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Objective: Repetitive transcranial magnetic stimulation (rTMS) has a positive

effect on patients with depressive disorder, while the underpinning molecular

mechanism is unknown. Here, we aimed to investigate the effect of rTMS on

serum levels of serum amyloid A (SAA) and testosterone in a real-world setting.

Materials and methods: In total, ninety-seven patients with depressive

disorder were treated with medicine and rTMS (the rTMS group) while 122

patients were treated using the medicine only (the control group). Plasma

levels of SAA (n = 52) and testosterone (n = 37) were measured before

and after 2 weeks of treatment, and the treatment effect was evaluated by

Hamilton Rating Scale for Depression (HAMD).

Results: The treatment effect revealed by the percentage of decrease in

HAMD in the second week was significantly greater in the rTMS group

compared with the control group. No significant difference was found in SAA

or testosterone levels between the two groups. However, the percentage of

changes in SAA (r = −0.492, p = 0.017) in the second week was significantly

correlated with the percentage of decrease in HAMD score in the rTMS group,

but not in the control group.

Conclusion: Patients with depression benefit more from combined rTMS and

medication treatment in this naturalistic study. Changes in SAA level, but

not testosterone level, were related to depressive remission after 2 weeks’

combined treatment.
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Introduction

Depression is a common psychiatric disorder with high
lifetime prevalence, affecting up to 15% of the world’s
population (Moussavi et al., 2007). Depressive disorders, such
as major depressive disorder (MDD) and dysthymic disorder,
are psychiatric illnesses with devastating personal and social
consequences owing to a persistent depressed mood, negative
thoughts, and fatigue. The WHO (World Health Organization,
2017) has declared depression to be the leading cause of
disability worldwide. Current pharmacologic treatment options
show limited effectiveness in countering the disease (Turner
et al., 2008; Cipriani et al., 2018), and approximately 30% of
patients do not experience sustained symptomatic remission
despite multiple treatment attempts (Rush et al., 2006).

Repetitive transcranial magnetic stimulation (rTMS) is a
non-invasive neuromodulation technique with broad clinical
applications. A significant positive effect of rTMS on adult MDD
patients has been demonstrated in several studies (McNamara
et al., 2001; Burt et al., 2002; Herrmann and Ebmeier, 2006;
O’Reardon et al., 2007). In current clinical practice, the
left unilateral dorsolateral prefrontal cortex (DLPFC) 10 Hz
stimulation protocol has been approved by the food and
drug administration (FDA) for treatment-resistant depression
patients. However, a meta-analysis suggested that the efficacy
was not robust across studies or participants (Hyde et al.,
2022). Full elucidation of the antidepressant mechanism of
rTMS may help to explain the heterogeneity, and increase
the chance of discovering new therapeutic strategies. A recent
review (Luan et al., 2020) summarized the anti-depressant
mechanism of rTMS in preclinical studies, namely, anti-
inflammatory effects, anti-oxidative stress effects, enhancement
of synaptic, and neurogenesis, the increased content of
monoamine neurotransmitters, and the reduced activity of the
hypothalamic-pituitary-adrenocortical axis. Another review has
shown that the rTMS may exert a neuroprotective effect by
acting on neuroinflammation in animal models of depression
(Yulug et al., 2016). When unclear factor-E2-related factor 2
(Nrt2), which has an anti-inflammatory effect, was silenced,
the antidepressant effect produced by the rTMS was abolished
(Tian et al., 2020). The mechanism that rTMS effectively
reverse despair-like behavior in rats could be related to
regulating metabotropic glutamate receptors 5 (mGluR5)/N-
Methyl-D-Aspartic acid receptor type 2B (NMDAR2B)-related
inflammatory signaling pathways in the anterior agranular
insular (Hu et al., 2022).

