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Objective: Bipolar disorder (BD) and major depressive disorder (MDD) are two
common psychiatric disorders. Due to the overlapping clinical symptoms and
the lack of objective diagnostic biomarkers, bipolar disorder (BD) is easily
misdiagnosed as major depressive disorder (MDD), which in turn affects treatment
decisions and prognosis. This study aimed to investigate biomarkers that could be
used to differentiate BD from MDD.

Methods: Nuclear magnetic resonance (NMR) spectroscopy was performed
to assess serum metabolic profiles in depressed patients with BD (n = 59),
patients with MDD (n = 14), and healthy controls (n = 10). Data was analyzed
using partial least squares discriminant analysis, orthogonal partial least squares
discriminant analysis and t-tests. Different metabolites (VIP > 1 and p < 0.05)
were identified and further analyzed using Metabo Analyst 5.0 to identify relevant
metabolic pathways.

Results: The metabolic phenotypes of the BD and MDD groups were significantly
different from those of the healthy controls, and there were different metabolite
differences between them. In the BD group, the levels of 3-hydroxybutyric acid,
n-acetyl glycoprotein, g-glucose, pantothenic acid, mannose, glycerol, and lipids
were significantly higher than those in the healthy control group, and the levels
of lactate and acetoacetate were significantly lower than those in the healthy
control group. In the MDD group, the levels of 3-hydroxybutyric acid, n-acetyl
glycoprotein, pyruvate, choline, acetoacetic acid, and lipids were significantly
higher than those of healthy controls, and the levels of acetic acid and glycerol
were significantly lower than those of healthy controls.

Conclusion: Glycerolipid metabolism is significantly involved in BD and MDD.
Pyruvate metabolism is significantly involved in MDD. Pyruvate, choline, and
acetate may be potential biomarkers for MDD to distinguish from BD, and
pantothenic acid may be a potential biomarker for BD to distinguish from MDD.

bipolar disorder, major depressive disorder, metabonomics, biomarker, nuclear magnetic
resonance
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1. Introduction

Major depressive disorder (MDD) and bipolar disorder (BD)
are two different psychiatric disorders with commonly overlapping
symptoms. According to the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition (DSM-5), MDD is characterized
by the presence of major depressive episodes, whereas patients
with BD have depressive episodes preceding or following a mild
manic or manic episode [American Psychiatric Association (1)].
Typically, patients with BD cycle between manic, depressive, and
normal mood episodes; however, the depressive phase of BD
occurs more frequently than the hypomanic or manic phase (2);
BD I is characterized by one or more manic episodes or mixed
episodes and major depressive episodes; BD II is characterized
by recurrent depressive episodes and hypomanic episodes, but
no manic episodes; but hypomania is in fact difficult to detect
in clinical practice, therefore leading to delayed diagnosis or
misdiagnosis of BD as MDD, particularly bipolar II disorder (BD
II) (3, 4).

Delayed diagnosis and misdiagnosis of bipolar disorder
may result in the use of antidepressant monotherapy, creating
an increased risk of patients moving to a hypomanic or
manic episode (5, 6). Approximately 40-60% of patients with
bipolar disorder are initially diagnosed with MDD, and an
accurate diagnosis or treatment of bipolar disorder may be
delayed by 5-10 years (7). Definitive diagnosis and treatment
are critical to improving psychiatric disorders’ symptoms and
functional prognosis. On the contrary, under-treatment and
delayed treatment increase both the direct and indirect economic
costs associated with BD, result in increase individual suffering,
and compromise overall prognosis (8). In fact, a few pre-
existing situations in MDD and BD diagnosis may add extra
challenges to their under-treatment. Particularly, to date, the
pathophysiological mechanisms of MDD and BD remain unclear,
the objective biomarkers for differentiating these two disorders
are still lacking, and many clinicians have been using subjective
identification to diagnose MDD and BD based on symptom
clustering from standardized structured diagnostic interviews.
Therefore, searching for specific biomarkers to differentiate BD
from MDD is crucial.

