018; Chung et al., 2019), but not
all studies (Liu et al., 2016; Huang et al., 2018). Moreover, the
relative abundance of the family Lactobacillaceae was reduced
in the gut microbiota of patients with MDD compared to that
of HCs. Aizawa et al. (2016) found that the relative abundance
of Lactobacillus was reduced in patients with MDD compared to
HCs, which verified our conclusion to a certain extent. However,
the association between the genus Agathobacter and depression
has not previously been reported.

This study focused on exploring the relationship between
changes in the gut microflora and drug efficacy in patients
with MDD treated with antidepressants. The results showed
that the gut microbiota of the responder and non-responder
groups exhibited significant differences in terms of both
their
The relative abundances of the phylum Actinobacteria,

microbial composition and metabolic pathways.

families  Christensenellaceae and  Eggerthellaceae, and

genera Adlercreutzia and Christensenellaceae  R7 ~ group
were significantly lower in the responder group than in
the non-responder group. Among them, Actinobacteria and
Eggerthellaceae were associated with R_HMAD. Previous
research has demonstrated that the gut microbiota may also
affect the metabolism of antidepressants. Prolonged or high
consumption of drugs leads to the accumulation of drug
ingredients in intestinal bacteria, thereby weakening the
effect of the drug (Kliinemann et al,, 2021). In addition, this
accumulation may also change the metabolism of the gut
microbiota, further affecting the effectiveness of the drug and
even causing side effects (Kliinemann et al., 2021). Siopi et al.
(2020) reported that changes in the gut microbiota can minimize
the efficacy of SSRIs via alterations in the serotonergic pathway
of tryptophan metabolism. This result implies that the baseline
composition of the gut bacterial community may decrease the
efficacy of certain drugs, which could help to predict treatment
outcomes. Traditional pharmacology and toxicology should
therefore consider the influence of gut bacteria on drug efficacy
when evaluating candidate drugs (Long-Smith et al., 2020).

The responder and non-responded groups also exhibited
significant differences in lipid metabolism, which was affected
by differential bacterial species between the two groups. For
example, the abundance of the family Eggerthellaceae was
significantly negatively correlated with 11-deoxy-PGEL1 in the
responder group. Zhao et al. (2014) reported that the abundance
of Eggerthellaceae affected lipid metabolism in patients with
radiation enteritis, which is consistent with the results of
the current study. The lipid metabolic function of the gut
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microbiota can affect the production of short-chain fatty acids
and further affect host systemic inflammation (Furusawa et al.,
2013). Yamamura et al. (2021) reported that elevated lipid
metabolism and its end-products can help to maintain the
integrity of the intestinal barrier and influence the therapeutic
effect of probiotics on anxiety and depressive symptoms.
Taken together, these findings indicate that the gut microflora
may regulate lipid metabolism by reducing the abundance
of some bacteria, which affects drug efficacy. The effect of
antidepressants on MDD may require sufficient metabolic
function of the gut microbiota at baseline.

In addition, the gut microbiome of the responder and
non-responder groups displayed different dynamic changes
after 8 weeks of drug treatment, especially at the genus level.
This finding may reflect interaction between the drug and
gut bacteria. Thus, not only will the gut bacteria affect the
metabolism and therapeutic efficacy of the drug, but the
drug may also affect the composition of the gut bacterial
community. Notably, some drugs exert an antimicrobial effect
(Ye et al,, 2021). For example, tricyclic antidepressants show
antiplasmid activity, while SSRIs are active against gram-
positive bacteria (e.g., Staphylococcus and Enterococcus) and
Enterobacteria (Zhang et al., 2021). Moreover, paroxetine can
reportedly increase the abundance of Eubacterium ramulus
(Vich Vila et al, 2020). A recent systematic metagenomic
analysis demonstrated that both tricyclic antidepressants and
SSRIs were associated with interindividual variation of the
gut microbiota (Duan et al., 2021). However, the mechanisms
underlying the antimicrobial actions of these drugs and the
extent to which these effects could play a role in their therapeutic
efficacy remain unknown.

This study has a few limitations. First, 16S rRNA
gene sequencing has some shortcomings relative to shotgun
metagenomic sequencing for functional gene analysis of the gut
microbiota, which may weaken the robustness of the results.
Second, the sample size in our study was relatively small; thus, a
larger population is needed to verify the study findings. Finally,
information on dietary habits was not collected.

In summary, the baseline characteristics of the gut
microbiome and its metabolism are related to the treatment
outcomes of MDD. Thus, assessment of the baseline gut
microbiota may help to predict and improve the effects of
antidepressants in patients with MDD. The results of this study
provide a new approach for maximizing the therapeutic effects
of antidepressants and personalized MDD treatment, and may
aid in promoting the development of products that improve the
function of the gut microbiota.
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