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Abstract 

Background  Recently, there has been an ongoing interest in the mechanism of intermittent theta burst stimula-
tion (iTBS) in major depressive disorder. Studying the metabolite changes induced by iTBS may help to understand 
the mechanism.

Methods  Eleven participants with major depressive disorder received 10 days iTBS treatment. Magnetic resonance 
imaging (MRI) was used to target the region of the left dorsolateral prefrontal cortex (DLPFC) in each participant. We 
analyzed the effects of iTBS on metabolites using high-throughput profiling and assessed its impact on depressive 
symptoms. These analyses were considered exploratory, and no correction for multiple comparisons was applied.

Results  Among the 318 measured metabolites, a significant increase in cystine, asymmetric dimethylarginine 
(ADMA), 1-methylhistidine, indoleacetic acid (IAA), diethanolamine (DEA), dopa, riboflavin-5′-monophosphate (FMN), 
and a significant decrease in alphalinolenic acid (ALA), gamma-linolenic acid (GLA), serotonin, linoleic acid (LA) 
(p < 0.05) were detected in the patients after iTBS treatment. In Pearson correlation analysis, the plasma levels of LA, 
FMN and ADMA at baseline were significantly related to the reduction rate of the 17‐item Hamilton Depression Rating 
Scale and the Patient Health Questionnaire-9 scores (p < 0.05).

Conclusions  Our study highlights that LA, FMN, ADMA and their relationship with oxidative stress, may be key fac-
tors in the antidepressant efficacy of iTBS.

Keywords  Intermittent theta burst stimulation, Depression, Metabolomics

Introduction
Transcranial magnetic stimulation (TMS), a non-inva-
sive and well-established method for treating major 
depressive disorder (MDD), has garnered significant 
scholarly attention in recent years [1–3]. Recent stud-
ies have focused on investigating the impact of TMS on 
metabolite changes in the cerebrospinal fluid (CSF) [4] 
and utilizing magnetic resonance spectroscopy (MRS) 
[5] to explore alterations in brain regions associated 
with TMS. The findings from these studies suggest that 
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TMS may exert its antidepressant effects by modulating 
metabolism.

One efficient TMS protocol, intermittent theta burst 
stimulation (iTBS), has gained popularity in clinical 
practice and research due to its shortened treatment 
duration and non-inferiority to the standard TMS pro-
tocol [6]. Understanding the potential mechanisms 
underlaying the antidepressant effects of iTBS can 
contribute to improved treatment approaches. Previ-
ous research has established that iTBS achieves effi-
cient antidepressant by mimicking endogenous theta 
rhythms, inducing synaptic plasticity and modulating 
cortical excitability [7, 8]. However, much of the existing 
literature focus on the functions of nerve systems rather 
than other biological systems. Consequently, gaining a 
comprehensive understanding of the pathophysiology 
of the antidepressant mechanism mediated by iTBS 
remains a great challenge [9, 10].

Metabolites, as the products of gene and protein regu-
latory networks, reflect the pathophysiological condition 
of the organism [11]. Metabolomics, which can reveal the 
metabolic profile of diseases [12, 13], has also been widely 
utilized in the study of affective disorders. For example, 
metabolome-wide association analyses have highlighted 
the role of decreased blood laurylcarnitine levels and 
altered phosphoethanolamine levels as potential mark-
ers for MDD [14, 15]. Furthermore, Bot et  al. found 
that depression is associated with a metabolic signature 
toward less high-density lipoprotein (HDL) and more 
very-low-density lipoprotein (VLDL) and triglycerides 
(TG) particles via high-throughput profiling of metabo-
lites [16]. Another study on high-throughput targeted 
metabolomics profiling revealed macaques with depres-
sive-like behaviours associated with six carbohydrate and 
three energy metabolism pathways [17]. Overall, these 
studies highlight the significant role of metabolomics in 
understanding the specific mechanism of depression and 
its treatment.

The elucidation of the metabolic profile changes in 
MDD after iTBS treatment is essential for compre-
hending the mechanism of its efficacy in depression 
and identifying biomarkers predictive antidepressant 
efficacy. A study conducted by Chou et  al. examined 
changes in the serum inflammatory cytokine levels 
after 10 sessions of bilateral TBS in MDD patients [9]. 
They assessed a broad array of cytokines, including 
interleukin-6 (IL-6), C-reactive protein (CRP), and 
other inflammatory cytokines. However, their study 
did not find any significant changes in inflamma-
tory cytokines or establish any relationship between 
depressive symptoms and serum cytokine levels, lead-
ing them to conclude that the antidepressant efficacy of 
bilateral TBS monotherapy might not operate through 

immune-modulating mechanisms. While Chou focuses 
on inflammatory cytokine levels, Stirton et al. are more 
concerned with oxidative stress [10]. They identified 57 
oxidized phosphatidylcholines and 32 oxylipin species, 
which are important plasma biomarkers of oxidative 
stress. Notably, they found that oxidized phosphatidyl-
choline levels were significantly increased in patients 
experiencing remission from depression following iTBS 
treatment, suggesting a possible biomarker for predict-
ing treatment response to iTBS. However, both Chou 
and Stirton’s teams only analyzed one pathway or class 
of metabolite. The understanding of the metabolites 
influenced by iTBS is still in its infancy.