Metabolomics is a new addition to the field of histology,
focusing on measuring the downstream effects of environmental,
genomic, and proteomic variation in individuals by identifying
and quantifying small molecules called metabolites (9). By
assessing the abundance and type of metabolites detected,
metabolomics can provide a functional readout of the cellular
state within an individual and help us identify biochemical
signatures or biomarkers specific to different diseases (10).
Currently, metabolomics has unique and proven advantages
in the development of biomarkers for several diseases (11,
12). The serum is used in metabolomics studies and has
been used for many common diseases such as cardiovascular
diabetes,
The analytical techniques commonly used in metabolomics

injury, Parkinson’s disease, and depression (13).
studies are nuclear magnetic resonance (NMR) and mass
spectrometry (MS) (14). NMR has been widely used in current

metabolomics research because of its advantages such as
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fast test speed, non-invasive and comprehensive metabolite
information coverage.

Using an NMR metabolomics approach, our group has
conducted several studies on the search for BD biomarkers in
the early stages (15-17). These identified biomarkers were able
to accurately distinguish BD patients from healthy controls.
However, the effectiveness of these biomarkers in discriminating
BD from MDD remains unclear. To avoid misdiagnosis, previous
studies have identified a number of candidate biomarkers to
differentiate between MDD and BD patients (18-21). However,
these putative biomarkers have not been used in clinical practice
due to the high heterogeneity and overlapping dimensions
between MDD and BD.

Therefore, in the present study, we used an NMR metabolomics
approach to analyze serum metabolic phenotypes in BD, MDD,
and healthy controls to initially explore biomarkers that may
help differentiate BD and MDD and to further understand the
pathophysiology of both diseases.

2. Materials and methods

2.1. Subject recruitment

Ethics approval for this study is held by the medical ethics
committee of Shanxi Bethune Hospital (the Approval Notice
Number: YXLL-2020-001). All subjects enrolled in the study gave
their written informed consent. A pair of licensed, experienced
psychiatrists were in charge of the recruiting procedure.

The current study was conducted at the Department of
Psychiatry in Shanxi Bethune Hospital from July 2019 to
February 2021. Fifty-nine patients with BD who fulfilled the
bipolar depression criteria of the DSM-5 (Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition) were
recruited. MDD subjects were recruited from the same site
and during the same time period. Fourteen candidates of
MDD, who were diagnosed with MDD (Hamilton Depression
Scale rating > 17) using the Structured Clinical Interview,
were recruited. Patients with any physical or other mental
disorders were excluded, as were patients who had substance
abuse issues. To reduce the risk of misdiagnosed BD subjects
among the MDD subjects included in this study, a licensed
psychiatrist in our department who has specialized in the
diagnosis and treatment of BD and MDD for several years
systematically applied the validated structured interviews to
diagnose each patient.

During the same time period, healthy controls (HC)
were recruited from the Medical Examination Center in
the same hospital. The candidates, who had no history of
neurological, systemic medical illness, or DSM-IV Axis I/II
illness, were recruited. Finally, 10 HC subjects were included.
The demographic and clinical characteristics of the included
subjects are shown in Table 1. The age of onset was defined
as the age (in years) at which a patient first experienced
the emotional symptoms described to a psychiatrist from
the study’s research team. The duration of illness was the
period (in months) from the first onset to the time of
enrollment.
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TABLE 1 Clinicodemographic characteristics of the participants.

Variable
BD (N = 59) MDD (N = 14) HC (N = 10)

Age (years) 27.73 +£10.84 33.12 £ 15.20 28.5+3.10 0.271
BMI 22.40 £ 3.63 22.79 £ 3.67 21.6 £ 3.62 0.271
Sex (M/F) 22/37 717 3/7 0.570
Onset age (years) 22.10 +9.60 29.00 & 15.56 - 0.132
Duration of illness (months) 39.39 £42.52 33.93 £+ 36.38 - 0.659
The total scores of HAMD-24 29.05 1+ 7.60 21.93 +10.37 - 0.058

Data are expressed as the mean (standard deviation).