Several inflammatory markers, namely interleukin-1β (IL-
1β), IL-6, and C-reactive protein (CRP), are associated with
depression (Howren et al., 2009; Zunszain et al., 2013). Serum
amyloid A (SAA), like CRP, is an acute-phase plasma protein,
synthesized predominantly by the liver and induced by IL-1β

and IL-6 (Moshage et al., 1988; Smith and McDonald, 1992;
Eklund et al., 2012). Elevated levels of SAA have been detected

in the plasma of patients with clinical depression compared with
healthy controls (Wang et al., 2016). Another population-based
cohort study has found that patients with depressive disorders
had higher plasma SAA concentrations relative to individuals
without such disorders (van Dooren et al., 2016). Plasma SAA
was closely associated with depression severity across diagnostic
boundaries in a naturalistic outpatient psychiatric sample
(Bryleva et al., 2017). Serum levels of inflammatory cytokines
such as IL-1β, IL-6, and tumor necrosis factor (TNF)-α were
found to decrease after rTMS intervention (Zhao et al., 2019;
Perrin and Pariante, 2020; Liu et al., 2022), which suggested that
the antidepressant effect of rTMS may be related to changes in
inflammatory (Wang et al., 2022). Besides, partial improvement
of cognitive dysfunction by rTMS might be attributable to the
reduction of peripheral IL-1β levels (Tateishi et al., 2020). Thus,
SAA may be a part of the molecular mechanism of rTMS
efficacy.

On the other hand, the association between testosterone and
depression has been extensively debated because testosterone
is a neuroactive steroid hormone influencing mood (Amiaz
and Seidman, 2008). A population-based, longitudinal study
showed inverse associations between androgens and depressive
symptoms, although the associations were not independent
of relevant confounders (Kische et al., 2017). In another
longitudinal study on children, the rTMS was effective in
remediating testosterone to levels seen in age-matched controls
(Bolotova et al., 2017). Besides, gonadal steroids are involved in
regulating cortical excitability induced by rTMS (Bonifazi et al.,
2004). Exogenous application of testosterone can also modify
connectivity between the DLPFC and the amygdala, which is
related to emotion regulation (Votinov et al., 2020). Based
on these, we speculated that testosterone was also a potential
molecular mechanism or an indicator of rTMS efficacy.

In the present study, we aimed to verify the effectiveness
of combined rTMS and medication depression therapy in real-
world clinical settings, and investigate the effect of rTMS on
serum levels of SAA and testosterone in depression patients.

Materials and methods

Participants

This study included inpatients from the Affiliated Mental
Health Center and the Hangzhou Seventh People’s Hospital,
Zhejiang University School of Medicine. All the data were
acquired from the Integration Platform for Clinical and
Scientific Research on Mental Disorders. In total, 3,091
patients aged between 18 and 65 years, were diagnosed with
depressive disorder by two treating psychiatrists according
to the international classification of diseases, tenth (ICD-10)
revision. Those who completed more than six sessions of rTMS
(except for the control group) and finished clinical assessment
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FIGURE 1

Flow diagram of the study.

of the Hamilton Rating Scale for Depression (HAMD) three
times would be included in this study. Exclusion criteria
were: received other electromagnetic stimulations such as
electroconvulsive therapy; depression caused by other severe
psychiatric disorders; history of severe somatic diseases and
organic diseases of the brain; and having medication other
than antidepressants, benzodiazepines/non-benzodiazepines, or
low-dose of olanzapine/quetiapine. The flow chart of the study
design is shown in Figure 1. A total of 219 patients were enrolled
in this study, with 122 in the control group and 97 in the rTMS
group. There were 52 patients (23 from the rTMS group and 29
from the control group) who measured SAA and 37 patients (20
from the rTMS group with 16 women, and 17 from the control
group with 14 women) who measured testosterone at baseline
and second week. The study protocol was approved by the ethics
committee of the local hospital. Informed consent was obtained
and the study abided by the Declaration of Helsinki principles.

Repetitive transcranial magnetic
stimulation treatment

All the rTMS treatment was administered by trained medical
doctors. All the patients were seated in a comfortable chair
while TMS stimuli were delivered to the left prefrontal cortex
(using the 5-cm rule) with a figure-of-eight coil and an OSF-6
magnetic stimulator (Wuhan Aosaifu Medical Technology Co.,

Ltd., China). The patients received 5 sessions of rTMS treatment
per week and the stimulation frequency was 10 Hz with power
(intensity) level of 90% of motor threshold (MT). Each session
contained 60 rTMS trains with 40 pulses per train and the
intertrain interval was 15 s.

