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Background: Although many works have been conducted to explore the biomarkers for
diagnosing major depressive disorder (MDD), the widely accepted biomarkers are still not
identified. Thus, the combined application of serum metabolomics and fecal microbial
communities was used to identify gut microbiota-derived inflammation-related serum meta-
bolites as potential biomarkers for MDD.

Methods: MDD patients and healthy controls (HCs) were included in this study. Both serum
samples and fecal samples were collected. The liquid chromatography mass spectrometry
(LC-MS) was used to detect the metabolites in serum samples, and the 16S rRNA gene
sequencing was used to analyze the gut microbiota compositions in fecal samples.
Results: Totally, 60 MDD patients and 60 HCs were recruited. The 24 differential serum
metabolites were identified, and 10 of these were inflammation-related metabolites. Three
significantly affected inflammation-related pathways were identified using differential meta-
bolites. The 17 differential genera were identified, and 14 of these genera belonged to phyla
Firmicutes. Four significantly affected inflammation-related pathways were identified using
differential genera. Five inflammation-related metabolites (LysoPC(16:0), deoxycholic acid,
docosahexaenoic acid, taurocholic acid and LysoPC(20:0)) were identified as potential
biomarkers. These potential biomarkers had significant correlations with genera belonged
to phyla Firmicutes. The panel consisting of these biomarkers could effectively distinguish
MDD patients from HCs with an area under the curve (AUC) of 0.95 in training set and 0.92
in testing set.

Conclusion: These findings suggested that the disturbance of phyla Firmicutes might be
involved in the onset of depression by regulating host’s inflammatory response, and these
potential biomarkers could be useful for future investigating the objective methods for
diagnosing MDD.
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Introduction

Major depressive disorder (MDD) is a serious mental disorder affecting millions of
people every year.! It causes significant economic burden for individuals and
society. However, the pathogenesis of MDD is still unclear;> ™ the mainstream
view is that the molecular brain dysfunctions are mainly responsible for this
disease.” Unfortunately, the current first-line antidepressant therapies developed
according to these prevailing theories can only alleviate depressive symptoms in

about half of MDD patients.® Meanwhile, the clinicians still diagnose MDD
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according to the subjective identification of symptom clus-
ters of patients, rather than using objective tests. Up to
now, there are still no widely accepted biomarkers,
although many potential biomarkers have been identified
based on the existing theories.”'° These phenomena indi-
cate that the existing hypotheses cannot comprehensively
reflect the heterogeneous pathophysiological mechanisms
of MDD. Therefore, it is urgently needed to explore novel
molecular mechanisms of MDD.

Nowadays, mounting evidence suggests that gut micro-
biota has a vital role in the onset of neuropsychiatric
disorders.""'* It can interact with the physiological pro-
cesses of host through its metabolic products, such as
short-chain fatty acids (SCFAs).'>'* Many studies have
shown that the disturbance of gut microbiota has become
an important factor in the pathogenesis of depression.'>'®
Using nonhuman primate model of depression, researchers
found that gut microbiota might participate in the onset of
depression through regulating the glycerophospholipid
metabolism.'> Using a mouse model of depression, we
observed the close relationships between the disordered
gut microbiota and hypothalamus neurotransmitters.'®
Meanwhile, our studies in humans also found that there
were significant differences on gut microbiota composi-
tions between MDD patients
(HCs).'”'® The disturbance of gut microbiota in depressed

and healthy controls

patients was also observed in other studies.'®?® These
findings demonstrate that further exploring the role of
gut microbiota in MDD can provide some novel insights
in revealing the pathogenesis of this disease.