BD, bipolar disorder; MDD, major depressive disorder; HC, healthy control; M/F, male/female; BMI, body mass index.

2.2. Sample collection

The blood samples of all subjects were collected by medical
professionals at the Shanxi Bethune Hospital in the morning after
a 12-h fast. The blood was mixed inverted after clotting and stored
for 30 min at room temperature (about 20°C) before centrifugation
at 3,000 rpm for 15 min. Then, the serum was collected and stored
in a —80°C refrigerator for future use.

2.3. NMR acquisition

The serum samples were thawed in ice water, and 450 pL
supernatant was removed and placed into an EP tube, 350 pL
D20 was added, and the mixture was centrifuged at 4°C for
20 min (13000 r/min). Then, 600 nL supernatant was transferred
to a 5 mm NMR tube and stored at 4°C until the NMR test.
NMR was performed using a Bruker 600 MHz AVANCE III NMR
spectrometer, with Carr-Purcell Meiboom-Gill pulse sequence, and
the following parameter settings: free induction attenuation (64K
data points), self-axonal relaxation delay (320 ms), 64 scans.

2.4. Data processing

All the acquired 'H NMR spectra were manually phased,
and the baseline was set using MestReNova software (Mestrelab
Research, Santiago de Compostella, Spain). All the serum 'H NMR
profiles were Fourier transformed and phase baseline adjusted.
Chemical shift correction was performed on the profiles based
on creatinine (8 3.04, -CH3). The region of § 4.70-5.20 ppm was
excluded due to residual water. The data were then normalized to
the total sum of the spectra.

2.5. Statistical analysis

Partial least square discriminant (PLS-DA) analysis was
performed, followed by orthogonal partial least square
discriminant (OPLS-DA) analysis using SIMCA-P 14.1. To
determine the pathways involved in differentially occurring
metabolites, they were further introduced to MetaboAnalyst 5.0

1 http://www.metaboanalyst.ca/
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to perform pathway analysis using the human pathway library.
Pathways were screened according to the p-values of pathway
enrichment and impact values of pathway topology analysis.

The t-test was used to detect and identify differences in markers
between BD and MDD. All clinical scale data were expressed as the
mean + SD. Continuous variables were analyzed using a one-way
analysis of variance, while categorical variables were analyzed using
the Chi-square test. All statistical analyses were performed using
SPSS 20.0 (IBM, Chicago, IL, United States). A p-value of <0.05
was considered statistically significant for demographic analysis.

3. Results

3.1. Clinical characteristics

There were no significant differences in age, education, or sex
ratio (male/female) among the BD, MDD, and HC. There were
also no significant differences between the BD and MDD groups
concerning the age at onset, duration of illness, and HAMD scores.
Table 1 shows the clinicodemographic data of the participants.

3.2. 'H NMR spectroscopy data analysis

According to previous literature and the NMR data website
(HMDB),? the chemical shift, peak shape, and coupling constant of
each metabolite were confirmed, and the ' H-NMR metabolite maps
of the blank, BD, and MDD groups were obtained (Figure 1), from
which 29 small-molecule compounds were identified (Table 2).

3.3. Discriminative model construction

All serum samples were analyzed by 'H NMR metabolic
profiling using supervised PLS-DA, and the results were shown in
Figure 2A, indicating that the HC group was completely separated
from the BD and MDD groups. Model verification results are
shown in Figure 2B. The results show that the PLS-DA model is
effective.

Figure 2A shows that there is no significant difference between
the BD group and the MDD group. Therefore, we analyzed and

2 http://www.hmdb.ca/
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FIGURE 1
Typical IH NMR spectrum of serum in MDD, BD, and healthy
controls groups.

compared the BD group and the MDD group with the HC group
respectively to further identify the metabolites changes and analyze
their changing trends.

