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Purpose: Previous studies suggest that homocysteine (Hcy) may be involved in the pathogenesis of bipolar disorder (BD) and major
depressive disorder (MDD) by influencing glutamatergic transmission, inflammation, and other mechanisms. There are no established
biomarkers to distinguish BD from MDD. This study aims to compare Hcy levels between BD and MDD.

Patients and Methods: We collected medical records of patients aged 14-75 admitted to the hospital from January 1 to July 1, 2022
with a discharge diagnosis of MDD or BD, including all examinations of patients at admission (acute phase) and discharge (non-acute
phase). We measured Hcey levels in healthy controls (HC).

Results: The analysis included 104 patients with MDD, 103 patients with BD, and 80 HC. Hcy levels were higher in the MDD and
BD group than in the HC group and higher in the BD group than in the MDD group, both in the acute and non-acute phases (all P <
0.05). There was no significant difference in Hey levels between the psychotropic medication users and non-users in the BD or MDD
group (all P > 0.05). Multivariate logistic regression analysis only for the MDD and BD group indicated that the likelihood of BD
diagnosis was significantly associated with Hcy levels (in the acute phase: OR = 1.052, P = 0.016; in the non-acute phase: OR = 1.101,
P < 0.001) after controlling for gender, age, and metabolic indicators.

Conclusion: Our study suggests that Hey levels were elevated in MDD and BD patients and were higher in BD patients than in MDD
patients, which provides evidence for a possible relationship between one-carbon metabolism and the pathogenesis of BD. Besides,
Hcy may be one of the potential biomarkers to distinguish BD from MDD.

Keywords: affective disorder, biomarker, pathophysiology, differential diagnosis

Introduction
In clinical practice, it is challenging to distinguish bipolar disorder (BD) from major depressive disorder (MDD) because
the early onset of BD is often characterized by depressive episodes, which seem similar to MDD." The misdiagnosis of
patients with BD may lead to subsequent use of a single antidepressant rather than combining mood stabilizers, which
can cause BD individuals to switch to mania, hypomania, or recurrent episodes of depression.” A recent study suggested
that demographics, clinical characteristics, and several validated, easy-to-use screening tools (for example, using the
Mood Disorder Questionnaire) can help clinicians improve the ability to identify patients with BD.? However, most tools
still find it difficult to distinguish BD and MDD patients efficiently, and there are rarely laboratory indicators or imaging
techniques diagnosing BD or distinguishing BD and MDD. Significantly, compared with adults, clinical presentations of
adolescents are atypical, which makes the diagnosis of the pediatric-adolescent population remain a challenge.*
Homocysteine (Hcy) is known as a sulfur-containing amino acid produced during methionine metabolism,> which is
degraded via the remethylation pathway or trans-sulfuration pathway. In one-carbon metabolism, folate is converted to
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S-methyltetrahydrofolate (5-methylTHF) by methylenetetrahydrofolate reductase (MTHFR), and then 5-methylTHF is
used by methionine synthase and vitamin B12 to remethylate Hey into methionine.® Thus, decreased MTHFR activity or
deficiencies of folic acid or B12 may contribute to elevated Hcy levels. Hey is degraded to cysteine during the trans-
sulfuration pathway, and in most organizations, Hey is either remethylated or exported out of the cell.” Hcy was found to
induce hyperactivity in rats, which may be involved in the pathogenesis of attention deficit hyperactivity disorder
(ADHD).® As a mixed excitatory agonist at the N-methyl-D-aspartate (NMDA) receptor, Hey affects glutamatergic

S —12
transmission.’

