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Suicide is the most severe consequence of depression which has become a leading
cause of disability and a global disease burden. Recent evidence indicates a central role of
small molecules in the pathogenesis of depression and associated suicidal behaviors.
However, there lacks a systemic exploration of small molecules in the development of
depression-associated suicide, and it remains unclear how they affect an individual’s
behavior. In order to compare the metabonomic profiles between drug-naive patients with
depression-associated suicidal behaviors and healthy individuals, we conducted a
systemic database search for studies of metabolic characteristics in depression-
associated suicidal behavior. Manual data curation and statistical analysis and
integration were performed in Excel. We further performed an enrichment analysis of
signaling pathway prediction using the Reactome Pathway Analysis tool. We have
identified 17 metabolites that expressed differently between drug-naive patients with
depression-associated suicidal behaviors and healthy controls. We have integrated these
metabolites into biological signaling pathways and provided a visualized signaling network
in depressed suicidal patients. We have revealed that “transport of small molecules”,
“disease”, “metabolism” and “metabolism of proteins” were the most relevant signaling
sections, among which “transport of inorganic cations/anions and amino acids/
oligopeptides”, “SLC-mediated transmembrane transport”, and “metabolism of amino
acids and derivatives” should be further studied to elucidate their potential pathogenic
mechanism in the development of depression and associated suicidal behavior. In
conclusion, our findings of these 17 metabolites and associated signaling pathways
could provide an insight into the molecular pathogenesis of depression-associated
suicidal behavior and potential targets for new drug inventions.
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INTRODUCTION

Depression is a common mental disease that affects approximately 350 million individuals globally
(1). The incidence varies between continents, among which Asia ranks second worldwide with a
pooled incidence of 13.5~20.4% in the recent two decades (2). Depression has become one of
leading causes of disability and global disease burdens (3).
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Suicide is the most severe consequence of depression (4), of
which the incidence is estimated around 2~9% among depressed
patients (5). However, some consider the number to be far
underestimated because suicidal ideation, plans or attempts
have not been fully included (6). Notably, the prevalence of
depression in physicians (7, 8) and the risk of depression-
associated suicide in physicians (9-11) are considerably higher
than those in the ordinary population.

A series of studies have suggested a crosstalk between
inflammation-associated signaling pathways and the
neuroimmune system in the brain that drives the development
of depression and behaviors such as suicide (12, 13). Disruption
in peripheral and central immune systems appears to contribute
to a vulnerability to mental disorders (14).

Emerging evidence strongly indicates a key role of small
molecules, especially metabolites, in the pathogenesis of
depression (15-18). However, it remains unclear how small
molecules act on the brain and affect an individual’s behavior,
which is essential for improving the sensitivity of current
antidepressant drugs and exploring the diagnostic and
therapeutic potential of targeting small molecules for future
management of depression.

The utilization of metabonomic approaches can provide high-
throughput data that enables simultaneous measurement of
numerous small molecules in one specific sample. Considerable
studies using the metabonomic technique have been performed
to find differentially expressed small molecules between
depressed patients versus healthy population, drug-naive
versus drug-treated depressed patients, and drug-sensitive
versus drug-resistant depressed patients.

Nevertheless, there appears to be a lack of a systemic summary
of significant metabolites in depression, especially in depression-
associated suicidal behavior. In the paper, we aim to systemically
summarize current evidences of metabolic characterization in
depression-associated suicidal behavior, including the name of
metabolite, source of tissue type and expression pattern of
metabolites. Furthermore, we sought to perform an enrichment
analysis to integrate all significant metabolic molecules into
biological signaling pathways. We expect that the identification
of metabolites and the prediction of signaling pathways can help to
elucidate the role of small molecules in the development of
depression and associated suicide.

METHODS

Literature Search Strategy

We conducted a systemic literature search of studies for
metabolic characteristics in depression-associated suicidal
behavior within the following databases: PubMed/Medline,
Embase, Cochrane Library and regional Chinese databases
including CNKI, VIP and Wanfang. For instance, the search
strategy in PubMed was as follows: ((((((((depression[MeSH
Terms]) AND suicide[MeSH Terms]) AND small molecular
libraries]MeSH Terms]) AND brain disease, metabolic[MeSH
Terms]) AND brain disorder, metabolic[MeSH Terms]) AND

depress*[Title/Abstract]) AND suicid*[Title/Abstract]) AND
metabo*[Title/Abstract]) AND molecu*[Title/Abstract].