Gut microbiota can affect the health of host by regulat-
ing its inflammatory level. Gut microbiota-derived metabo-
lites may be involved in the pathogenesis of immune-related
inflammatory diseases by leading to the release of many
inflammation-related serum markers, such as interleukins
(ILs), C-reactive protein (CRP) and tumor necrosis factor
(TNF).*"* Previous studies reported that inflammation had
a close relationship with the pathogenesis of depression, and
individuals with inflammatory disorders might have an
increased incidence of depression.*** Zheng et al found
five significantly changed gut microbiota-related urinary
metabolites in MDD patients, and these metabolites had
some relationships with inflammatory response.”> Our pre-
vious study found that plasma metabolic abnormalities in
lipid and amino acid metabolism might be implicated in the
occurrence of suicidal behaviors in MDD patients.”® Both
gut microbiota and inflammatory response have close rela-
tionships with lipid metabolites. Meanwhile, we also found

that the decreased level of alpha 1-antitrypsin (AAT) might
lead to inflammatory response disorders, and ultimately lead
to the occurrence of suicidal ideation in MDD patients.?’
The inflammatory response and immune system represent
the major component of communications between gut
microbiota and brain functions. Accumulating evidence
supports the role of gut microbiota in regulating the host
metabolic and immune functions.?*?° Therefore, we con-
ducted this study to further explore the differences of gut
microbiota and serum metabolites between MDD patients
and HCs. Our findings will advance our understanding of
how gut microbiota contributes to the onset of depression.

Patients and Methods
MDD Patients and HCs Enrolment

This study was approved by the Ethical Committee of
Chongqing Medical University (Approved
No. 20200320). All the included participants provided
the written informed consents before samples collecting.
This study was conducted in accordance with the
Declaration of Helsinki. Two experienced psychiatrists
were in charge of participants’ recruitment using the
[Diagnostic and Statistical Manual of Mental Disorders,
4th edition] criteria (DSM-IV). MDD patients met the
following criteria were included in this study: i) 17-item
Hamilton Depression Rating Scale (HDRS) was used to
assess the depression severity, and the candidates with
HDRS scores >17 were included into this study; ii) with-
out any pre-existing mental disorders, and without other
DSM-1V Axis I/II disorders; iii) we did not recruit women
who were pregnant or within the first year after delivery;
iv) without any illicit drug use or alcohol abuse; and v) did
not receive any antidepressive treatments in one month
prior to sample collections. Meanwhile, two experienced
psychiatrists applied DSM-IV to assess the mental state of
HCs, and used the physical examination records to care-
fully check the other information of HCs. Finally, HCs
without DSM-IV Axis I/Il disorders, systemic medical ill-
ness, illicit drug use and alcohol abuse were recruited from
the Medical Examination Center of our hospital. The
detailed information is described in Table 1.

Gut Microbiota Compositions Detection
The gut microbiota analysis was conducted according to
the standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China). The raw 16S rRNA gene
sequencing reads were demultiplexed, quality-filtered
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Table | Demographic Data of Included Subjects in This Study

Variables HCs MDD P-value
Patients

Number 60 60 -

Age 35.13 (15.79) | 35.62 (17.10) 0.87

Sex (F/M) 36/24 39/21 0.57

BMI (kg/m?) 21.19 (4.29) 20.90 (2.30) 0.63
Married (Y/N) 32/28 36/24 0.46
Family history of PI (Y/N) 4/56 6/54 0.51
HDRS scores 0.67 (0.93) 25.3 (6.01) <0.00001

Abbreviations: MDD, major depressive disorder; HCs, healthy controls; Y, yes; N,
no; HDRS, Hamilton Depression Rating Scale; F, female; M, male; BMI, body mass
index, Pl, psychiatric illness.

with Trimmomatic, and merged with FLASH according to
the following criteria: i) set 50-bp sliding window; if the
average quality score was less than 20 in the window, the
back-end base is cut off from the window; the reads below
50-bp were filtered to remove the n-base reads; ii) accord-
ing to the overlap relationships between reads, the paired
reads were merged into one sequence, and the minimum
overlap length was 10 bp; iii) the maximum allowable
mismatch ratio of overlap region of splicing sequence
was 0.2; and iv) according to the barcodes and primers at
both ends of the sequence, the samples were distinguished,
and the sequence direction was adjusted. The number of
allowed mismatches of barcodes was 0, and the maximum
number of primer mismatches was 2. After cleaning up,
the remaining sequences were assigned to operational
taxonomic units (OTUs) with 97% similarity cutoff. The
taxonomy of each OTU was classified using RDP refer-
ence database. Finally, we used these taxonomies to con-
struct the summaries of the taxonomic distributions of
OTUs. The taxonomic distributions of OTUs were used
to calculate the relative abundances of gut microbiota at
different levels.