Moreover, research published recently found that mood stabilizers may act on BD by inhibiting
glutamatergic neurotransmission.'> The metabolism of Hey may have some relationship with BD. In addition, elevated
Hcy levels promote its neurotoxic effects by several studied mechanisms, including mitochondrial dysfunction, oxidative
stress induction, inflammation, mediated neuronal apoptosis, and aberrant DNA methylation.'*'® These pathways overlap
with the current biological hypothesis of BD as well as relevant pathophysiological mechanisms. "'

Since the discovery of Hey in 1932, scholars have widely accepted that Hey is an independent risk factor for cardiovascular
disease (CVD).? In recent years, it has been found that MDD is often co-morbid with CVD and the mechanism of this co-
morbidity is bidirectional. Pathophysiological factors underlying these co-morbid mechanisms include dysregulation of the
balance between the sympathetic and parasympathetic systems, loss of heart rate variability (HRV) in depressed individuals,
sympathetic activation, hypothalamic-pituitary-adrenal (HPA) axis activation, immune system dysregulation leading to a pro-
inflammatory state, platelet activation, and endothelial dysfunction. These abnormalities have been demonstrated in most
individuals diagnosed with MDD.?' Some studies have shown that Hey causes endothelial dysfunction by increasing oxidative
stress and inhibiting endothelial nitric oxide synthase (eNOS) activity as well as decreasing nitric oxide (NO) production.*
Moreover, elevated Hey levels have been repeatedly reported in MDD and BD.?* 2 Out of interest in whether Hcy may be
a peripheral biological marker for BD, Chiarani and others conducted a small sample size case-control study, which found
significantly higher levels of Hey in patients with BD than HC, both in the manic phase and in reaching remission. However,
when body mass index (BMI) was adjusted as a covariate, there was no significant difference between patients and controls.>”
Another study showed that serum levels of C-reactive protein, C3, C4, and Hcy were higher in BD patients than MDD
patients.® Furthermore, Ozdogan and others found that more BD mixed episodes happened in patients with hyperhomocys-
teinemia (HHcy) than those without HHcy.?

Although the correlations of Hcy levels with MDD and BD patients have been discussed in many studies, to some
extent, studies on the comparison of Hcy levels between patients with MDD and BD remain less available and
controversial. This current study aimed to compare Hcy levels between BD and MDD more explicitly and to explore
whether Hey levels can distinguish between patients with MDD and BD.

Patients and Methods

Study Design

The hospital where the study was conducted had excellent quality medical records. In clinical practice, blood biochem-
ical parameters are checked on admission and discharge of inpatients to observe medication side effects, metabolic
syndrome, and prevention of cardiovascular and cerebrovascular disease accidents, including Hcy.

The study examined the medical records of inpatients admitted to Shandong Mental Health Center between January 1
and July 1, 2022 aged 14-75 years with a primary discharge diagnosis of MDD (F32.0-33.9) or BD (F31.0-31.9)
according to ICD-10 (International Statistical Classification of Diseases and Related Health Problems—10th Revision)
and with a condition improved. A non-probability consecutive sampling technique was used. General information such as
gender, age, date of birth, date of admission, past history, family history, and discharge diagnosis was recorded in this
study. Both admission (acute phase) and discharge (non-acute phase) examinations were recorded, including serum Hcy
levels, triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), total cholesterol (CHOL),
glucose (GLU), creatinine (CREA), and body mass index (BMI). The use of medication was also recorded at the two
examinations. Besides, for those patients with multiple admissions, only clinical data from the most recent were used. In
addition, HHcy was defined when Hcy concentration exceeded 15.0 umol/L, and BMI was calculated as weight divided
by the height squared (kg/m2).

2672 e Neuropsychiatric Disease and Treatment 2022:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Zhao et al

Healthy individuals with no family history of psychiatric disorders were also included in the study as the healthy
control group (HC). Inclusion criteria for HC: (1) without any mental disorders and family history of mental disorders;
(2) age 1860 years; (3) HAMD-17 < 7, YMRS < 6; (4) no cardiovascular disease/cerebrovascular disease; (5) no
harmful use of alcohol/tobacco; (6) understand research content and provide written informed consent.

Patients with cardiovascular disease, cerebrovascular disease, psoriasis, harmful use of alcohol/tobacco, a vegetarian
diet, and using of medications that may affect serum Hcy were excluded based on Past Medical History and dietary
medical orders in the electronic medical record system. We also read in detail the description of the patient’s diet in the
physician’s progress notes and physical examinations, and patients who refused food were not included in the study. The

flow chart of sample selection is shown in Figure 1.

Total inpatient data entries
n=347

Removed 39 data entries
Reason: These data
belonged to previous

»| admissions of the same

patient (only the latest
admission of the patient

) 4 was kept as a data record).