Figure 3A shows the differential metabolites of the healthy and
BD groups analyzed using PCA (Principal Component Analysis).
As shown in the figure, the HC and BD groups were significantly
separated, indicating that the model was successfully replicated. To
reduce intragroup error, PLS-DA profile analysis was performed
for the HC group and BD group (Figure 3B). The groups were
significantly separated along T [1], and the model was verified
200 times to prove its validity (Figure 3C). OPLS-DA analysis was
performed to reduce the random errors unrelated to the target
in the group and to identify the differential metabolites between
the blank group and the BD group, as shown in Figure 4A. The
differential metabolites with VIP > 1 were identified according
to the S-plots (Figure 4B), and an independent sample ¢-test was
performed to screen out the metabolites with significant differences
(p < 0.05, p < 0.01).

Similarly, the group of MDD was significantly separated
from HC group in the PCA (Figure 5A) and PLS-DA model
(Figure 5B), which were verified to be valid by the permutation
testing (Figure 5C). The score plot of OPLS-DA model (Figure 6A)
and the corresponding S-plot (Figure 6B) indicated the differential
metabolites (VIP > 1, p < 0.05).

3.4. Differences in the serum metabolite
and metabolic pathways between the BD
and HC groups

Table 3 shows the influence of potential biomarkers in the
BD group. With the HC group as reference and VIP > 1 and
p < 0.05, nine metabolites differentially expressed in the BD group
were identified. 3-hydroxybutyric acid, N-acetyl glycoproteins, -
glucose, pantothenate, mannose, glycerol, and lipids levels were
significantly higher in the BD group (p < 0.05, p < 0.01),
while lactate and acetoacetate levels were significantly lower
(p < 0.05, p < 0.01). The relative concentrations of the nine
identified metabolites are shown in Figure 7. The results of
Metabo Analyst 5.0 analysis are presented graphically as a bubble
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TABLE 2 Peak attribution in tH-NMR spectra of differential metabolites
among the three groups.

1 Lipids 0.874 (m)

2 Pantothenate 0.907 (s)

3 Isoleucine 0.949 (t)

4 Leucine 0.961 (t)

5 3-Hydroxybutyric acid 1.21 (d)

6 Lactate 1.33 (d)

7 Acetic acid/Acetate 1.927 (s)

8 O-Acetyl glycoproteins 2.14 (s)

9 Acetoacetate 2.28 (s), 3.44 (s)

10 B-glucose 3.25(dd, 9.4 Hz, 8.1 Hz)

11 Guanidinoacetate 3.80 (s)

12 Pyruvate 2.37 (s)

13 Histidine 7.04 (s), 7.84 (s)

14 Dimethylglycine 2.92 (s), 3.70 (s)

15 Creatine 3.04 (s),3.93 (s)

16 Acetylcholine 3.23(s)

17 Taurine 3.27 (t,] = 6.6 Hz), 3.42 (t,
] =6.6 Hz)

18 Mannose 5.19 (d, 1.6 Hz)

19 3-D-hydroxybutyrate 1.20 (d)

20 Betaine 3.27 (m)

21 Glycerol 3.67 (m), 3.78 (m)

22 Citrulline 3.73 (s)

23 N-Acetyl glycoproteins 2.05 (s)

24 Glutamate 2.06 (m), 2.14 (m), 2.36 (m)

25 Glutamine 2.14 (m)

26 Acetone 2.23 (s)

27 Acetoacetate 2.28 (s), 3.44 (s)

28 Citric acid/citrate 2.53 (d, 16.1 Hz), 2.70 (d, 16.1 Hz)

29 Choline 3.20 (s), 4.06 (m)

plot in Figure 8. The darker color and larger size represent
higher p-values from enrichment analysis and greater impact
from pathway topology analysis, respectively. This model is
mainly related to: (1) glycolysis/gluconeogenesis; (2) glycerolipid
metabolism; (3) synthesis and degradation of ketone bodies; (4)
butanoate metabolism; (5) pantothenate and COA; (6) pyruvate
metabolism; and (7) galactose metabolism.