Metabolomics, as a widely used tool to study metabo-
lite changes, can be classified into targeted and untar-
geted metabolomics [18]. Compared to the untargeted 
approaches, targeted metabolomics offers a high level 
of accurate identification and absolute quantification of 
metabolites of interest [19]. It also emphasizes that speci-
fying the metabolite or metabolic pathway to be tested 
is a critical step in targeted approaches. Hence, most 
studies using targeted metabolomics tend to spotlight a 
specific metabolic pathway. However, focusing on one 
metabolic pathway may result in the loss of other meta-
bolic information. Therefore, in the current study, we aim 
to address this limitation using targeted high-throughput 
profiling of metabolites. This approach allows the analy-
sis of as many different metabolic pathways as possible 
in the same setting, maximizing the utilization of infor-
mation and providing deeper insight into the therapeu-
tic mechanisms of iTBS. Notably, no previous study has 
applied targeted high-throughput profiling of metabolites 
in iTBS treatment, enabling the measurement of differ-
ent metabolites, including lipids, amino acids, and other 
small molecules, simultaneously [16, 17]. In this study, 
41 major classes of metabolites, such as carboxylic acids 
and derivatives, fatty acyls, organooxygen compounds 
and steroids and steroid derivatives were measured by 
high-throughput targeted metabolomics, covering most 
of the common metabolites in the human body [20–22]. 
This comprehensive approach allows us to gain a better 
understanding of the antidepressant mechanism of iTBS 
through different metabolic pathways. We believe that 
the metabolomics we conducted can explore the changes 
involved in MDD after iTBS treatment to the best of our 
knowledge.

Within this context, the objective of this study is to 
investigate the relationship between the mechanisms 
of ITBS and metabolites to elucidate its antidepressant 
effects in MDD patients via targeted high-throughput 
profiling of metabolites. We collected data from MDD 
patients before and after iTBS, hypothesizing that 
the correlation between persistent improvements in 
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depression and alterations in metabolites would show in 
MDD after the iTBS treatment.

Methods
Subjects
Patients were recruited between December 2021 and 
August 2022 at the Affiliated Brain Hospital of Guang-
zhou Medical University, Guangzhou, China, through 
public advertisements and psychiatric referrals. Poten-
tial participants underwent evaluation to determine if 
they met the inclusion criteria: (1) age between 18 and 
65 years old; (2) diagnosis of MDD according to DSM-V 
criteria; (3) total score of at least 17 on the 17-item Ham-
ilton Rating Scale for Depression (HAMD-17); (4) regular 
use for antidepressants for more than 2  weeks; (5) free 
from antipsychotics for more than 2 weeks.

Exclusion criteria were as follows: (1) presence of seri-
ous brain organic diseases, such as epilepsy, stroke, 
encephalitis, brain trauma, etc., or serious somatic dis-
eases such as malignant tumour, acute heart failure, 
multiple organ failure, etc.; (2) coexistence of other psy-
chiatric disorders, such as schizophrenia, schizoaffective 
disorder, bipolar disorder. (3) existence of metal implants 
above the chest, especially in the brain or heart. (4) 
women during pregnancy or lactation. (5) patients with 
a history of drug or alcohol abuse within the past year. 
(6) recent receipt of electroconvulsive therapy (ECT), 
or repetitive transcranial magnetic stimulation (rTMS) 
within the past 6 months. (7) Patients whose expressive 
speech difficulties hinder proper communication, under-
standing, following instructions, and cooperation with 
treatment and assessment. (8) Patients whose MRI scan 
images do not meet quality control standards, resulting 
in the inability to locate the stimulation target.

Participants were required to maintain a stable anti-
depressant medication regimen for 2  weeks before 
treatment and throughout the study. Written informed 
consent was obtained from all participants, and the study 
was approved by the ethical committee of the Affiliated 
Brain Hospital of Guangzhou Medical University (No. 
2021–040). This study was registered with the Chinese 
Clinical Trial Registry (ChiCTR2100054793).

Study procedure
After receiving ethical committee approval, eligible sub-
jects provided written informed consent to participate 
in the study. All participants underwent baseline assess-
ments of depressive symptoms using depression scales 
and provided baseline blood samples. Sociodemographic 
factors were collected, including gender, age, education 
and marital status, and family history. Our iTBS sessions 
were conducted regularly, for a total of 10  days over a 
2-week period. The depression level of participants was 

assessed, and blood samples were collected again at the 
end of the treatment.

MRI
Prior to the stimulation course, each participant under-
went a structural MRI scan using the sagittal T1 
weighted 3D turbo field echo (T1W 3D TFE) sequence 
with the following parameters: field of view = 256 × 256 
mm2, TR/TE = 8.2/3.8  ms, view matrix = 256 × 256, slice 
thickness = 1 mm.

iTBS parameters
The iTBS sessions were administered using the MAG-
STIM (Magstim Co, Whitland, Dyfed, UK). The left 
dorsolateral prefrontal cortex (DLPFC) was targeted for 
stimulation, which was determined by a combination of 
20 mm radius spheres centered along the left hemisphere 
at BA 9 (x = -36, y = 39, z = 43), BA 46 (x = -44, y = 40, 
z = 29), the 5-cm approach site (x = -41, y = 16, z = 54), 
and the F3 Beam group average stimulation site (x = -39, 
y = 26, z = 49) [23]. The Visor 2 system (ANT Neuro B.V.), 
a neuronavigation system, was used to guide the figure-
of-eight coil to the left DLPFC in each session. Before 
each iTBS session, the system was set up by co-register-
ing the patient’s head with their structural MRI data, ena-
bling continuous tracking of the coil position.

A burst of 3 TMS pulses with an intensity of 100% of 
resting motor threshold (RMT) was applied at 50  Hz, 
lasting for 2  s, followed by an 8-s rest. 600 pulses were 
included in two sessions per day, with durations of 200 s. 
The treatment included a total of 20 sessions conducted 
over 2  weeks, administered on 5 consecutive days per 
week. Four patients received only one session per day.

Measurements
Depression
Depression was assessed up to 3  days before treatment 
and 24 h after the iTBS treatment. The severity of depres-
sive symptoms was measured using the 17‐item Hamil-
ton Depression Rating Scale (HAMD‐17) [24] and the 
Patient Health Questionnaire-9 (PHQ-9) [25].