Potentially eligible patients
n=308
(MDD 176, BD 132)

Excluded: n= 101
Reason: Patients had
»| medical conditions that
may affect Hey levels or

Y missing data.?

Eligible patients
n=207
(MDD 104, BD 103)

) 4 ) 4
MDD (n = 104) BD (n=103)
Females: 72.1% Females: 47.6%
Males: 27.9% Males: 52.4%
AgeP: 18.00 (15.00, 43.25) Age: 25.00 (20.00, 37.00)

|

Statistical analysis

Figure | Flowchart of sample selection. *Medical conditions: cardiovascular disease, cerebrovascular disease, psoriasis, harmful use of alcohol/tobacco, refusal of food, and
use of medications that may affect serum Hcy. ®Age was described by median (P,s, Ps).
Abbreviations: MDD, major depressive disorder; BD, bipolar disorder.
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Each patient’s psychotropic medication use prior to Hcy screening was recorded, and the results were categorized into
two conditions: no medication/medication use.

The antidepressant agents include escitalopram, vortioxetine, bupropion, sertraline, paroxetine, fluoxetine, desvenla-
faxine, venlafaxine, duloxetine, nortriptyline, trazodone, mirtazapine, and fluvoxamine. The antipsychotic agents include
risperidone, aripiprazole, haloperidol, clozapine, olanzapine, quetiapine, sulpiride, paliperidone, and ziprasidone. The
mood stabilizer agents include lithium, valproate, oxcarbazepine, topiramate, lamotrigine, and pregabalin.

This study was approved by the Clinical Research Ethics Committee of Shandong Mental Health Center and
compliant with the Code of Ethics of the World Medical Association (Declaration of Helsinki) (2021-R69). Since
patients’ blood sample data were obtained from a pre-existing biosample, no blood sample collection was involved.
There was no intervention and no contact with any patients. The study results have removed any patient subject identifier
characters to ensure that personal privacy was not leaked. The Ethics Committee waived the requirement for informed
consent from patients. All healthy volunteers provided informed consent.

How Serum Hcy and Other Blood Biochemical Indicators are Measured

We collected Hey screening results and other indicators from inpatients’ medical records and did not perform interven-
tional blood sample collection from patients. Serum Hcy levels of healthy individuals in this study were performed after
enrollment. Our hospital used Beckman Coulter AU5S800 Automated Clinical Chemistry Analyzer (BECKMAN
COULTER, United States) to analyze blood.

Statistical Analysis

The statistical software involved in this study included IBM SPSS Statistics for Windows, Version 25, and R language 4.1.3
software, and a two-sided P < 0.05 was considered a statistically significant difference. All measurements were checked for
normality by the Kolmogorov—Smirnov test. Mann—Whitney U-test was used to compare the differences in age, TG, CHOL,
HDL, LDL, CREA, GLU, and BMI. General information, such as gender, family history, and presence of psychotic
symptoms, was analyzed by Pearson’s y* test. Mann—Whitney U-test was constructed to examine the difference in Hey
levels between the medicated and non-medicated groups. For MDD and BD groups, BD diagnosis was taken as the
dependent variable, and certain factors such as Hcy levels, age, gender, TG, HDL, CREA, and BMI as covariates for
Binary Logistic regression. Restricted cubic splines (RCS) were used to determine whether a linear correlation existed
between Hcy levels and the BD diagnosis only for MDD and BD groups. In addition, the possibility of Hcy as a biomarker
was investigated by receiver operating characteristic (ROC) analysis. Multiple sample rank-sum tests were performed using
the Kruskal-Wallis test and multiple test corrections for significance p-values using Bonferroni in post-hoc tests.

Results
Demographic and Clinical Data in MDD, BD, and HC Groups

Overall, we collected the data from 357 inpatients. After excluding ineligible patients and those with missing data, 207
were eligible in the end, including 103 BD patients and 104 MDD patients.