Serum Metabolomics Detection

Firstly, 50 pL serum and 300 pL of acetonitrile were
vortex-mixed. After centrifugation (4°C, 15 minutes,
14,000 rpm), we transferred the supernatant into a new
tube and then conducted vacuum drying. Secondly, we
added 20 pL acetonitrile into the obtained residue and
conducted vortex with 80 puL water. After centrifugation
(4°C, 15 minutes, 14,000 rpm), we transferred 80 pL
supernatant into a glass vial for later liquid chromatogra-
phy mass spectrometry (LC-MS) analysis. An ACQUITY
I Class UPLC system coupled to a Waters G2-S QTOF
system, with a Waters ACQUITY UPLC HSS T3 column

and a Waters ACQUITY UPLC HSS T3 VanGuard pre-
column was used to conduct the metabolomic analysis of
the sample extracts. We added 5 pL of extract into this
system for metabolomic fingerprinting.

Statistical Analysis

All the statistical analyses were conducted using SPSS
19.0 and R 3.6.0. The principal-coordinate analysis
(PCoA) was used to visualize the discrimination between
the two groups. The linear discriminant-analysis effect size
(LEfSe) was then conducted to identify the differential
bacterial taxa responsible for the discrimination between
the two groups. The orthogonal partial least-squares dis-
criminant analysis (OPLS-DA) was performed to explore
the significant differences on serum metabolites between
the two groups. The Pearson correlation analysis was
conducted to evaluate the correlations between the differ-
ential bacterial taxa and the differential metabolites.
Finally, potential biomarkers from these differential meta-
bolites were identified using Random Forest analysis. The
receiver operating characteristic (ROC) curve analysis was
further performed to assess the diagnostic performance of
the identified potential biomarkers.*** The area under the
curve (AUC) was the evaluation index. In general, an
AUC of 0.5 to 07, 0.7 to 0.8, 0.8 to 0.9 and 0.9 to 1.0
were considered no discrimination, acceptable, excellent,
and outstanding, respectively.** All statistical analyses
were two-tailed and the significance level was set at
p-value <0.05.

Results
Gut Microbial Compositions in MDD

Patients and HCs
Using 16s rRNA gene sequencing, a total of 6,414,608
high-quality reads across 120 samples were obtained. The
average length in samples was 414 base pairs (bp). We
clustered these reads into 1325 OTUs at 97% sequence
similarity. There were 1034 OTUs in both groups, while
128 OTUs and 163 OTUs were unique to MDD patients
and HCs, respectively (Figure 1). These OTUs mainly
four phyla: Firmicutes (58.11%),
(22.11%), Proteobacteria (7.02%) and
Actinobacteriota (6.49%). The within-sample (o) phyloge-

belonged to
Bacteroidota

netic diversity analysis showed that no significant differ-
ence was found between the two groups on alpha diversity
(Simpson, p = 0.25; Shannon, p = 0.18; chao, p = 0.62 and
phylogenetic diversity, p = 0.42; Figure 1).
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Abbreviations: MDD, major depressive disorder; HC, healthy controls; OTU, operational taxonomic unit.