Metabolites
We targeted metabolites commonly involved in previ-
ous studies, such as carboxylic acids and derivatives, fatty 
acyls, organooxygen compounds and steroids and ster-
oid derivatives [20–22]. Using targeted high-throughput 
metabolomics, we reliably quantified 318 metabolites or 
metabolite ratios from plasma samples. For liquid chro-
matography – mass spectrometry (LC–MS) analysis, the 
samples were re-dissolved in 100 μL of acetonitrile/water 
(1:1, v/v) solvent and centrifuged at 14,000 g at 4 ℃ for 
15 min. Then, the supernatant was injected. The analyses 
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were performed using an UHPLC (1290 Infinity LC, Agi-
lent Technologies) coupled to a QTRAP MS (6500 + , 
Sciex) in Shanghai Applied Protein Technology Co., Ltd. 
The analytes were separated on HILIC (Waters UPLC 
BEH Amide column, 2.1 mm × 100 mm, 1.7 μm) and C18 
columns (Waters UPLC BEH C18-2.1 × 100 mm, 1.7 μm). 
Quality control (QC) samples were included in the sam-
ple queue to evaluate the stability and repeatability of the 
system.

MultiQuant or Analyst was used for quantitative data 
processing. The QCs were processed alongside the bio-
logical samples. Metabolites in the QCs with a coefficient 
of variation (CV) less than 30% were denoted as repro-
ducible measurements [26, 27].

Statistical analysis
Statistical analysis of demographic and clinical data was 
performed using SPSS 25.0 (SPSS, Inc., Chicago, IL, 
USA) or MATLAB R2020b (The MathWorks Inc., USA). 
All values are presented as mean ± standard deviation 
(SD). The paired t-test was used to compare the pre- and 
post- differences in HAMD-17, PHQ-9, and metabolites. 
Statistical significance was set at p < 0.05 (2-tailed tests). 
In addition, we calculated the reduction rate of HAMD-
17 and PHQ-9.

Pearson correlation analysis was used to evaluate the 
relationship between the reduction rate of the HAMD-
17 and PHQ-9 scores and the plasma levels of metabo-
lites which showed significant differences in pair t-test at 
baseline. The formula for calculating the rate of change 
of depressive scores, including HAMD-17 and PHQ-9, is 
shown below:

These analyses were considered exploratory, and no 
correction for multiple comparisons was applied.

Results
Participant characteristics
We enrolled 17 participants, but 5 of them dropped out. 
One was excluded from analyses because of its unquali-
fied metabolite data. Therefore, data from 11 participants 
were analyzed (male, n = 5, female, n = 6). The mean age 
of the cohort was 30.18 ± 8.875  years. Two participants 
reported no medication usage during the study period. 
Four participants were taking selective serotonin reup-
take inhibitors (SSRIs), while 2 participants were on 
serotonin-norepinephrine reuptake inhibitors (SNRIs). 
Additionally, 3 participants were undergoing other alter-
native treatment approaches.

Rate of change of depressive scores = (pre− treatment score − post − treatment score)/(pre− treatment score)×100%.

Antidepressant efficacy of iTBS therapy
As shown in Fig.  1, the paired t-test pre-post iTBS 
demonstrated a statistically significant score reduc-
tion of HAMD-17 (mean pre- 21.5 ± 4.06 vs. post- iTBS 
14.2 ± 8.35; p < 0.001) and the PHQ-9 scores (mean pre- 
18.0 ± 5.69 vs. post- iTBS 10.6 ± 2.61; p = 0.011) after 
10 days treatment of iTBS treatment.

Changes in plasma metabolites between before and 
after treatment
From Fig. 2, it is apparent that 10 days iTBS induced metabo-
lites changes. This includes cystine (1.23 fold, p = 0.002, 95% 
CI: 0.455 – 2.075), asymmetric dimethylarginine (ADMA) 
(1.18 fold, p = 0.014, 95% CI: 0.172 – 1.583), 1-methylhisti-
dine (1.20 fold, p = 0.019, 95% CI: 0.137 – 1.527), indoleacetic 
acid (IAA) (1.36 fold, p = 0.021, 95% CI: 0.118 – 1.498), 
diethanolamine (DEA) (1.14 fold, p = 0.027, 95% CI: 0.085 
– 1.446), dopa (1.17 fold, p = 0.030, 95% CI: 0.073 – 1.151), 
riboflavin-5′-monophosphate (FMN) (1.22 fold, p = 0.037, 
95% CI: 0.048 – 1.581) increase, and linoleic acid (LA) (0.73 
fold, p = 0.036, 95% CI: -1.387 – -0.047), alpha-linolenic acid 
(ALA) (0.54 fold, p = 0.037, 95% CI: -1.380 – -0.042), gamma-
linolenic acid (GLA) (0.58 fold, p = 0.041, 95% CI: -1.359 
– -0.028), serotonin (0.90 fold, p = 0.049, 95% CI: -1.804 – 
0.002) decrease. Other metabolites did not significantly differ 
after iTBS treatment (p > 0.05).

Correlation between changes in plasma metabolites 
and depressive symptoms
Table  1 shows that plasma LA levels at baseline were 
significantly negatively correlated with the rate of 
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Fig. 1  Total scores of HAMD-17 and PHQ-9 before (orange 
bar) and after (blue bar) iTBS treatment. The error bars indicate 
the standard error. *p < 0.05, ***p < 0.001
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HAMD-17 (Pearson correlation = -0.627, p = 0.039) 
and PHQ-9 (Pearson correlation = -0.669, p = 0.024) 
reduction. A positive correlation was found between 
plasma ADMA level at baseline and PHQ-9 (Pear-
son correlation = 0.657, p = 0.028) reduction rate. 