The percentage of females in the BD group was 47.6%, 72.1% in the MDD group, and 50% in the HC group. The
difference in gender among the three groups was significant (P < 0.001). Post-hoc analysis showed that the percentage of
females was higher in the MDD group than in the BD and HC group (all P < 0.05), but there was no gender difference
between the BD and HC group. The age of the BD group was 25.00 (20.00, 37.00) years, the age of the MDD group was
18.00 (15.00, 43.25) years, and the age of the HC group was 48.50 (40.00, 55.75) years. There was a difference in age
among the three groups (P < 0.001). Post-hoc analysis showed that the HC group was older than the BD and MDD group
(all P <0.001), and there was no age difference between the BD and MDD group. Besides, the differences in family
history and psychotic symptoms between the BD and MDD group were not significant.

In the acute phase, the level of TG did not differ between the BD group and the MDD group, while in the non-acute
phase, the level of TG was higher in the BD group than in the MDD group (P® = 0.032). In the acute phase, HDL levels
were lower in the BD group than in the MDD group (P* = 0.015), whereas in the non-acute phase, there was no
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significant difference between the two groups. Whether in the acute phase or the non-acute phase, CREA levels (P* =
0.001, P° = 0.030) and BMI levels (P* < 0.001, P° < 0.001) were both higher in the BD group than that in the MDD one.
There was no difference in CHOL, GLU, and LDL levels between the two groups in the two phases (Table 1).

Effects of Drug-Use on Hcy Levels in MDD and BD Groups

To assess whether psychotropic medication use would be a confounding factor for Hey levels in the two groups. Mann—
Whitney U-test was performed on Hcy levels at admission in the unmedicated and medicated group. The result showed
no significant difference in Hey levels between the unmedicated and medicated patients (in the BD group: P = 0.836; in
the MDD group: P = 0.464) (Table 2). Therefore, we did not consider the use of psychotropic medications (antidepres-
sants, antipsychotics, mood stabilizers) to be a relevant confounding variable in the analysis of our sample.

Differences in Hcy Levels Among MDD, BD, and HC Groups

There were significant differences in Hcy levels and the number of participants with HHcy among the three groups in the
acute and non-acute phases. Post-hoc analysis showed that Hcy levels and the number of participants with HHcy in the
BD group were higher than that in MDD and HC group adjusted by the Bonferroni test, and the Hcy levels and number
of participants with HHcy in the MDD group were higher than in the HC group (Tables 3 and 4).

Table | Clinical Data of MDD and BD Group in the Acute and Non-Acute Phases [Median (Pys, P7s)]

BD MDD Z3* P° A pt
AP (n=103) Non-AP (n=103) AP (n=104) Non-AP (n=104)
TG (mmoliL) 1.39 (0.90, 1.89) 1.70 (1.09, 2.57) 1.15 (0.82, 1.74) 1.29 (0.97, 2.23) 1.868 | 0062 | 2.148 | 0.032
CHOL (mmol/L) 4.43 (3.68, 4.96) 429 (3.59, 4.92) 441 (3.94, 5.02) 4.34 (3.78, 4.86) 0993 | 0321 0672 | 0.502
HDL (mmol/L) 1.30 (1.13, 1.50) 1.09 (0.96, 1.25) 1.40 (1.21, 1.63) 1.15 (1.01, 1.32) 2424 | 0015 1.905 | 0.057
LDL (mmol/L) 2.52 (2.08, 3.06) 2.51 (1.96, 3.06) 2.60 (2.19, 3.04) 2,51 (2.10, 2.91) 0.641 0522 | 0013 | 0.990
CREA (umol/L) 79.0 (69.0, 86.0) 78 (69, 91) 70.5 (66.0, 79.0) 73 (68, 81) 3466 | 0.001 2171 0.030
GLU (mmol/L) 4.80 (4.50, 5.30) 4.70 (4.40, 5.10) 4.70 (4.40, 5.20) 470 (4.33, 5.08) 1.566 | 0.117 | 0235 | 0814
BMI 25.40 (22.60, 29.00) | 25.50 (22.50, 29.00) | 22.95 (20.10, 26.53) | 22.90 (19.65,26.10) | 3522 | <0.001 | 3.769 | <0.00I

Notes: P*, comparison between BD and MDD group in the acute phase; P, comparison between BD and MDD group in the non-acute phase.
Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; TG, triglyceride; CHOL, cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
CREA, creatinine; GLU, glucose; BMI, body mass index.