The inclusion criteria were (1) clinical studies involving
human samples, (2) studies comparing metabolites between
drug-naive depressed suicide attempters and healthy controls.
We accepted studies that utilized nuclear magnetic resonance
(NMR), magnetic resonance spectroscopy (MRS), gas
chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS) and other NMR-
or MS- based metabolomics technologies.

The exclusion criteria were (1) non-human studies such as animal,
primary cell or cell line experiment, (2) other detection technology
than those described above, (3) other types of reports such as editorial,
case report, commentary, review and study protocol, (4) other
language studies than English or Chinese, (5) single-arm studies
(non-comparative studies), absence of healthy individuals as control
group, irrelevant epidemiology or duplicate studies.

Data Extraction

The following data were manually extracted from the original
publication: name of metabolite, source of tissue type (including
both peripheral and central system) and change of expression
(either up- or down- regulated).

Distribution of tissue type was generated and presented as a
pie chart by Excel (Microsoft, ver. 2016). Manual data curation,
statistical analysis and integration of the metabolite map were
performed in Excel as well. All significant metabolites were
shown in this map as white circles and were connected with
their relevant tissue type, shown as black circles. The weight of
lines was positively correlated with the number of supporting
references. The size of the black circles was positively correlated
with the frequency of having been studied in the literature.

Enrichment Analysis of Signaling Pathways
All significant metabolites were labelled using KEGG C-number
and brought into the Reactome Pathway Analysis tool for
enrichment of signaling pathways (19, 20). All non-human
identifiers were converted to the human equivalents.

Ethics

As this was a study of literature review and analysis, patient
content was not required by the Ethics Committee at Nanjing
Drum Tower Hospital.

RESULTS

After literature screening and eligibility identification, a total of
31 original studies were eventually enrolled into data analysis
(21-51) (Table 1). Overall, 17 metabolites were found
differentially expressed between depressed suicide attempters
and healthy controls. They are acetic acid, acetone, cholesterol,
d-glucose, glycine, L-alanine, LDL (low-density lipoprotein), L-
glutamine, L-lactic acid, L-valine, putrescine, pyruvic acid,
quinolinic acid, spermidine, taurine, unsaturated lipid, and
VLDL (very low-density lipoprotein).
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TABLE 1 | Summary of metabolites in depression-associated suicide
attempters.

Metabolite Tissue Type Expression Reference
Acetic acid Urine Up 21,22
Urine Down 23
Plasma Down 24
Acetone Urine Up 25
Urine Down 22,26
Plasma Up 24
Cholesterol Plasma Down 24, 27
D-glucose Urine Up 28
Plasma Up 24
Plasma Down 29
Serum Down 30
Glycine Urine Up 26, 31
Plasma Up 27
Plasma Down 24, 29, 32
L-alanine Urine Up 22, 26, 31,
33
Urine Down 21
Plasma Up 27, 34, 35,
36
Plasma Down 24, 29, 32
LDL Plasma Up 24,32
L-glutamine Plasma Up 29
Plasma Down 24,32, 37
Serum Up 30
Cerebrospinal fluid Up 38
Subcortical nuclei Down 39
Putamen Up 40
L-lactic acid Urine Up 22, 26, 41
Urine Down 21, 23, 42
Plasma Up 29
Plasma Down 24
Cerebrospinal fluid Up 43, 44
Pregenual anterior cingulate Up 45
cortex
L-valine Urine Up 23
Urine Down 22
Plasma Up 36
Plasma Down 24,29, 32
Peripheral blood mononuclear Down 46
cell
Putrescine Frontal cortex Up 47
Pyruvic acid Plasma Down 24,32, 48
Quinolinic acid  Urine Up 23
Urine Down 22,28
Cerebrospinal fluid Up 49
Ventrolateral prefrontal cortex Down 50
Spermidine Frontal cortex Up 47
Taurine Urine Up 26, 31
Urine Down 21,23
Plasma Up 24
Plasma Down 51
Unsaturated Plasma Up 32
lipid
Plasma Down 24
VLDL Urine Up 25
Urine Down 22
Plasma Up 24,32

We summarized the distribution of involved tissue types
(Supplementary Figure 1). The majority of studies (88%)
investigated peripheral tissues including plasma (46%), urine

(38%), serum (3%) and peripheral blood mononuclear cells (1%).
The remaining 12% studies measured metabolite expression in
the central system including cerebrospinal fluid (5%), frontal
cortex (3%), subcortical nuclei (1%), putamen (1%), pregenual
anterior cingular cortex (1%) and ventrolateral prefrontal cortex
(1%). The inaccessibility of central system tissues hampers the
investigation towards metabolite expression in the
central system.