The level of plasma FMN at baseline was positively 
correlated with the rate of reduction of HAMD-17 
(Pearson correlation = 0.649, p = 0.042) and PHQ-9 
(Pearson correlation = 0.855, p = 0.002). Baseline levels 
of other metabolites were not found to be significantly 

Fig. 2  The plasma levels of 318 metabolites were detected by targeted high-throughput metabolomics profiling, presented using a volcano plot. 
Significantly (p < 0.05) changed metabolites after iTBS are shown as blue dots (downregulated) and red dots (upregulated). The X-axis represents 
the log2 fold change between before and after iTBS. Y-axis represents the − log10 p‐value of a paired t-test

Table 1  Pearson correlation analysis between the plasma levels of metabolites at baseline and the reduction rate of HAMD-17 and 
PHQ-9

ADMA Asymmetric dimethylarginine, IAA Indoleacetic acid, ALA Alpha-linolenic acid, DEA Diethanolamine, GLA Gamma-linolenic acid, LA Linoleic acid, FMN Riboflavin-
5′-monophosphate
a Correlation is significant at the 0.05 level (2-tailed)
b Correlation is significant at the 0.01 level (2-tailed)

ADMA IAA 1-methylhistidine ALA Cystine DEA Dopa GLA LA FMN Serotonin

HAMD-17-rate Pearson Correlation 0.553 -0.001 0.367 -0.530 0.294 -0.045 0.428 -0.479 -.627a .649a 0.335

p-value 0.078 0.998 0.267 0.094 0.380 0.896 0.217 0.136 0.039 0.042 0.417

PHQ-9-rate Pearson Correlation .657a 0.251 0.316 -0.584 0.152 0.039 0.218 -0.526 -.669a .855b 0.067

p-value 0.028 0.457 0.344 0.059 0.655 0.909 0.545 0.096 0.024 0.002 0.875
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correlated with the rate of depressive score reduction 
(p > 0.05).

Discussion
This study aimed to examine the association of metabo-
lites with the remission of depressive symptoms. We 
tracked how the emotional status, and metabolic profiles 
changed after 10  days of iTBS treatment by performing 
clinical assessments and high-throughput profiling of 
metabolites. We found significant reduction in depres-
sive symptoms among patients with MDD. In addition, 
we observed changes in metabolites including cystine, 
ADMA, 1-methylhistidine, IAA, DEA, dopa, LA, FMN, 
ALA, GLA, and serotonin, after iTBS. The alleviation of 
depression after iTBS treatment is associated with a met-
abolic signature characterized by less LA levels and more 
FMN and ADMA at baseline. Based on these findings, we 
propose these three metabolites as potential biomarkers 
for predicting iTBS efficacy.

A previous study has shown that LA, an essential 
dietary n-6 polyunsaturated fatty acid (n-6 PUFA), is 
positively associated with depressive symptoms [28, 29]. 
Animal experiments have also demonstrated that altera-
tions in brain lipids may contribute to the observed clini-
cal effects of TMS [30]. Considering that iTBS is a type 
of TMS, it is reasonable to speculate that their underly-
ing mechanisms could share similarities. In this study, 
we characterized the metabolites profile in iTBS. The 
level of LA was reduced on the iTBS, and lower levels of 
LA at baseline led to a higher reduction rate of depres-
sive scale scores. A possible explanation for this might be 
that LA follows the alpha linolenic acid and linoleic acid 
metabolism pathways. In this pathway, LA will eventu-
ally convert to arachidonic acid (AA) which is consid-
ered a marker of oxidative stress [31, 32] and leads to a 
pro-inflammatory response in the cell [33]. Oxidative 
stress and inflammation have been shown to be impor-
tant mechanisms in the pathogenesis of MDD [11, 34, 
35]. Coincidentally, as another unsaturated fatty acid, 
the plasma level of ALA and GLA in this study were 
also decreased after iTBS treatment. Also, as with LA, 
baseline ALA and GLA levels were positively correlated 
with the rate of depression scale score reduction, but 
this correlation was not significant. LA, ALA and GLA 
mainly participate in the alpha linolenic acid and linoleic 
acid metabolism, and GLA is produced by LA catalysed 
by acyl-CoA 6-desaturase [36]. It is, therefore, reason-
able that GLA and LA have the same trend of change. 
Besides, the basic chemical structures of the by-products 
of LA and ALA are almost similar [33]. LA and ALA are 
metabolized by the same set of enzymes. LA and ALA 
are metabolized by the same group of enzymes and the 
basic chemical structures of their by-products are almost 

similar. Thus, changes in ALA and GLA re-emphasize 
the role of unsaturated fatty acids in iTBS treatment. 
Furthermore, fasting may improve the metabolism of 
unsaturated fatty acids and depressive status in vivo [37]. 
This also suggests that future studies could classify the 
fat intake status of patients and investigate the efficacy of 
iTBS under different groups.

Another interesting finding was the increase of ADMA 
induced by iTBS, and the correlation between the level of 
ADMA at baseline and the alleviation of depression. This 
also accords with the earlier observations, which showed 
that depression severities were negatively correlated with 
ADMA [38]. As an endogenous of nitric oxide synthase 
(NOS), ADMA is also a significant metabolite in oxida-
tive stress [39, 40]. ADMA competes with the substrate 
of nitric oxide synthases, impairing the L-arginine-nitric 
oxide pathway and leading to increased oxidative stress. 
These effects may have a negative impact on excitability 
and neurotransmission, potentially contributing to an 
increase in depressive symptoms [41].