Table 2 Hcy Levels in the Unmedicated and Medicated Population in the BD and MDD
Group [Median (P,s, P75)]

Groups Unmedicated Medicated z P
BD 13.05 (10.83, 18.45) 13.60 (10.10, 19.20) 0.207 0.836
MDD 11.40 (8.75, 13.05) 10.10 (8.60, 13.00) 0.732 0.464

Abbreviations: BD, bipolar disorder; MDD, major depressive disorder.

Table 3 Comparison of Hcy Levels and the Number of Participants with HHcy Among the Three Groups in the
Acute Phase [Median (P3s, P7s), pmol/L]

BD AP (n=103) | MD DAP (n=104) | HC (n = 80) Hiy? [
Hey 13.20 (10.70, 18.50)*° | 10.35 (8.68, 13.00)° | 8.70 (7.43, 11.10) 61.72 <0.001
HHcy (yes/no) 35/68% 17/87° 3177 27.40 <0.001

Notes: *Hcy levels compared between BD and MDD group, P < 0.001; ®Hcy levels compared between BD and HC group, P < 0.001; “Hcy levels
compared between MDD and HC group, P = 0.001; “Participants with HHcy between BD and MDD group, P < 0.05; ®Participants with HHcy
between BD and HC group, P < 0.05; Participants with HHcy between MDD and HC group, P < 0.05. All p-values adjusted by Bonferroni test.
Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; AP, the acute phase; Hcy, homocysteine; HHcy, hyperhomocysteinemia.
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Table 4 Comparison of Hcy Levels and the Number of Participants with HHcy Among the Three Groups in the Non-
Acute Phase [Median (Pys, P7s), umol/L]

BD Non-AP (n = 103) | MDD Non-AP (n = 104) | HC (n = 80) Hiy? P
Hey 12.10 (10.00, 20.80)*° 10.30 (8.33, 12.18)° 8.70 (7.43, 11.10) 4739 <0.001
HHcy (yes/no) 37/66%° 15/89 3/77 32.45 <0.001

Notes: *Compared between BD and MDD group, P < 0.001; ®Compared between BD and HC group, P < 0.001; “Compared between MDD and HC
group, P = 0.013; “Participants with HHcy between BD and MDD group, P < 0.05; °Participants with HHcy between BD and HC group, P < 0.05;
fParticipants with HHcy between MDD and HC group, P < 0.05. All p-values adjusted by Bonferroni test.

Abbreviations: BD, bipolar disorder; MDD, major depressive disorder; AP, the acute phase; Hcy, homocysteine; HHcy, hyperhomocysteinemia.

Comparison of Hcy Levels in Patients Between the Acute and Non-Acute Phases
After the disease improvement, there was no significant difference in non-acute Hey levels compared to acute Hey levels
in the MDD group (P = 0.378) and the BD group (P = 0.347).

Multivariate Logistic Analysis Between MDD and BD Groups

In the acute phase, the result of binary logistic regression analysis showed that higher Hcy levels remained significantly
associated with the likelihood of a BD diagnosis (odds ratio [OR] = 1.052, 95% confidence interval [CI]: 1.010-1.097,
P =0.016) after controlling for gender, age, HDL, CREA, and BMI.

In the non-acute phase, after controlling for gender, age, TG, CREA, and BMI, higher Hcy levels likewise
remained significantly associated with the likelihood of a BD diagnosis as well (odds ratio [OR] = 1.101, 95%
confidence interval [CI]: 1.046—1.159; P < 0.001) (Table 5). Because the above variables were statistical significance
in univariate analyses or potential confounders impacting the results, the variables above were included in the
regression analysis.>’

After adjusting for gender, age, HDL, CREA, and BMI in the acute phase, a restricted cubic spline analysis (RCS)
was performed to determine whether there was a linear relationship between the Hcy level and the likelihood of BD
diagnosis rather than a “U” shaped relationship. The results showed a linear relationship between the Hey level and the
likelihood of BD diagnosis (P for nonlinearity = 0.079). After adjusting for gender, age, TG, CREA, and BMI in the non-
acute phase, RCS analysis showed a linear relationship between the Hcy level and the likelihood of BD diagnosis (P for
nonlinearity = 0.716) (Figure 2).