Differential Gut Microbiota in MDD

Patients

Meanwhile, we conducted the B-diversity analysis to find
out whether the gut microbiota compositions were sub-
stantially different in MDD patients compared to HCs. The
PCoA results showed that there were significant differ-
ences on gut microbial compositions between MDD
patients and HCs (Figure 2A, p=0.002). The dominant
bacteria taxa on Family level in MDD patient and HCs
27.79%  vs  26.93%),
Ruminococcaceae (16.78% vs 17.04%), Bacteroidaceae
(15.99% vs 14.95%), Prevotellaceae (7.75% vs 9.91%),
Selenomonadaceae (4.07% vs 5.20%), Bifidobacteriaceae
(3.91% vs 4.22%) and Enterobacteriaceae (3.78% vs
5.26%) (Figure 2B). The percent of community abundance

were  Lachnospiraceae

on family level in each sample is described in Figure 2C.
Moreover, using LEfSe, we identified 17 differential

genera responsible for the discrimination between the
two groups: Lactobacillus, Colidextribacter, Holdemania,
GCA-900066575,
clostridium, Eubacterium_ventriosum_group, Candidatus_
CAG-56, Lachnospiraceae
Lachnospira,

norank f Lachnospiraceae, Lachno
Soleaferrea, Faecalitalea,
NK4A136_group,
_group, unclassified f Lachnospiraceae,
Parabacteroides, and Klebsiella. The former 14 differential

Clostridium_innocuum
Collinsella,

genera belonged to phyla Firmicutes.

Differential Serum Metabolites in MDD

Patients

OPLS-DA results showed that the MDD patients and HCs
were obviously separated with little overlap (Figure 3A).
The positive values of the two model evaluation indexes
(R*=76%, Q* =63%) indicated that the built model was
stable. Meanwhile, the 399-item permutation test also

https://doi.org/10.2147/JIR.S324922
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Figure 2 Differential gut microbiota compositions between the two groups. (A) The significant differences on gut microbial compositions between the two groups were
identified by the results of PCoA; (B) the dominant bacteria taxa on Family level in MDD patients and HCs; (C) the percent of community abundance on Family level in each

sample.
Abbreviations: MDD, major depressive disorder; HC, healthy controls.

showed that our model was valid and not over-fitted,
because the corresponding permutated values of R? and
Q? were obviously lower compared to their original values
(Figure 3B). These results demonstrated that there was
a divergent metabolic phenotype between MDD patients
and HCs. By analyzing the loading coefficient plot of
OPLS-DA model, we identified 24 metabolites with
a correlation coefficient >0.254 (equivalent to a p-value

As compared to HCs, MDD patients were characterized
by higher of Uridine N-(2R-
Hydroxytricosanoyl)-2S-amino-1,3S,4R-octadecanetriol
(N4R), Benzoic acid, 1-Heptadecanoyl-glycero-3-phospho-
choline [LysoPC(17:0)], N-[(15Z)-Tetracosenoyl]sphing-
4-enine 1-phosphate [CerP(d18:1/24:1(15Z))],
1-Palmitoyl-2-oleoyl-gpe [PE(16:0/18:1(9Z))], 5-Hexatri
acontanone, N-(13Z-Docosenoyl)-sphinganine-1-phospho-

levels triphosphate,

of less than 0.05) as the differential metabolites responsi-  choline [SM(d18:0/22:1(13Z))], 1-Eicosadienoylglycero
ble for the discrimination between the two groups. phosphocholine  [GPC(20:2/0:0)] and  1-Palmitoyl-
Journal of Inflammation Research 2021:14 https: 3759
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Figure 3 Metabolomic analysis of serum samples from MDD patients and HCs. (A) The divergent serum metabolic phenotype was observed between the two groups; (B)
the results of 399-item permutation test indicated that the discriminative model was robust; (C) the heatmap of the identified 24 differential serum metabolites.
Abbreviations: MDD, major depressive disorder; HC, healthy controls. PI(40:4), Phosphatidylinositol(40:4); GPC(20:2/0:0), |-Eicosadienoylglycerophosphocholine; GPC
(18:0/22:6),  |-Stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine;  PE(16:0/18:2(9Z,12Z)),  |-Palmitoyl-2-linoleoyl-gpe;  CerP(d18:1/24:1(15Z)), N-[(15Z)-
Tetracosenoyl]sphing-4-enine |-phosphate; N4R, N-(2R-Hydroxytricosanoyl)-2S-amino-1,3S,4R-octadecanetriol; LysoPC(17:0), |-Heptadecanoyl-glycero-3-phosphocholine;
LysoPC(16:0), 1-16:0-Lysophosphatidylcholine; SM(d18:0/22:1(13Z)), N-(13Z-Docosenoyl)-sphinganine-|-phosphocholine; DAG(22:4/22:5), |-Adrenoyl-2-docosapentae-
noyl-sn-glycerol; LysoPC(20:0), |-Arachidonyl-glycero-3-phosphocholine; PE(16:0/18:1(9Z)), 1-Palmitoyl-2-oleoyl-gpe.