Clinical assessment

The primary outcome of the study was the percentage of
decrease in scores on the 24-item version of the HAMD. The
outcome measure of HAMD was assessed at baseline (before
rTMS treatment), first week (5 sessions), and second week (10
sessions). Response to treatment was defined as an over 50%
decrease in HAMD. Remission was defined as a HAMD score
of less than 8 in the second week.

Blood sampling procedures and
analyses

The blood sample was collected between 7:00 and 9:00
a.m. in a fasting state. Analyses of SAA and testosterone
were performed on fresh biospecimens on the day of sample
collecting. The SAA was analyzed using a particle-enhanced
turbidimetric immunoassay (PETIA) and testosterone was
analyzed using chemiluminescence analysis (CLIA).
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TABLE 1 Demographic, Hamilton Rating Scale for Depression (HAMD)
score, serum amyloid A (SAA), and testosterone in the control and the
repetitive transcranial magnetic stimulation (rTMS) groups.

Control group
(n = 122)

rTMS group
(n = 97)

t/χ2 P

Age (years) [mean
(SD)]

48.3 (11.5) 45.3 (11.8) 1.879 0.062

Age range (years) 18–65 22–65

Female [n (%)] 91 (74.6) 76 (78.4) 0.516 0.528

Benzodiazepine [n
(%)]

120 (98.4) 96 (99.0) 0.148 0.586

Olanzapine/Quetiapine
[n (%)]

90 (73.8) 62 (63.9) 2.471 0.077

Baseline
assessments

HAMD [Mean
(SD)]

23.5 (6.4) 23.5 (5.6) 0.024 0.981

SAA (n = 52) 7.5 (1.2) 9.3 (9.7) −0.771 0.444

Testosterone
(n = 37)

3.0 (5.6) 2.7 (4.2) 0.156 0.877

First-week
assessment

HAMD [Mean
(SD)]

14.5 (4.9) 13.5 (4.4) 1.561 0.120

Decrease in HAMD
[Mean (SD)]

9.1 (4.6) 10.1 (4.6) −1.570 0.118

Percentage of
decrease in HAMD
[%]

37.6 42.5 −2.088 0.038

Second-week
assessment

HAMD [Mean
(SD)]

7.5 (4.0) 6.4 (3.3) 2.098 0.037

Decrease in HAMD
[Mean (SD)]

16.1 (5.2) 17.1 (5.7) −1.404 0.162

Percentage of
decrease in HAMD
[%]

68.2 72.2 −2.112 0.036

Remission rate (%) 59.0 66.0 1.113 0.180

Response rate (%) 87.7 87.6 < 0.001 0.573

SAA (n = 52) 8.7 (11.5) 7.0 (5.0) 0.673 0.504

Testosterone
(n = 37)

2.9 (5.3) 3.3 (5.8) −0.184 0.855

Bold values indicates a significant difference at the p = 0.05 level.

Data analysis

Data were analyzed using standard descriptive statistics in
PASW Statistics 18.0 (SPSS Inc., Chicago, IL, United States)
statistical software. The control group (n = 122) included
patients with medical treatment while the rTMS group (n = 97)
included those with joint medicine and rTMS treatments. Chi-
square tests were used to investigate differences in men/women
between groups. Repeated two-way ANOVA (group ∗ time)
was conducted to investigate the HAMD score/percentage

FIGURE 2

Hamilton Rating Scale for Depression (HAMD) scores at the
baseline, the first week, and the second week in the control and
the repetitive transcranial magnetic stimulation (rTMS) group.
*Indicates a significant difference at the p = 0.05 level.

of decrease in HAMD/SAA level/testosterone level difference
between groups across 2 weeks of measures. Student’s t-test were
used to investigate differences between groups in the percentage
of changes in HAMD score, SAA, and testosterone level.
Pearson correlation was used to investigate the relationship
between the percentage of changes in SAA, testosterone
levels, and HAMD score.