ROC Analysis of Hcy as a Biomarker to Distinguish BD and MDD

ROC analysis was used to examine the predictive ability of Hey levels to distinguish between MDD and BD groups. In
the acute phase, ROC analysis showed the area under the curve (AUC) = 0.692 (P < 0.001). In the non-acute phase, ROC
analysis showed AUC = 0.676 (P < 0.001) (Figure 3).

Comparison of Hcy Levels in Adolescent Affective Disorder and Adult Affective

Disorder
Sixty-nine adolescents aged 14—17 and 138 adults aged 18—75 were included in this sample. Without considering other
confounding factors, the Kruskal-Wallis test was used to compare the Hcy levels among four groups: adolescent

Table 5 Stepwise Logistic Regression Results

Variables AP Non-AP

OR 95% CI P OR 95% CI P
Hcy 1.052 1.010-1.097 0.016 1.101 1.046—1.159 <0.001
Gender 0.482 0.259-0.899 0.022 — — —
BMI L1 1.039-1.188 0.002 1.117 1.045-1.193 0.001

Abbreviations: OR, odds ratio; Cl, confidence interval; Hcy, homocysteine; BMI, body mass index; AP, the acute phase;
non-AP, the non-acute phase.
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A RCs B RCs

10 20 30 10 15 20 25 30
Hcy levels in the acute phase, pmol/L Hcy levels in the non-acute phase, pmol/L

Figure 2 Restricted cubic spline model of the odds ratios (OR) with Hcy levels. (A), the acute phase. (B), the non-acute phase.
Abbreviations: RCS, restricted cubic spline; OR (95% Cl), odds ratios with 95% confidence intervals; Hcy, homocysteine.
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Figure 3 Receiver operating characteristic (ROC) curves for the diagnostic ability of Hcy (MDD vs BD). (A), the acute phase. (B), the non-acute phase.
Abbreviation: ROC, receiver operating characteristic.

MDD, adolescent BD, adult MDD, and adult BD. Bonferroni was used to conduct post-hoc tests for multiple
comparisons.

There were significant differences among the four groups above (in the acute phase: H = 24.295, P < 0.001; in the non-
acute phase: H=21.266, P <0.001). Among these groups, Hcy levels in the adolescent BD group were higher than that in the
adolescent MDD group (in the acute phase: P = 0.003; in the non-acute phase: P = 0.004) and the adult MDD group (in the
acute phase: P =10.014; in the non-acute phase P = 0.045), and had no significant difference compared with the adult BD group
(In the acute phase: P = 1.000; in the non-acute phase: P = 1.000). In addition, Hcy levels in the adult BD group were higher
than that in the adult MDD group (in the acute phase: P =0.010; in the non-acute phase: P = 0.046) and the adolescent MDD
group (in the acute phase: P = 0.001; in the non-acute phase: P = 0.001). Hcy levels in the adolescent MDD group were not
significantly different compared with the adult MDD group (in the acute phase: P = 1.000; in the non-acute phase: P = 1.000)
(Table 6: the acute phase; Table 7: the non-acute phase).

Discussion
We found that higher Hcy levels significantly indicate the possibility of a BD diagnosis rather than an MDD diagnosis,
both in the acute and non-acute phases. Hcy may be a trait biomarker for BD rather than a state biomarker. However, we
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Table 6 Comparison of Hcy Levels Between the Four Groups in the Acute Phase

Groups Median (Ps5, Py5) Kruskal-Wallis Test
H P

Adolescent MDD 9.60 (8.30, 13.20)*%¢ 24.295 <0.001

Adolescent BD 16.00 (11.55, 23.85)°

Adult MDD 10.60 (9.60, 12.85)°

Adult BD 13.10 (10.50, 17.65)'

Notes: 3Compared with adult BD, P = 0.001; bCompared with adult MDD, P = 0.014; cCompared
with adult BD, P = 0.010; “Compared with adolescent BD, P = 0.003; *Compared with adult MDD, P =
1.000; fCompared with adolescent BD, P = 1.000.

Abbreviations: MDD, major depressive disorder; BD, bipolar disorder.