3.5. Differences in the serum metabolite
and metabolic pathway between the
MDD and HC groups

Table 4 shows the potential biomarkers in the serum of
patients with MDD. With the HC group as a reference and
VIP > 1 and p < 0.05, eight metabolites differentially expressed
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FIGURE 2

PLS-DA analysis of 'H NMR spectra of serum samples from BD, MDD, and HC groups. (A) PLS-DA score plots of 'H NMR spectra from BD (circle),
MDD (square), and HC group (triangle); (B) PLS-DA model validation map.

FIGURE 3

200-iteration permutation test map of the PLS-DA model.

Metabolomics analysis of serum samples from HCs and patients with BD. (A) PCA (Principal Component Analysis) model; (B) PLS-DA model; (C)
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FIGURE 4

OPLS-DA analysis of 'H NMR spectra of serum samples from HCs and patients with BD. (A) Score plots of OPLS-DA model; (B) S-plot.
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in the MDD group were identified. 3-Hydroxybutyric acid,
N-acetyl glycoproteins, pyruvate, choline, acetoacetate, and lipids
levels were significantly higher in the MDD group (p < 0.05,
p < 0.01), while acetic acid and glyceryl level were significantly
lower (p < 0.05, p < 0.01). The relative concentrations of the
eight identified metabolites are shown in Figure 9. The results
of the MetaboAnalyst 5.0 analysis are shown in Figure 10.
This model is mainly related to: (1) pyruvate metabolism;
(2) glycolysis/gluconeogenesis; (3) glyoxylate and dicarboxylate
metabolism; (4) glycine, serine and threonine metabolism; (5)
synthesis and degradation of ketone bodies; (6) glycerolipid

Frontiers in Psychiatry

metabolism; (7) butanoate metabolism; (8) citrate cycle; and (9)
glycerophospholipid metabolism.

4. Discussion

In clinical practice, BD cases are often misdiagnosed as MDD
(22), so finding specific markers to distinguish BD from MDD is
crucial. The results of several previous studies have explored the
biomarker differences between BD and MDD. For example, one
study found that patients with BD and MDD had significantly
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Metabolomics analysis of serum samples from HCs and patients with MDD. (A) PCA (Principal Component Analysis) model; (B) PLS-DA model; (C)

200-iteration permutation test map of the PLS-DA model.
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OPLS-Da analysis of 'H NMR spectra of serum samples from HCs and patients with MDD. (A) Score plots of OPLS-DA model; (B) S-plot.
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different features on magnetic resonance imaging (MRI) of the
brain, suggesting different neurobiological mechanisms between
BD and MDD (23). However, there are still no biomarkers that
can accurately distinguish between BD and MDD, and although
there are many studies related to the search for biomarkers in
the field of metabolomics for BD and MDD, there are only a few
reports that include both groups in the study. In this study, we
analyzed the serum metabolic phenotypes of BD, MDD, and healthy
controls using an NMR metabolomics platform with the aim of
exploring whether there are biomarkers that can distinguish BD

TABLE 3 Peak area of metabolites in serum 'H-NMR spectra of the
HC and BD groups.

Metabolites Peak area after normalization
3- -hydroxybutyric acid 0.549 + 1.048 2.019+£1.272
N- -acetyl glycoproteins 0.185 4 0.156 0.378 & 0.145
B-glucose 0.75 £+ 0.124 0.95 £ 0.211
Pantothenate 0.293 £ 0.086 0.389 £ 0.092
Mannose 0.069 £ 0.167 0.565 + 0.317
Glycerol 0.609 £ 0.156 0.954 £ 0.273
Lactate 0.428 £ 0.200 0.139 £ 0.183
Acetoacetate 0.597 & 0.164 0.346 £ 0.166
Lipids 0.343 £ 0.102 0.443 +0.114

Frontiers in Psychiatry

from MDD. The results showed that the metabolic phenotypes of
the BD and MDD groups were significantly different from those
of healthy controls, indicating that metabolic changes in those
two diseases were significantly different from those in healthy
individuals and that there were different metabolite differences
between them. Specifically, in the BD group, the levels of 3-
hydroxybutyric acid, n-acetyl glycoprotein, B-glucose, pantothenic
acid, mannose, glycerol, and lipids were significantly higher than
those in healthy controls, while the levels of lactate and acetoacetate
were significantly lower than those in healthy controls. In contrast,
in the MDD group, the levels of 3-hydroxybutyric acid, n-acetyl
glycoprotein, pyruvate, choline, acetoacetic acid, and lipids were
significantly higher than those in the healthy control group, while
the levels of acetic acid and glycerol were significantly lower than
those in the healthy control group.