Results

Demographics, Hamilton Rating Scale
for Depression score, serum amyloid A,
and testosterone statistics

As shown in Table 1, the distributions of sex and age did not
differ between the control and the rTMS groups. The percentage
of patients who used benzodiazepine/olanzapine/quetiapine did
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not differ between the two groups either. The HAMD score at
baseline and the first week did not differ between the two groups.
However, the rTMS group scored lower than the control group
on HAMD in the second week.

Effectiveness of repetitive transcranial
magnetic stimulation

When conducting the two-way ANOVA statistic with group
factors (rTMS/Control) and time factors (baseline, first week
and second week) within HAMD score, there was a significant
effect in time [F(2,434) = 1431.734, p < 0.001] but not
in the group [F(1,217) = 1.506, p = 0.221] and interaction
[F(2,434) = 1.753, p = 0.175] (Figure 2). When conducting the
two-way ANOVA statistic with group factors (rTMS/Control)
and time factors (first week and second week) within percentage
of decrease in HAMD, there were significant effects both in
group [F(1,217) = 5.799, p = 0.017] and time [F(1,217) = 809.113,
p < 0.001], but not in interaction [F(1,217) = 0.143, p = 0.706],

suggesting the effectiveness of rTMS treatment along the time.
Further t-test showed that the percentage of decrease in HAMD
in the rTMS group was significantly greater than in the control
group in the first [t(217) = −2.088, p = 0.038] and second week
[t(217) = −2.112, p = 0.036]. However, the response rate or
remission rate of the rTMS group did not differ from the control
group in the second week.

No differences in serum amyloid
A/testosterone levels between the
control and the repetitive transcranial
magnetic stimulation groups

When conducting the two-way ANOVA statistic with
group factors (rTMS/Control) and time factors (baseline and
second week) within SAA level of 52 patients, there was no
significant group effect [F(1,51) = 0.696, p = 0.408], time effect
[F(1,51) = 0.871, p = 0.355], or interaction effect [F(1,51) = 0.242,
p = 0.625] (Figure 3A). The percentage of decrease in SAA level

FIGURE 3

(A) Serum amyloid A (SAA) levels at the baseline and the second week in the control group and the rTMS group. (B) Testosterone levels at the
baseline and the second week in the control group and the rTMS group.
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FIGURE 4

Correlation between percentage of changes in serum amyloid A (SAA) level and percentage of decrease in Hamilton Rating Scale for Depression
(HAMD) score in the repetitive transcranial magnetic stimulation (rTMS) group at the second week.

[t(50) = 1.550, p = 0.128] did not differ between control and the
rTMS group.

When conducting the two-way ANOVA statistic with
group factors (rTMS/Control) and time factors (baseline and
second week) within testosterone level of 37 patients, there
was no significant group effect [F(1,35) = 0.001, p = 0.979],
time effect [F(1,35) = 0.791, p = 0.380], or interaction effect
[F(1,35) = 1.313, p = 0.260] (Figure 3B). The percentage of
changes in testosterone level [t(35) = 0.671, p = 0.507] did not
differ between control and the rTMS group.

Relationships between serum amyloid
A/testosterone level changes and
Hamilton Rating Scale for Depression
decrease

The significant relationship was found between percentage
of decrease in SAA level and the percentage of decrease in

HAMD score in the rTMS group at second week (r = −0.492,
p = 0.017) (Figure 4), rather than the control group (r = 0.105,
p = 0.579), or among all patients (r = −0.025, p = 0.858).

Notably, no relationship was found between the percentage
of change in testosterone level at second week and the
percentage of decrease in HAMD score, neither in all patients
(r = −0.071, p = 0.675) nor in separate groups (the rTMS group:
r = −0.214, p = 0.366; the control group: r = 0.267, p = 0.299).

Discussion

In this study, we found a greater percentage of decrease in
HAMD score in the second week when combined with rTMS
treatment than medical treatment only in depression patients,
and the percentage of decrease in HAMD score was associated
with the percentage of changes in SAA level in the second week.