2-linoleoyl-gpe [PE(16:0/18:2(9Z,12Z))], along with lower
levels of Arachidonic acid, Chenodeoxycholic acid, 1-
[LysoPC(16:0)],
Deoxycholic acid, Docosahexaenoic acid, 1-Stearoyl-2-doc-
[GPC(18:0/
22:6)], Taurocholic acid, Taurochenodeoxycholic acid,

[LysoPC(20:0)],
Ethylmethylacetic

16:0-Lysophosphatidylcholine

osahexaenoyl-sn-glycero-3-phosphocholine

1-Arachidonyl-glycero-3-phosphocholine
Phosphatidylinositol(40:4)[P1(40:4)],
acid, 4.6-Tricosanedione, Deoxyglycocholic acid and

1-Adrenoyl-2-docosapentaenoyl-sn-glycerol [DAG (22:4/

22:5)]. There were ten inflammation-related metabolites:
Arachidonic acid, Chenodeoxycholic acid, LysoPC(16:0),
Deoxycholic acid, Docosahexaenoic acid,
Taurochenodeoxycholic acid, GPC(18:0/22:6), Taurocholic
acid, LysoPC(20:0), PI(40:4), Ethylmethylacetic acid,
4.6-Tricosanedione and Deoxyglycocholic acid.
Hierarchical clustering heat map of these differential meta-
bolites showed a consistent clustering pattern within indivi-
dual groups (Figure 3C). The detailed information of these

differential metabolites is described in Table 2.
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Table 2 Differential Metabolites Between MDD Patients and HCs
Metabolites R® P® AP* Fc
Arachidonic acid —0.503 4.94E-05 4.82E-04 1.89
Chenodeoxycholic acid —0.365 1.60E-03 6.59E-03 2.36
LysoPC(16:0) —0.474 2.02E-09 7.90E-08 2.45
Deoxycholic acid —-0.378 7.59E-05 6.58E-04 1.53
Docosahexaenoic acid —0.724 1.87E-07 4.87E-06 2.03
Taurochenodeoxycholic acid -0.322 8.00E-04 3.67E-03 1.51
GPC(18:0/22:6) —-0.262 8.67E-03 2.05E-02 1.52
Taurocholic acid —-0.728 1.31E-11 1.02E-09 3.46
LysoPC(20:0) —0.368 9.43E-07 1.84E-05 2.27
P1(40:4) —0.286 2.87E-03 9.34E-03 2.55
Ethylmethylacetic acid —-0.361 7.71E-03 2.07E-02 1.95
4,6-Tricosanedione —-0.298 1.67E-03 6.49E-03 2.21
Deoxyglycocholic acid —0.315 3.36E-05 3.75E-04 1.67
DAG(22:4/22:5) -0.276 1.72E-04 1.12E-03 1.68
Uridine triphosphate 0417 6.00E-04 3.12E-03 0.62
CerP(d18:1/24:1(15Z)) 0.386 7.62E-05 5.95E-04 0.28
5-Hexatriacontanone 0.396 8.09E-06 1.26E-04 0.19
N4R 0.372 2.11E-03 7.47E-03 0.26
PE(16:0/18:1(9Z)) 0.326 3.40E-03 1.02E-02 0.40
LysoPC(17:0) 0.337 1.12E-04 7.96E-04 0.41
SM(d18:0/22:1(13Z)) 0.339 7.69E-04 3.75E-03 0.45
GPC(20:2/0:0) 0.436 3.35E-05 4.36E-04 0.50
PE(16:0/18:2(9Z,12Z)) 0.406 2.39E-02 4.44E-02 0.34
Benzoic acid 0.271 8.90E-04 3.86E-03 0.49