These differential metabolites above may provide initial insights
into the metabolic differences between BD and MDD. Despite
the differences in metabolites between MDD and BD, the results
of the pathway analysis suggest that most of the most important
pathways are shared in these diseases, which is consistent with
the findings of previous studies. Notably, most of the key
metabolites and their associated pathways appear to focus on three
common themes, namely (1) mitochondrial/energy metabolism,
(2) neuronal integrity, and (3) signaling/neurotransmission, as
described below.

Our study found that lactate and acetoacetate were significantly
lower in the BD group. Imbalance in energy homeostasis in BD
has been previously reported (24, 25). Previous studies had shown

frontiersin.org
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FIGURE 7
Differential metabolites level in serum *H NMR spectra of the HC and BD groups. Compared with control group, *P < 0.05 and **P < 0.01.

that lactate and acetoacetate were metabolites produced in the
process of producing ATP, which plays an important role in many
cellular metabolic processes. The results of this study suggest
that the energy metabolic status of BD patients may be lower
than that of the normal population. Similarly, elevated levels of
glycerol and lipids have been associated with the pathogenesis
of BD. Previous studies have suggested that dysregulated lipid
metabolism in BD patients may be associated with inflammation
and brain atrophy. One of these studies found that serum levels
of triacylglycerol and cholesterol were significantly higher in BD
patients than in controls, whereas HDL levels were significantly
lower, which may correlate with the level of inflammation and the
degree of brain atrophy in BD patients. Another study also found
abnormalities in lipid metabolism in the brain tissue of BD patients,
including abnormal accumulation of triglycerides and cholesterol
and abnormal degradation and synthesis of myelin proteins in
neurons and glial cells. All of these abnormalities may have an
impact on neurological function in BD patients, leading to the
development of symptoms of mood disorders. Furthermore, Liu
etal. (26) found that phospholipid levels were significantly elevated
in MDD patients and that these levels were positively correlated

Frontiers in Psychiatry

07

with the severity of depression. Consistent with previous studies,
we found that abnormal lipid levels were present in both BD and
MDD and those glycerolipid metabolic pathways were significantly
involved in the development of BD and MDD. Several previous
studies have confirmed that disorders or abnormalities of lipid
metabolism were associated with neuropsychiatric disorders, such
as BD, schizophrenia, and major depressive disorder. Therefore,
disorders of lipid metabolism may be an important pathogenesis
of BD and MDD and an important cause of the disease.

In addition, the present study found that B-glucose and
mannose were significantly elevated in the BD group and that
glycolysis/gluconeogenesis was a common metabolic pathway in
BD and MDD. Previous studies have shown that there was glucose
impairment during some severe psychiatric episodes, even before
the start of treatment (27, 28). Recently, extremely high levels of
sugar metabolites (sorbitol, gluconate, xylitol, liothymol, arabinitol,
and erythritol) and brain glycitol (inositol) have been detected
in the brains of patients with bipolar disorder. An autopsy study
suggested that abnormal metabolism of sugar and branched-chain
amino acids may be a key factor in the pathogenesis of bipolar
disorder and that antidiabetic treatment may be beneficial in
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Metabolic pathways analysis of the differential metabolites between
the HC and BD groups.

TABLE 4 Peak area of metabolites in serum *H-NMR spectra of the
HC and MDD groups.