Furthermore, our study revealed that iTBS treatment 
significantly increased FMN levels, and a significant cor-
relation was observed between the low level of FMN at 
baseline and the improvement of depressive symptoms 
induced by iTBS. These findings corroborate previous 
research that associated low FMN status with depression 
[42, 43]. In addition, FMN’s potential to reduce oxidative 
stress in the brain [44] can be explained by the fact that 
several steps in the kynurenine pathway rely on the active 
form of FMN [45, 46]. The kynurenine pathway’s altered 
metabolism has been proposed as a link between mild 
chronic inflammation and depressive symptoms [47]. 
Inflammatory cells can generate reactive oxygen species, 
which may induce oxidative stress [35]. Furthermore, 
increasing levels of inflammation combined with oxida-
tive stress is a ubiquitous characteristic of MDD [48].

As metabolites whose baseline plasma levels corre-
late with the rate of depression scale score subtraction, 
LA, ADMA and FMN may be biomarkers for predict-
ing the efficacy of iTBS. Although they belong to differ-
ent metabolic pathways, coincidentally their changes in 
this study highlight the potential role of baseline oxida-
tive stress in predicting iTBS efficacy. The hypothesis 
that oxidative stresses is involved in the pathogenesis of 
depressive disorders is supported by many studies [34]. 
The brain’s higher oxygen consumption and weaker anti-
oxidative defense make it more susceptible to oxidative 
stress-induced damage [35]. Depression has been linked 
to reduced brain volume, function and neuroplasticity 
[49]. Studies have shown that reactive oxygen (ROS) pro-
duction and reduced antioxidant defences contribute to 
these structural brain changes [35]. ROS can mediate 
lipid oxidation. Because of the high lipid content of the 
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brain, oxidative stress is more likely to affect phospholip-
ids in the brain, even with the blood–brain barrier in the 
way. Moreover, the interaction between oxidative stress 
and inflammation further increase the risk of depression. 
Depression is known to involve higher levels of inflam-
mation compared to healthy individuals [50]. ROS and 
reactive nitrogen species (RNS) by immune cells and 
their balance play an important role in the inflamma-
tory mechanism. Oxidative stress disrupts this balance, 
increasing inflammation levels and causing depres-
sive symptoms. Greater oxidative stress-induced dam-
age to the brain is associated with a higher probability 
of irreversible damage and reduced potential for treat-
ment effectiveness. Therefore, baseline oxidative stress 
levels can be predictive of treatment response in MDD. 
Studies have indicated that iTBS can reduce oxidative 
stress-induced damage and alter neuroplasticity, which 
could explain its antidepressant efficacy in patients with 
depression [51, 52]. Hence, it is plausible that lower base-
line damage from oxidative stress in the brain may lead to 
higher efficacy in iTBS.

Although this is the first study that describes metabo-
lites profile in iTBS using targeted high-throughput 
metabolomics, we acknowledge some limitations in 
our study. First, the substantial drop-out resulting in 
a relatively small sample size limited our ability to pre-
cisely estimate the relationship between metabolites and 
depressive symptoms, even though all the effect esti-
mates were consistent in previous studies. We acknowl-
edg the potential for bias resulting from drop-out, which 
could have influenced our findings, although we cannot 
definitively rule out its impact. Second, the subjects in 
this study were primarily Asians, potentially limiting the 
generalizability of our findings to other ethnicities. Third, 
there is a potential for residual confounding due to the 
efficacy of drug accumulation. However, it is important 
to acknowledge that residual confounding may still be 
present due to limitations in sample size and variations 
in clinical treatment. Despite our efforts to mitigate con-
founding effects through rigorous participant selection 
and consistent treatment plans, the possibility of residual 
confounding due to unmeasured variables cannot be dis-
regarded. Factors such as variations in disease duration, 
severity, or comorbidities may impact both metabolite 
levels and the manifestation of symptoms. Fourth, given 
the small sample size, the risk of type II error (false-
negative error) outweighed that of type I (false-positive 
error), which may have led to missing meaningful group 
differences. As an exploratory study, no adjustments were 
made for multiple comparisons. Moreover, the focus of 
this study was on the correlation between the plasma lev-
els of LA, ADMA and FMN at baseline and the reduc-
tion rate of depression scale score induced by iTBS, 

rather than significant differences in metabolites before 
and after treatment. Lastly, the metabolites that change 
during iTBS were selected in the same dataset used to 
correlate them with symptom reduction. This may be 
considered double dipping and could result in infla-
tion of the correlation. We recognize the need for larger 
sample sizes in future studies to enhance the statistical 
power and validate our findings. Additionally, utilizing 
independent validation datasets would also be beneficial 
to confirm the robustness of the observed relationships. 
Despite these limitations, our study provides preliminary 
insights into the potential associations between the base-
line metabolites levels and depressive symptom reduc-
tion following iTBS treatment.

Conclusions
The results of this study indicate that iTBS treatment 
for 10  days led to changes in 11 metabolites, including 
cystine, ADMA, 1-methylhistidine, IAA, DEA, dopa, 
LA, FMN, ALA, GLA, and serotonin in individuals with 
MDD. Notably, the metabolites LA, ADMA, and FMN, 
along with their relationship with oxidative stress, may 
play a key role in the antidepressant efficacy of iTBS. 
These metabolites’ baseline levels in plasma could poten-
tially serve as biomarkers for predicting iTBS treatment 
response. However, it is essential to approach these 
results with caution due to the relatively small num-
ber of participants included in this study. Ideally, future 
investigations should replicate these findings in a more 
extensive sample of medication-free or medication-naive 
patients.