Table 7 Comparison of Hcy Levels Between the Four Groups in the
Non-Acute Phase

Groups Median (Ps, P7s) Kruskal-Wallis Test
H P

Adolescent MDD 9.70 (7.70, 12.00)>¢ 21.266 <0.001

Adolescent BD 15.85 (10.15, 23.08)°

Adult MDD 10.30 (8.80, 12.65)°

Adult BD 11.80 (10.00, 19.50)'

Notes: aCompared with adult BD, P = 0.001; bCompared with adult MDD, P = 0.045;
“Compared with adult BD, P = 0.046; “Compared with adolescent BD, P = 0.004;
eCompared with adult MDD, P = 1.000; fCompared with adolescent BD, P = 1.000.
Abbreviations: MDD, major depressive disorder; BD, bipolar disorder.

did not make long-term observations of Hcy levels in patients with BD, so this opinion is only taken as a hypothetical
inference. Lyu and others also found that serum Hcy levels were higher in the BD group than in the MDD group.*®
Similarly, a Mendelian randomization (MR) study discovered that elevated plasma Hcy levels might increase the risk of
BD-I. However, no causal relationship was found between plasma Hcy levels and the risk of MDD and BD-II.*!
Nevertheless, there are several limitations of the MR study that need to be considered carefully. For example, the number
of genetic instruments used in the MR analysis was limited, and the risk of BD may be affected by exposure to higher
Hcy levels at a particular time, whereas their MR analysis investigated lifelong elevated Hcy levels in BD. Ozdogan
found a strong relationship between HHcy and the number of mixed episodes, and patients with HHcy experienced more
mixed episodes than those without HHcy.”” However, Vargas found no significant differences in Hcy levels among
MDD, BD, and HC, which implies that metabolic biomarkers are not necessarily specific in MDD or BD.*? Differences
in sample characteristics, the choice of control variables, or research methods in each study may be reasons why there
exist such apparent differences. Hey is easily measured in clinical practice, making it a good utility as a biomarker in
actual application.

This present study showed that Hey levels were higher in the BD group than in the MDD group, supporting the
argument that one-carbon metabolic dysfunction is associated with BD. A recent animal study displayed that a week-long
high methionine diet in adult mice increased cerebrospinal fluid methionine levels and total Hey levels and caused
bipolar disorder-like behavior in mice,** which echoes our clinical findings. Serum Hcy is associated with psychiatric
disorders, but the precise molecular mechanisms remain unclear®*>’ Ezzaher found that although 5,10-
methylenetetrahydrofolate reductase (MTHFR) C677T genotype was the main factor influencing Hcy levels, after
adjusting for 5,10-methylenetetrahydrofolate reductase (MTHFR) C677T genotype, hyperbilirubinemia, hypovitaminosis
B12, and for potential confounders, the odds of BD diagnosis were associated with higher hcy levels still remained
significant. It suggests that HHcy is more common in patients with BD and is not associated with the C677T
polymorphism, agreeing with Kevere.***° Previous studies have revealed that Hey and its oxidized metabolites were
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agonists of NMDA receptors, which may explain the relevance of Hcy with psychiatric disorders. However, the

neurotoxic effects of Hey are quietly complex. Certain studies have reported that Hey can induce oxidative reactions,***!
which supports the oxidative stress theory of BD.** Another study has revealed that Hey affects the structure and function
of normal mitochondria,** which provides evidence for the thesis that mitochondrial bioenergetics are stage-dysregulated
in BD patients.** The pathophysiological mechanism of BD is not homogeneous. The relationship between Hcy and BD
still needs to be explored through a large number of experimental animal studies in the future.*>*¢