Metabolites Peak area after normalization

3-hydroxybutyric acid 0.125 £ 0.99 0.35 % 1.69

N-acetyl glycoproteins 0.185 %+ 0.156 0.41 £0.187
Pyruvate 0.125 £ 0.105 0.309 £ 0.147
Choline 0.099 £ 0.011 0.386 £ 0.243
Acetic acid 0.702 & 0.136 0.455 4 0.209
Glyceryl 0.756 % 0.139 0.583 & 0.205
Acetoacetate 0.082 =+ 0.032 0.124 4 0.389
Lipids 0.343 £ 0.102 0.443 £0.114

the treatment of psychiatric disorders (29). Lipid and glucose
metabolism was also higher in patients with MDD than in HC (30).
Another study found that patients with first-episode depression
had significantly higher glucose and triglyceride levels than healthy
subjects (31). Singh et al. (32) also suggested that depression
was closely associated with diabetes and cerebrovascular disease.
Therefore, the use of the glucose-lipid signaling pathway to predict
MDD should take diabetes and CVD into account. The absence of
abnormal glucose metabolites in the MDD group in our study may
be related to its small sample size.

Our study also found that pyruvate and choline were
significantly elevated and acetic acid was significantly decreased
in the MDD group, while these metabolites were not significantly
altered in the BD group. Alterations in choline metabolism are
associated with disruptions in intraneural signaling (33, 34), and
in addition, the cholinergic hypothesis of depression suggests
that cholinergic overactivity and Andrégic hypoactivity lead to
depressive states (35). In contrast, choline levels correlate with
the clinical state of depression (36, 37), suggesting that choline
may be involved in the pathogenesis of depression. As was the
case in the present study, a variety of molecules, including acetate
and pyruvate, may be MDD-specific drug candidates, and these
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molecules may lead to more targeted treatment of depressive
symptoms, as reported in a review (38). Other studies have
also reported that pyruvate levels in the MDD patient group
correlate with the severity of depression and may be a potential
biomarker candidate for MDD. Pyruvate, as the carboxylate anion
of pyruvate, is an end product of glycolysis and can be further
involved in the TCA cycle, which is a major process of energy
metabolism (39). However, contrary to the results observed in the
present study, the review also mentioned that both MDD and BD
patients showed a trend of upregulation of choline and lactate in
their brains, while the study mentioned that BD serum studies
identified seven biomarkers in one or more studies, including
pyruvate (38). Lactate and pyruvate were found to be abnormal
in BD cerebrospinal fluid biomarkers in more than one study.
Therefore, the absence of choline and pyruvate in the BD group
in this study may be related to a single metabolic platform,
insufficient sample size, and drug effects. In addition, we found
that the pyruvate metabolic pathway was significantly, although not
significantly, involved in the development of MDD, as well as BD.
Therefore, the exact mechanisms of pyruvate pathway alterations
in psychiatric disorders need to be further explored. Whether
pyruvate, choline, and acetate can serve as potential biomarkers
for MDD to distinguish it from BD still needs to be verified by
numerous replicated studies in the future. Given that pyruvate
provides energy to living cells via the citric acid cycle, our findings
also confirm that the aberrant citric acid cycle in mitochondria may
be involved in the pathogenesis of BD and MDD.

In the present study, 3-hydroxybutyric acid was the metabolite
that jointly distinguishes BD and MDD from HC. In a
previous study (40), this biomarker was associated with MDD.
3-hydroxybutyric acid (B-hydroxybutyric acid) is a ketone, a
marker known to favor lipid rather than glucose metabolism. 3-
hydroxybutyric acid is a ketone elevated in the blood and urine in
ketosis. During hypoglycemia, it can be metabolized by the brain
for energy (41). Recent studies have shown that 3-hydroxybutyric
acid, a metabolite used as a source of energy in the brain, was
associated with inflammation of the brain, specifically leading to
epilepsy (42). The current data suggest that 3-hydroxybutyrate itself
may control the emotional system in the brain through energy
metabolite processes (40).