L-alanine was differentially expressed in peripheral tissues
between depression suicide attempters and controls according to
12 references, in which a controversial expression pattern was
observed (4 references supported up-regulation, while 1
supported down-regulation in urine; 4 references supported
up-regulation, while 3 supported down-regulation in plasma).

L-lactic acid was found in 11 references with different
expression levels between diseased patients and healthy
controls. In the central system, including cerebrospinal fluid
and the pregenual anterior cingulate cortex, L-lactic acid was up-
regulated in depressed suicide attempters. In the peripheral
system, including urine and plasma, inconsistent expression
patterns were found according to respective studies.

L-glutamine was differentially expressed in both peripheral
and central tissues between diseases and controls according to 8
references that measured 2 peripheral and 3 central tissues.
Similar to L-alanine, these 8 studies failed to reach a consistent
result in the L-glutamine expression pattern. L-valine, glycine
and taurine were found differentially expressed between
depression suicide attempters and healthy controls according
to 7, 6 and 6 studies, respectively. Notably, inconsistent
expression pattern of these metabolites is observed between
studies as well.

Multiple studies suggested discrepant expressions of
quinolinic acid, acetic acid, acetone and VLDL between
diseased patients and controls. However, similar to the above
metabolites, their expression patterns were controversial between
studies as well. The other metabolites were surveyed by very few
references according to which only provisional conclusions could
be drawn. We generated a metabolite map to present the
expression pattern of all significant metabolites in associated
tissues (Figure 1).

Next, we utilized the Reactome database to integrate all
significant metabolic molecules into biological signaling
pathways. Based on reactions being reported by the literature,
all metabolites participating in reactions would be created as a
network of biological interactions and integrated into
signaling pathways.

Figure 2 provided a visualization of the signaling network of
metabolites involved in depressed suicidal attempters. Table 2
illustrated the top 20 related signaling pathways, which was
divided into 4 sections, including “transport of small
molecules”, “disease”, “metabolism”, and “metabolism of
proteins”. Among the 20 pathways, “transport of inorganic
cations/anions and amino acids/oligopeptides” was assumed as
the most relevant signaling pathway which had included 8
metabolites and demonstrated the most significant p-value.
Besides, “SLC-mediated transmembrane transport” and
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FIGURE 1 | Map of metabolites in depression-associated suicide. Studies comparing metabolites between depressed suicide attempters and healthy controls were
included. Weight of lines positively correlates with the number of supporting references. Size of circles positively correlates with the frequency of being studied in the
literature. CHOL, Cholesterol; PACC, pregenual anterior cingular cortex; PBMC, peripheral blood mononuclear cell; VPC, Ventrolateral prefrontal cortex.

“metabolism of amino acids and derivatives” contained the
largest number of associated molecules, each of which had
included 9 metabolites.

DISCUSSION

An initial purpose of this study was to identify all metabolites
that expressed significantly different between drug-naive
depression patients with suicidal behavior and healthy
population, according to current metabonomic studies. A
subsequent purpose was to predict relevant signaling pathways
that these metabolites theoretically participated in. In summary,
we have successfully identified 17 metabolites that expressed

differently between drug-naive patients with depression-
associated suicidal behaviors and healthy controls. The
expression pattern of metabolites was inconsistent and even
contrasted between studies. Peripheral tissues, especially
plasma and urine, were extensively investigated in contrast to
central system tissues that were difficult to obtain. We have
integrated these 17 metabolites into biological signaling
pathways and provided a visualized signaling network of
metabolites involved in depressed suicidal patients. We have
revealed that “transport of small molecules”, “disease”,
“metabolism” and “metabolism of proteins” were the most
relevant signaling sections, among which “transport of
inorganic cations/anions and amino acids/oligopeptides”,
“SLC-mediated transmembrane transport”, and “metabolism of
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TABLE 2 | Top 20 signaling pathways that differentially-expressed metabolites participated in depression-associated suicide.