Abbreviations
MRI	� Magnetic resonance imaging
TMS	� Transcranial magnetic stimulation
MDD	� Major depressive disorder
iTBS	� Intermittent theta burst stimulation
HDL	� High-density lipoprotein
VLDL	� Very-low-density lipoprotein
TG	� Triglycerides
IL-6	� Interleukin-6
CRP	� C-reactive protein
ECT	� Electroconvulsive therapy
HAMD-17	� The 17‐item Hamilton Depression Rating Scale
PHQ-9	� The Patient Health Questionnaire-9
LC–MS	� Liquid chromatography–mass spectrometry
SD	� Standard deviation
SSRIs	� Serotonin reuptake inhibitors
SNRIs	� Serotonin-norepinephrine reuptake inhibitors
ADMA	� Asymmetric dimethylarginine
IAA	� Indoleacetic acid
DEA	� Diethanolamine
FMN	� Riboflavin-5′-monophosphate
LA	� Linoleic acid
ALA	� Alpha-linolenic acid
GLA	� Gamma-linolenic acid
NOS	� Nitric oxide synthase
ROS	� Reactive oxygen
RNS	� Reactive nitrogen species



Page 8 of 9Luo et al. BMC Psychiatry          (2023) 23:550 

Acknowledgements
The authors would like to express my sincere gratitude to all the participants 
in our studies for their invaluable contribution.

Authors’ contributions
Bin Zhang designed and directed the study. Xin Luo, Yuwen Zhou, Shiqi Yuan, 
Xiaoyu Chen recruited participants and acquired data. Xin Luo and Shiqi Yuan 
analyzed data. Bin Zhang, Yuwen Zhou and Xin Luo drafted the manuscript. All 
authors revised and approved the final version of the manuscript.

Funding
This work was supported by Tianjin Health Research Project [grant number: 
TJWJ2023MS038]. The funding source did not participate in the study design, 
data collection, data analysis and interpretation, or decision to publish.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
The study was conducted in accordance with the Declaration of Helsinki, 
and approved by the ethical committee of the Affiliated Brain Hospital of 
Guangzhou Medical University (No. 2021–040). Written informed consent was 
obtained from all participants.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 10 February 2023   Accepted: 22 July 2023

References
	1.	 Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brockmoller J, Carpenter 

LL, Cincotta M, Chen R, Daskalakis JD, et al. Safety and recommendations 
for TMS use in healthy subjects and patient populations, with updates on 
training, ethical and regulatory issues: expert guidelines. Clin Neurophys-
iol. 2021;132(1):269–306.

	2.	 Yu F, Huang Y, Chen T, Wang X, Guo Y, Fang Y, He K, Zhu C, Wang K, Zhang 
L. Repetitive transcranial magnetic stimulation promotes response 
inhibition in patients with major depression during the stop-signal task. J 
Psychiatr Res. 2022;151:427–38.

	3.	 Mehta S, Konstantinou G, Weissman CR, Daskalakis ZJ, Voineskos D, Dow-
nar J, Mulsant BH, Blumberger DM. The effect of repetitive transcranial 
magnetic stimulation on suicidal ideation in treatment-resistant depres-
sion: a meta-analysis. J Clin Psychiatry. 2022;83(2):39202.

	4.	 Tateishi H, Setoyama D, Kato TA, Kang D, Matsushima J, Nogami K, Mawa-
tari S, Kojima R, Fujii Y, Sakemura Y, et al. Changes in the metabolites of 
cerebrospinal fluid induced by rTMS in treatment-resistant depression: a 
pilot study. Psychiatry Res. 2022;313:114636.

	5.	 Gonsalves MA, White TL, Barredo J, Fukuda AM, Joyce HE, Harris AD, 
Carpenter LL. Repetitive transcranial magnetic stimulation-associated 
changes in neocortical metabolites in major depression: a systematic 
review. Neuroimage Clin. 2022;35:103049.

	6.	 Blumberger DM, Vila-Rodriguez F, Thorpe KE, Feffer K, Noda Y, Giacobbe 
P, Knyahnytska Y, Kennedy SH, Lam RW, Daskalakis ZJ, et al. Effectiveness 
of theta burst versus high-frequency repetitive transcranial magnetic 
stimulation in patients with depression (THREE-D): a randomised non-
inferiority trial. Lancet. 2018;391(10131):1683–92.

	7.	 Jannati A, Oberman LM, Rotenberg A, Pascual-Leone A. Assessing the 
mechanisms of brain plasticity by transcranial magnetic stimulation. 
Neuropsychopharmacology. 2023;48(1):191–208.

	8.	 Suppa A, Huang YZ, Funke K, Ridding MC, Cheeran B, Di Lazzaro V, 
Ziemann U, Rothwell JC. Ten years of theta burst stimulation in humans: 
established knowledge, unknowns and prospects. Brain Stimul. 
2016;9(3):323–35.

	9.	 Chou PH, Lu MK, Tsai CH, Hsieh WT, Lai HC, Shityakov S, Su KP. Antide-
pressant efficacy and immune effects of bilateral theta burst stimulation 
monotherapy in major depression: a randomized, double-blind, sham-
controlled study. Brain Behav Immun. 2020;88:144–50.

	10.	 Stirton H, Meek BP, Edel AL, Solati Z, Surendran A, Aukema H, Modirrousta 
M, Ravandi A. Oxolipidomics profile in major depressive disorder: com-
paring remitters and non-remitters to repetitive transcranial magnetic 
stimulation treatment. PLoS One. 2021;16(2):e0246592.

	11.	 Brydges CR, Bhattacharyya S, Dehkordi SM, Milaneschi Y, Penninx B, 
Jansen R, Kristal BS, Han X, Arnold M, Kastenmuller G, et al. Metabolomic 
and inflammatory signatures of symptom dimensions in major depres-
sion. Brain Behav Immun. 2022;102:42–52.

	12.	 Brezmes J, Llambrich M, Cumeras R, Gumà J. Urine NMR metabolomics for 
precision oncology in colorectal cancer. Int J Mol Sci. 2022;23(19):11171.