Notes: *Negative and positive value of correlation coefficient indicated significantly lower and higher, respectively, levels in MDD patients. °p-values from the non-parametric
Mann-Whitney U-test. “Adjusted p-values using Benjamini and Hochberg False Discovery Rate. ®>1 and < indicated significantly lower and higher, respectively, levels in
MDD patients.

Abbreviations: PI(40:4), Phosphatidylinositol(40:4); GPC(20:2/0:0), | -Eicosadienoylglycerophosphocholine; GPC(18:0/22:6), |-Stearoyl-2-docosahexaenoyl-sn-glycero
-3-phosphocholine; PE(16:0/18:2(9Z,12Z)), |-Palmitoyl-2-linoleoyl-gpe; CerP(d18:1/24:1(15Z)), N-[(I15Z)-Tetracosenoyl]sphing-4-enine |-phosphate; N4R, N-(2R-
Hydroxytricosanoyl)-2S-amino-1,3S,4R-octadecanetriol; LysoPC(17:0), |-Heptadecanoyl-glycero-3-phosphocholine; LysoPC(16:0), 1-16:0-Lysophosphatidylcholine; SM
(d18:0/22:1(13Z)), N-(13Z-Docosenoyl)-sphinganine- | -phosphocholine; DAG(22:4/22:5), |-Adrenoyl-2-docosapentaenoyl-sn-glycerol; LysoPC(20:0), |-Arachidonyl-glycero

-3-phosphocholine; PE(16:0/18:1(9Z)), |-Palmitoyl-2-oleoyl-gpe; MDD, major depressive disorder; HCs, healthy controls; AP, adjusted p-value; FC, fold change.

Pathway Analysis of Differential Metabolites

and Genera

The online software MetaboAnalyst 5.0 was used to ana-
lyze the biological functions of differential metabolites.
The results showed that there were three inflammation-
related pathways in which these differential metabolites
were mainly involved: Glycerophospholipid metabolism
(p=0.004, impact=0.22), Bile acid metabolism (p=0.009,
impact=0.02) and Arachidonic acid metabolism (p=0.045,
impact=0.31) (Figure 4A). Meanwhile, the PICRUSt was
used to predict the biological functions of differential
genera. The results showed that there were four inflamma-
tion-related pathways in which these differential genera
were mainly involved: Glycerophospholipid metabolism
(p=0.038), Bile acid metabolism (p=0.021), Nucleotide
binding oligomerization domain (NOD)-like receptor sig-
naling pathway (p=0.030), and Retinoic acid-inducible

gene I (RIG-I)-like receptor signaling pathway (p=0.024)
(Figure 4B).

Potential Biomarkers for Diagnosing
MDD

To identify potential serum biomarkers for diagnosing
MDD, the included subjects were randomly assigned into
the training set (40 MDD patients and 40 HCs) and testing
set (20 MDD patients and 20 HCs). Firstly, we used the
training set to find out the potential biomarkers. The
Random Forest analysis indicated that the most significant
deviations on serum metabolites between MDD patients
and HCs could be described using five inflammation-
related metabolites: LysoPC(16:0), Deoxycholic acid,
Docosahexaenoic acid, Taurocholic acid and LysoPC
(20:0). The ROC curve analysis showed that the panel
consisting of these five metabolites could yield an AUC
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Figure 4 Biological functions of differential serum metabolites and genera. (A) Three significantly affected pathways that these differential serum metabolites were mainly
involved in; (B) four significantly disturbed pathways that these differential genera were mainly involved in.