What's more, we found elevated pantothenic acid levels in the
BD group compared to the MDD group, which is consistent with
the findings of a previous study that found significantly lower
vitamin B12 levels in patients with BD, which may lead to elevated
pantothenic acid levels. Pantothenic acid itself is a component of
coenzyme a and a precursor of NAA, which is abundant in neurons
and is considered an indicator of mitochondrial dysfunction and a
marker of neuronal integrity and viability (43, 44). Interestingly,
animal studies have shown that levels of NAA are not static
and can be reversed by the use of antidepressants, suggesting
that antidepressants have neurotrophic effects (45). And whether
pantothenic acid can be used as a potential biomarker for BD to
distinguish from MDD also needs to be verified in later large-
scale studies.

Mays et al. (46) found significant changes in glycine, serine
and threonine levels in patients with refractory depression, which
is consistent with the findings of the present study that found
abnormal glycine, serine and threonine metabolic pathways in
MDD subjects, and our previous study also found a high correlation
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Differential metabolites level in serum *H NMR spectra of the HC and MDD groups. Compared with control group, *P < 0.05 and **P < 0.01.

between glycine, serine and threonine metabolism and bipolar
depression (47). Glycine or serine combined with glutamate as
a coagonist can help activate N-methyl-D-aspartate receptors
(NMDARs) (48), and abnormalities in NMDAR activity has been
shown to cause affective and cognitive impairment, the core
symptom of affective disorders, by decreasing neuroplasticity (49).
Reducing serine levels impairs NMDAR-mediated processes in
the hippocampus, prefrontal cortex, and amygdala (50, 51), brain
structures that are strongly associated with mood disorders (52).
We thus hypothesize that this metabolic pathway may be involved
in the pathogenesis of mood disorders.

This is only a preliminary study of the differential diagnosis
of BD and MDD based on metabolomics biomarkers and serum
metabolic pathways, and the results suggest that it is feasible to
find biomarkers in the field of metabolomics to differentiate BD
and MDD, and also that these differential metabolites may be used

Frontiers in Psychiatry

as future biomarkers for the diagnosis of BD and MDD in clinical
practice. However, the study also has some limitations. First, this
study used a small sample size study with a small sample size,
which may affect the stability and reliability of the results. Second,
other factors, such as diet, body weight, and medication, may also
affect the metabolic phenotype of BD and MDD, and the effects of
these factors need to be further explored in future studies. Third, it
is important to note that the metabolomics platform used in this
study may have limitations, as different metabolomics platforms
have different sensitivity and accuracy for the detection of different
metabolites. Therefore, future studies will need to be validated
using multiple metabolomics platforms to further determine the
specificity and accuracy of these differential metabolites. Another
potential limitation is that our study was a cross-sectional study and
could not determine the relationship between metabolite levels and
disease progression.
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Overall, the present study provides useful clues for finding
biomarkers to differentiate BD from MDD and highlights the
importance of metabolomics in this field, but more studies
are needed to further confirm the reliability of these findings
and the potential for clinical application. In addition, a deeper
understanding of the pathophysiological mechanisms of BD
and MDD is also needed to help us better understand the
differences in metabolic phenotypes and thus better identify and
treat both diseases.

5. Conclusion

In summary, this study used an NMR metabolomics platform
to explore the metabolic phenotypic differences between BD and
MDD, and found that the metabolic phenotypes of BD and
MDD were significantly different from those of healthy controls.
Glycerolipid metabolism was significantly involved in BD and
MDD. Pyruvate metabolism was significantly involved in MDD.
Pyruvate, choline, and acetate may be potential biomarkers for
MDD to distinguish from BD, and pantothenic acid may be
a potential biomarker for BD to distinguish from MDD. The
clinical significance of this study is the discovery of different
metabolic phenotypes between BD and MDD, as well as of
potential biomarkers for distinguishing BD from MDD. Our
findings contribute to the future development of an objective
laboratory-based diagnostic test to distinguish between BD and
MDD patients, which is very meaningful for the precise diagnosis
and treatment of clinical psychiatric disorders. Future studies
require more rigorous experimental designs, larger sample sizes,
and longitudinal studies to validate our results and conclusions.
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