	13.	 Rispoli MG, Valentinuzzi S, De Luca G, Del Boccio P, Federici L, Di Ioia M, 
Digiovanni A, Grasso EA, Pozzilli V, Villani A, et al. Contribution of metabo-
lomics to multiple sclerosis diagnosis, prognosis and treatment. Int J Mol 
Sci. 2021;22(20):11112.

	14.	 Zacharias HU, Hertel J, Johar H, Pietzner M, Lukaschek K, Atasoy S, Kunze 
S, Völzke H, Nauck M, Friedrich N, et al. A metabolome-wide association 
study in the general population reveals decreased levels of serum lauryl-
carnitine in people with depression. Mol Psychiatry. 2021;26(12):7372–83.

	15.	 Kawamura N, Shinoda K, Sato H, Sasaki K, Suzuki M, Yamaki K, Fujimori T, 
Yamamoto H, Osei-Hyiaman D, Ohashi Y. Plasma metabolome analysis 
of patients with major depressive disorder. Psychiatry Clin Neurosci. 
2018;72(5):349–61.

	16.	 Bot M, Milaneschi Y, Al-Shehri T, Amin N, Garmaeva S, Onderwater GLJ, 
Pool R, Thesing CS, Vijfhuizen LS, Vogelzangs N, et al. Metabolomics 
profile in depression: a pooled analysis of 230 metabolic markers 
in 5283 cases with depression and 10,145 controls. Biol Psychiatry. 
2020;87(5):409–18.

	17.	 Teng T, Clarke G, Maes M, Jiang Y, Wang J, Li X, Yin B, Xiang Y, Fan L, 
Liu X, et al. Biogeography of the large intestinal mucosal and luminal 
microbiome in cynomolgus macaques with depressive-like behavior. Mol 
Psychiatry. 2022;27(2):1059–67.

	18.	 Esperança-Martins M, F. Duarte I, Rodrigues M, Soares do Brito J, López-
Presa D, Costa L, Fernandes I, Dias S. On the relevance of soft tissue 
sarcomas metabolic landscape mapping. Int J Mol Sci. 2022;23(19):11430.

	19.	 Katam R, Lin C, Grant K, Katam CS, Chen S. Advances in plant metabo-
lomics and its applications in stress and single-cell biology. Int J Mol Sci. 
2022;23(13):6985.

	20.	 Chen DQ, Cao G, Chen H, Argyopoulos CP, Yu H, Su W, Chen L, Samuels 
DC, Zhuang S, Bayliss GP, et al. Identification of serum metabolites associ-
ating with chronic kidney disease progression and anti-fibrotic effect of 
5-methoxytryptophan. Nat Commun. 2019;10(1):1476.

	21.	 Gomes AP, Ilter D, Low V, Endress JE, Fernández-García J, Rosenzweig 
A, Schild T, Broekaert D, Ahmed A, Planque M, et al. Age-induced accu-
mulation of methylmalonic acid promotes tumour progression. Nature. 
2020;585(7824):283–7.

	22.	 Liu R, Hong J, Xu X, Feng Q, Zhang D, Gu Y, Shi J, Zhao S, Liu W, Wang X, 
et al. Gut microbiome and serum metabolome alterations in obesity and 
after weight-loss intervention. Nat Med. 2017;23(7):859–68.

	23.	 Cash RFH, Cocchi L, Lv J, Wu Y, Fitzgerald PB, Zalesky A. Personalized 
connectivity-guided DLPFC-TMS for depression: advancing compu-
tational feasibility, precision and reproducibility. Hum Brain Mapp. 
2021;42:4155–72.

	24.	 Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiatry. 
1960;23(1):56–62.

	25.	 Spitzer RL, Kroenke K, Williams JB. Validation and utility of a self-report 
version of PRIME-MD: the PHQ primary care study. Primary Care 
Evaluation of Mental Disorders. Patient Health Questionnaire. JAMA. 
1999;282(18):1737–44.

	26.	 Zhang X, Dong J, Raftery D. Five easy metrics of data quality for LC-MS-
based global metabolomics. Anal Chem. 2020;92(19):12925–33.

	27.	 Vorkas PA, Isaac G, Anwar MA, Davies AH, Want EJ, Nicholson JK, 
Holmes E. Untargeted UPLC-MS profiling pipeline to expand tissue 



Page 9 of 9Luo et al. BMC Psychiatry          (2023) 23:550 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

metabolome coverage: application to cardiovascular disease. Anal Chem. 
2015;87(8):4184–93.

	28.	 Li D, Tong Y, Li Y. Associations between dietary oleic acid and linoleic 
acid and depressive symptoms in perimenopausal women: The Study of 
Women’s Health Across the Nation. Nutrition. 2020;71:110602.

	29.	 Yu H, Qin X, Yu Z, Chen Y, Tang L, Shan W. Effects of high-fat diet 
on the formation of depressive-like behavior in mice. Food Funct. 
2021;12(14):6416–31.

	30.	 Lee LHW, Tan CH, Lo YL, Farooqui AA, Shui GH, Wenk MR, Ong WY. Brain 
lipid changes after repetitive transcranial magnetic stimulation: potential 
links to therapeutic effects? Metabolomics. 2012;8(1):19–33.

	31.	 Shrestha N, Holland OJ, Kent NL, Perkins AV, McAinch AJ, Cuffe JSM, Hry-
ciw DH. Maternal high linoleic acid alters placental fatty acid composi-
tion. Nutrients. 2020;12(8):2183.

	32.	 Lau BY, Cohen DJ, Ward WE, Ma DW. Investigating the role of polyunsatu-
rated fatty acids in bone development using animal models. Molecules. 
2013;18(11):14203–27.

	33.	 Yadav RK, Singh M, Roy S, Ansari MN, Saeedan AS, Kaithwas G. Modula-
tion of oxidative stress response by flaxseed oil: role of lipid peroxida-
tion and underlying mechanisms. Prostaglandins Other Lipid Mediat. 
2018;135:21–6.