Pathway name

Transport of small molecules
Transport of inorganic cations/anions and amino acids/oligopeptides
Transport of bile salts and organic acids, metal ions and amine compounds
SLC-mediated transmembrane transport
Na+/Cl- dependent neurotransmitter transporters
Amino acid transport across the plasma membrane
Organic anion transporters
Proton-coupled neutral amino acid transporters
Disease
Defective SLC6A19 causes Hartnup disorder (HND)
Disorders of transmembrane transporters
SLC transporter disorders
Variant SLC6A14 may confer susceptibility towards obesity
Defective SLC16A1 causes symptomatic deficiency in lactate transport (SDLT)
Metabolism
Metabolism of water-soluble vitamins and cofactors
Metabolism of vitamins and cofactors
Nicotinate metabolism
Metabolism of amino acids and derivatives
Alanine metabolism
Metabolism of proteins
Mitochondrial tRNA aminoacylation
Cytosolic tRNA aminoacylation
Translation

Metabolites involved p-value

1.1x10®
1.5x107
3.3x10°
5.5x10®
8.6x10°
2.9x10
57x10™%

N W o1 o1 © o ©

4.5x10°
1.2x10°
5.7x10°®
2.9x10™
8.9x10

N wWwo N

6.3x10°
8.0x10°®
8.5x107°
2.2x10
8.9x107

N © o oo N

6.7x10°
6.7x107°
2.1x10

B

amino acids and derivatives” should be further studied to
elucidate their potential pathogenic mechanism in the
development of depression and associated suicidal behavior.
SLCs (solute carriers) are the largest cluster of
transmembrane transporters in charge of various substances
exchange, including cations/anions and nutrients as well as
transfer of drugs across the blood-brain barrier (52, 53). The
function of SLCs is essential for the homeostasis of the brain,
since they participate in energy and glutamate metabolism,
neurotransmitter release, blood-brain barrier, etc. (54).
Notably, both mice and human studies emphasized the
importance of SLC6A15/v7-3 in the development of

depression, of which the mechanism is associated with a
neuronal circuits alteration that raises susceptibility to
depression (55, 56).

The association between SLCs and a genetic predisposition of
suicide was reported by Ernet et al. in 2009. They identified that
SLC38A1 (also known as SNAT1) was significantly decreased in
the brain of suicidal patients (57). A series of SLCs control
multiple steps of GABA-glutamate metabolism, which is critical
for brain homeostasis as well (58, 59). Dysfunction of SLCs or a
disturbed GABA-glutamate cycle is related to the structural,
functional and neurochemical impairment in neurons that are
observed in patients with major depression (60). Whole genome
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analysis in brains of depression-associated suicidal victims found
alteration of glutamate and GABA receptor genes in this
condition (61), which was confirmed by subsequent studies
(62-64). Nevertheless, the control subjects in these studies had
not suffered from depression or committed suicide. To better
clarify whether these gene alterations were caused by depression
or suicide per se, Zhao et al. conducted a comparative study
including major depression-committed suicide, major
depression/non-suicide and matched healthy controls. They
observed that the glutate-glutamine cycle was significantly
changed in depressed suicide patients (65).

The pathophysiological role of liver in the development of
depression was suggested by previous studies. Bile salt
sulfotransferase 1 (SULT2A1) was associated with
inflammation response, immune regulation and lipid
metabolism in patients with major depressive disorder (66).
Organic acid transportation that contributes to depression has
been found, and a blocking therapy of organic cation transporter
has shown antidepressant efficacy in patients with depression
(67). In addition, several transporters of mental ions such as
copper and zinc have been confirmed to promote the
development of depression (68, 69).

Current diagnosis of depression is based on behavioral
symptoms, and traditional anti-depressive drugs are ineffective
for a considerable portion of depression patients. Although
suicide is the most severe form of reaction to depression, the
majority of depressed patients never attempt or commit suicide,
implying a pathogenic mechanism of suicidal behavior distinct
from other forms of reaction. Recent evidence is emerging to
indicate a central role of small molecules in the development of
depression. Understanding the pathogenic mechanism of small
molecules in depression-associated suicide could promote the
prevention, diagnosis and treatment of depressed patients at risk
of suicide.

In conclusion, we report here a total of 17 metabolites that
express differently between drug-naive patients with depression-
associated suicidal behaviors and healthy individuals. We also
predict several signaling pathways that could participate in the
development of depression and associated suicide. Our findings
could provide an insight into the molecular pathogenesis of
depression and potential targets for new drug inventions.
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