Abbreviations: MDD, major depressive disorder; HC, healthy controls.

of 0.95 (Figure 5A). Secondly, we used the testing set to
validate the diagnostic performance of this panel, and the
results showed that the panel could yield an AUC of 0.92
(Figure 5B). These results suggested that these five inflam-
mation-related metabolites held the promise as the poten-
tial biomarkers for diagnosing MDD.

Correlations Between Differential

Metabolites and Genera

In order to determine the possible relationships between
gut microbiota and serum metabolites, the correlation ana-
lysis of differential metabolites and genera was conducted
here. As shown in Figure 6, there were significant correla-
tions between 11 differential genera (including 10 genera
under phyla Firmicutes) and 15 differential serum meta-
bolites (including 6 inflammation-related metabolites). The
norank f Lachnospiraceae was significantly correlated
with five metabolites (including two potential biomarkers),
the Lachnospira was significantly correlated with four
metabolites (including three potential biomarkers), the
Faecalitalea was significantly correlated with three meta-
bolites (including two potential biomarkers) and the
Eubacterium_ventriosum_group was significantly corre-
lated with one potential biomarkers. These results indi-
cated that there were close relationships between the

disordered phyla Firmicutes and host’s inflammatory

response.

Discussion

In this study, we found that there were significant differ-
ences on gut microbiota compositions and serum metabo-
lites in MDD patients compared to HCs. In total, 24
differential identified,
a panel consisting of LysoPC(16:0), Deoxycholic acid,

serum metabolites were and
Docosahexaenoic acid, Taurocholic acid and LysoPC
(20:0) was found to be effective in separating MDD
patients from HCs. Meanwhile, 17 differential genera
responsible for the discrimination between the two groups
were identified. Furthermore, we observed the significantly
positive correlations between the disturbance of phyla
Firmicutes and these identified potential biomarkers.
Considering the important role of gut microbiota in the
onset of depression, our findings suggested that our iden-
tified biomarker panel might be a “good” classifier of
MDD patients and HCs.

Glycerophospholipid metabolism has a close rela-
tionship with inflammatory response. For example,
Lysophosphatidic acid (LPA) plays both anti- and pro-
inflammatory roles in inflammatory lung diseases.’> Bile
acids are signaling molecules, which could coordinately
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Figure 6 Correlations analysis of differential serum metabolites and genera.

Abbreviations: LysoPC(16:0), 1-16:0-Lysophosphatidylcholine; PE(16:0/18:2(9Z,12Z)), |-Palmitoyl-2-linoleoyl-gpe; LysoPC(20:0), |-Arachidonyl-glycero-3-phosphocholine;
LysoPC(17:0), |-Heptadecanoyl-glycero-3-phosphocholine; CerP(d18:1/24:1(15Z)), N-[(15Z)-Tetracosenoyl]sphing-4-enine |-phosphate; DAG(22:4/22:5), |-Adrenoyl-
2-docosapentaenoyl-sn-glycerol; PE(16:0/18:1(9Z)), |-Palmitoyl-2-oleoyl-gpe; N4R, N-(2R-Hydroxytricosanoyl)-2S-amino-1,3S,4R-octadecanetriol; SM(d18:0/22:1(13Z)),