To investigate whether other metabolic indicators also showed differences between MDD and BD patients, we compared
TG, HDL, LDL, GLU, CREA, and BMLI. In the univariate analysis in the acute phase, significant differences were observed
in HDL, CREA, and BMI. However, no significant differences were observed in HDL and CREA after inclusion in
multivariate logistic regression analysis. Significant differences in TG, CREA, and BMI were observed in univariate analysis
in the non-acute phase. After the inclusion of multivariate logistic regression analysis, however, no significant differences in
TG and CREA were observed. It suggests that TG, HDL, and CREA are only indirectly associated with the likelihood of BD
diagnosis. They may be covariate with other variable factors and are not influential on the likelihood of BD diagnosis. After
controlling gender, age, and metabolic indicators by logistic regression, Hcy levels in the acute/non-acute phase remained
significantly associated with the likelihood of BD diagnosis. A linear relationship, not a “U” shaped relationship, between
Hcy levels and the likelihood of BD diagnosis, was demonstrated by the method of RCS analysis. We drew a figure showing
the distribution of patients in the interval of Hey (divided into four groups by quartiles); it clearly showed that the BD group
included a higher percentage of patients with higher Hcy levels than the MDD group (Figure 4). We performed a ROC
analysis to investigate the possibility of using Hcy as a clinical biomarker. The results showed that the AUC = 0.692 in the
acute phase and the AUC = 0.676 in the non-acute phase. This result indicates that Hcy has some predictive effect but with an
average accuracy (AUC < 0.7), which is suboptimal.

The sample in this study contained adolescents aged 14—-17 years. After stratification by adolescents/adults, we
compared the differences in Hey levels among adolescent MDD, adolescent BD, adult MDD, and adult BD, respectively.
Hcy levels in the adolescent BD group were higher than those in the adolescent MDD group and those in the adult MDD
group. There was no significant difference in Hey levels between the adolescent BD and adult BD group. The Hcey levels
in the adult BD group were higher than those in the adult MDD group and those in the adolescent MDD group. The Hey
levels in the adolescent MDD group were not significantly different compared with the adult MDD group, which is
consistent with the finding that Hcy levels were higher in BD patients than in MDD patients in the overall sample.

Antidepressants, antipsychotics, and mood stabilizers are the most commonly prescribed medications for people with
BD and MDD, and most patients use these medications in combination. Therefore, in this study, we only explored
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Figure 4 The distribution of patients in the MDD and BD group within each quartile interval of Hcy levels. The BD group included a higher percentage of patients with
higher Hcy levels than the MDD group. (A), the acute phase. (B), the non-acute phase.
Abbreviations: BD, bipolar disorder; MDD, major depressive disorder.
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whether there was a difference in Hcy levels between the medicated and non-medicated group. It was found that
psychiatric medications did not affect Hcy levels. However, recent studies have shown that BD patients with HHcy use
lithium more frequently and valproate less frequently.*’ Exploring the effects of commonly prescribed psychotropic
medications on serum Hcy is meaningful and interesting. However, there is no comprehensive review of the effects of
each psychiatric medication on Hcy levels and other metabolic parameters. Future researches need to explore more
precisely whether the different mechanisms of drugs affect Hey levels.

The strengths of this study were the inclusion of a sample of adolescent patients for the first time, the use of RCS to
verify a linear rather than a “U” shaped relationship between Hcy levels and the likelihood of a BD diagnosis, and ROC
to explore the possibility of Hcy as a biomarker to distinguish BD between MDD. In addition, we separately compared
Hcy levels in the same population in the acute and non-acute phases in our study design and found no change in Hcy
levels in either the BD or MDD group. Finally, we considered whether the use of psychotropic medications would have
an impact on Hcy levels.

There were some limitations in this study. First, electronic medical records cannot derive the severity of a patient’s
condition, so we were not able to explore whether Hcy levels could predict the severity of symptoms. Second, admitted
patients had balanced diets, but our hospital did not check for folic acid and B12. Nevertheless, Ezzaher showed that after
adjustment for B12 levels and folic acid levels, higher Hey levels remained significantly associated with the likelihood of
BD diagnosis.>® Third, this study was a cross-sectional design and could not explore whether there existed a causal
relationship between Hcy and BD.

Conclusion

Except for the finding of elevated Hey levels in patients with BD and MDD, our study suggests that serum Hcy levels
may be significantly higher in patients with BD than in those with MDD, which provides evidence of a relationship
between the one-carbon metabolism and the pathogenesis of BD. We found a positive linear relationship between Hcy
levels and the likelihood of the BD diagnosis. Hcy may be one of the potential biomarkers to distinguish BD from MDD.
However, this discovery should be further warranted in future studies.
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