	34.	 Wigner P, Czarny P, Synowiec E, Bijak M, Białek K, Talarowska M, Galecki P, 
Szemraj J, Sliwinski T. Variation of genes involved in oxidative and nitrosa-
tive stresses in depression. Eur Psychiatry. 2018;48:38–48.

	35.	 Bhatt S, Nagappa AN, Patil CR. Role of oxidative stress in depression. Drug 
Discov Today. 2020;25(7):1270–6.

	36.	 Das UN. “Cell membrane theory of senescence” and the role of bioactive 
lipids in aging, and aging associated diseases and their therapeutic 
implications. Biomolecules. 2021;11(2):241.

	37.	 Nguyen N, Dow M, Woodside B, German JB, Quehenberger O, Shih PB. 
Food-intake normalization of dysregulated fatty acids in women with 
anorexia nervosa. Nutrients. 2019;11(9):2208.

	38.	 Ozden A, Angelos H, Feyza A, Elizabeth W, John P. Altered plasma levels of 
arginine metabolites in depression. J Psychiatr Res. 2020;120:21–8.

	39.	 McEvoy MA, Schofield P, Smith W, Agho K, Mangoni AA, Soiza RL, Peel 
R, Hancock S, Kelly B, Inder K, et al. Serum methylarginines and incident 
depression in a cohort of older adults. J Affect Disord. 2013;151(2):493–9.

	40.	 Ali-Sisto T, Tolmunen T, Viinamäki H, Mäntyselkä P, Valkonen-Korhonen 
M, Koivumaa-Honkanen H, Honkalampi K, Ruusunen A, Nandania J, 
Velagapudi V, et al. Global arginine bioavailability ratio is decreased in 
patients with major depressive disorder. J Affect Disord. 2018;229:145–51.

	41.	 Ogłodek EA. Evaluation of ADMA, carbonyl groups, CAT and NKA in 
depressed patients with and without posttraumatic stress disorder. 
Pharmacol Rep. 2017;69(4):730–7.

	42.	 Moore K, Hughes CF, Ward M, Hoey L, McNulty H. Diet, nutrition and 
the ageing brain: current evidence and new directions. Proc Nutr Soc. 
2018;77(2):152–63.

	43.	 Moore K, Hughes CF, Hoey L, Ward M, Cunningham C, Molloy AM, Strain 
JJ, McCarroll K, Casey MC, Tracey F, et al. B-vitamins in relation to depres-
sion in older adults over 60 years of age: The Trinity Ulster Department 
of Agriculture (TUDA) cohort study. J Am Med Dir Assoc. 2019;20(5):551–
557.e551.

	44.	 Peraza AV, Guzmán DC, Brizuela NO, Herrera MO, Olguín HJ, Silva ML, 
Tapia BJ, Mejía GB. Riboflavin and pyridoxine restore dopamine levels and 
reduce oxidative stress in brain of rats. BMC Neurosci. 2018;19(1):71.

	45.	 Theofylaktopoulou D, Ulvik A, Midttun Ø, Ueland PM, Vollset SE, Nygård 
O, Hustad S, Tell GS, Eussen SJ. Vitamins B2 and B6 as determinants of 
kynurenines and related markers of interferon-γ-mediated immune 
activation in the community-based Hordaland Health Study. Br J Nutr. 
2014;112(7):1065–72.

	46.	 Aarsland TI, Leskauskaite I, Midttun Ø, Ulvik A, Ueland PM, Oltedal L, 
Erchinger VJ, Oedegaard KJ, Haavik J, Kessler U. The effect of electrocon-
vulsive therapy (ECT) on serum tryptophan metabolites. Brain Stimul. 
2019;12(5):1135–42.

	47.	 Muneer A. Kynurenine pathway of tryptophan metabolism in neuropsy-
chiatric disorders: pathophysiologic and therapeutic considerations. Clin 
Psychopharmacol Neurosci. 2020;18(4):507–26.

	48.	 Black CN, Bot M, Scheffer PG, Cuijpers P, Penninx BW. Is depression associ-
ated with increased oxidative stress? A systematic review and meta-
analysis. Psychoneuroendocrinology. 2015;51:164–75.

	49.	 Arnone D, McIntosh AM, Ebmeier KP, Munafò MR, Anderson IM. Magnetic 
resonance imaging studies in unipolar depression: systematic review and 
meta-regression analyses. Eur Neuropsychopharmacol. 2012;22(1):1–16.

	50.	 Jha MK, Trivedi MH. Personalized antidepressant selection and pathway 
to novel treatments: clinical utility of targeting inflammation. Int J Mol Sci. 
2018;19(1):233.

	51.	 Stevanovic I, Ninkovic M, Mancic B, Milivojevic M, Stojanovic I, Ilic T, Vujo-
vic M, Djukic M. Compensatory neuroprotective response of thioredoxin 
reductase against oxidative-nitrosative stress induced by experimental 
autoimmune encephalomyelitis in rats: modulation by theta burst stimu-
lation. Molecules. 2020;25(17):3922.

	52.	 Uzair M, Abualait T, Arshad M, Yoo WK, Mir A, Bunyan RF, Bashir S. Tran-
scranial magnetic stimulation in animal models of neurodegeneration. 
Neural Regen Res. 2022;17(2):251–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The changes in metabolomics profile induced by intermittent theta burst stimulation in major depressive disorder: an exploratory study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Subjects
	Study procedure
	MRI
	iTBS parameters
	Measurements
	Depression
	Metabolites

	Statistical analysis

	Results
	Participant characteristics
	Antidepressant efficacy of iTBS therapy
	Changes in plasma metabolites between before and after treatment
	Correlation between changes in plasma metabolites and depressive symptoms

	Discussion
	Conclusions
	Acknowledgements
	References