N-(13Z-Docosenoyl)-sphinganine--phosphocholine.
regulate inflammation and metabolism via Takeda
G protein-coupled receptor 5 (TGRS) and nuclear farne-
soid X receptor (FXR).*® Some metabolic products of
arachidonic acid are the important inflammatory media-
tors, which may be important in leucocyte-mediated
aspects of chronic inflammation.>” NOD-like receptors
are the vital regulators in inflammation-associated

angiogenesis, tumorigenesis, and cancer cell stemness

and chemoresistance.*®*? Activated RIG-I-like receptors
can activate the production of inflammatory cytokines
and the type I/III interferons.*’ In this study, the sig-
nificantly changed serum metabolites and gut microbiota
in MDD patients were significantly involved in these
pathways. These results further demonstrated the close
relationships between gut microbiota, inflammation and
depression.
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Gut microbiota plays a vital role in the pathogenesis of
depression. Our previous studies have found the disturbance
of gut microbiota in depressed mice and MDD patients.'®'®
Other researchers also reported the significant gut micro-
biome changes in MDD patients.*'** Although these find-
ings are not exactly the same, partly causing by the
differences on inclusion/exclusion criteria of MDD patients,
detection methods or analytical methods, the disturbance of
phyla Firmicutes is viewed as the hallmark of depression.
However, the molecular mechanisms of phyla Firmicutes in
the onset of depression are still unclear. In this study, we
found that the 14 of 17 differential genera belonged to phyla
Firmicutes, and function prediction analysis showed that
these differential genera were involved in four inflammation-
related pathways. Meanwhile, the four differential genera
belonged to phyla Firmicutes were significantly correlated
with the identified potential inflammation-related biomar-
kers. Taken together, we speculated that the disturbance of
phyla Firmicutes might be involved in the onset of depres-
sion by regulating the host’s inflammatory response.

The inflammatory response has a close relationship with

many diseases.** ¢ As

the important part of immune system,
it is viewed as a driving factor causing changes in neurocir-
cuits and neurotransmitters, which are closely related to the
onset of depressive symptoms. Mounting evidence has soli-
dified the between

inflammation.*’*® For example, a cumulative meta-analysis

relationships depression  and
reported that the levels of C-reactive protein and interleukin-
6 (IL-6) were higher in MDD patients than in non-depressed
controls.*” Our previous studies found that the level of alpha
l-antitrypsin (AAT) was decreased in MDD patients;>">°
AAT can inhibit the release of many pro-inflammatory fac-
tors, such as IL-6. In this study, we found ten inflammation-
related metabolites, and identified three inflammation-related
pathways by analyzing these differential metabolites.
Moreover, all the identified potential biomarkers were
inflammation-related serum metabolites and significantly
correlated with the disordered gut microbiota. These results
suggested that it might be a good way to explore markers of
inflammation for diagnosing MDD.

Several limitations of our study were as following: i) each
group only had 60 participants, the relatively small number
of samples indicated that our findings were needed future
studies to validate and support; ii) all the participants were
from the same place and with the same ethnicity, these
similarities might limit the general applicability of our con-
clusion; iii) no single metabolomic platform had the ability to
detect the entire metabonome in serum; thus, it was

meaningful to use other metabolomic platforms to further
study the differences of serum metabolites in MDD patients;
iv) only MDD patients and HCs were recruited here to
identify potential biomarkers for diagnosing MDD, future
studies should explore whether our potential biomarkers
could be used to separate MDD patients from patients with
other psychiatric disorders; v) the two groups were matched
for age, sex, and body mass index, but gut microbiota might
also be influenced by other factors, such as dietary habits and
smoke; thus, future studies should further explore the effects
of these factors on our results; and vi) we did not know
whether MDD patients or HCs received any non-
psychiatric medications; thus, future studies should investi-
gate whether non-psychiatric medications could significantly
affect our findings.

In conclusion, by conjoint analyzing the data of serum
metabolites and gut microbiota compositions, we identi-
fied a potential serum inflammation-related biomarker
panel for diagnosing MDD. The panel consisted of five
LysoPC(16:0),
Deoxycholic acid, Docosahexaenoic acid, Taurocholic

inflammation-related metabolites:
acid and LysoPC(20:0), which could effectively separate
MDD patients from HCs. Our results provided candidates
for future developing objective diagnostic methods for
MDD, and showed novel insights for further exploring
the role of gut microbiota in the pathogenesis of MDD.
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