The rTMS could accelerate the onset time of beneficial
treatment effects and improve clinical symptoms of depression
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(Dai et al., 2022). In a study of depression patients who were
administrated with drugs combined with rTMS treatment, the
active rTMS group demonstrated a more significant score
reduction compared to the sham rTMS group in the second
week (Dai et al., 2022). Here, rTMS also showed early
effectiveness in the second week. Research has indicated that
benzodiazepines (BZD) may impede the response to rTMS
(Deppe et al., 2021). Although most patients in this study
took BZD during rTMS treatment due to insomnia, rTMS still
showed its effectiveness within 2 weeks.

Although no significant result was found on the SAA level
during the 2 weeks of combined rTMS treatment, the percentage
of decrease in SAA level was related to the percentage of decrease
in HAMD score. Changes in inflammatory mediators such as
SAA were related to insomnia (Xia et al., 2021), which is a
common symptom of depression disorder. In rodents, liver-
specific SAA1 overexpressing mice were considered a valuable
model to study depression (Jang et al., 2017). The cytokine
production of T helper 17 (Th17) cells was regulated by
SAA (Lee et al., 2020), and the increase in Th17 production
promoted by SAA may induce depressive-like behaviors in
mice (Medina-Rodriguez et al., 2020). Thus, a segmented
filamentous bacteria (SFB)/autoinducer-2 (AI-2)/SAA1-2/Th17
cell pathway that promoted depressive-like behavior was
uncovered (Medina-Rodriguez et al., 2020). The evidence
suggested that the SAA level may regulate depressive symptoms.
Despite the lack of significant SAA level difference between
the two groups, improvement of depressive symptoms in the
second week was found associated with SAA level drop. As
a matter of interest, this association was only present when
rTMS treatment was combined. Consistently, another study in
depression model mice found that rTMS reversed the down-
regulation of astrocytes and inhibited high levels of IL-6, and
IL-1β caused by chronic unpredictable mild stress (CUMS)
in the hippocampus and prefrontal cortex (Zuo et al., 2022).
Therefore, inhibition was also found on SAA in patients with
the depressive disorder who were treated by rTMS combined
with medicine, but not by medicine only. Inflammation was
suggested to be associated with non-response to psychological
therapy (Strawbridge et al., 2020), while it may be an indicator
of rTMS therapy. Nevertheless, whether SAA is a state marker
or a trait marker is still unclear due to the configuration results
(Kling et al., 2007; Dahl et al., 2014). Thus, a follow-up study
would be useful to answer this question.

It should be pointed out that no significant difference
was found in testosterone levels between the two groups.
Besides, no relationship was found between therapeutic effects
and changes in testosterone levels either. Although lower
testosterone level was associated with depression in men
(McIntyre et al., 2006; Westley et al., 2015; Giltay et al.,
2017), the results were inconsistent in women. A meta-analysis
and Mendelian randomization study show that women with
depression do indeed display significantly different serum levels

of testosterone, which was most likely a manifestation of
the disease itself (Maharjan et al., 2021). The meta-analyses
indicate that testosterone appears to have a small antidepressant
effect, while they do not provide strong support for the use
of testosterone in depressive disorders in general (Dichtel
et al., 2020; Dwyer et al., 2020). It is observed that most
antidepressants can influence testosterone levels (Pavlidi et al.,
2021), but the relationship between testosterone level and
depressive symptom remission was not found in patients treated
with the medicine. The hypothalamic-pituitary-gonadal (HPG)
axis may offer a pathway to explain the impact of rTMS on
this outcome (Crewther et al., 2022). Testosterone has been
examined using rodent models of rTMS (Hedges et al., 2002,
2003). Nevertheless, these studies on rats failed to find an effect
of HF–rTMS on testosterone levels. Therefore, testosterone
might not be an indicative factor for rTMS or medicine
treatments.

The limitations of this study are intrinsic to those of
retrospective research conducted in a naturalistic setting.
A sham rTMS group was not used to control for placebo effects.
In addition, the present study used an atypical rTMS treatment
protocol and did not control for concurrent medications or
psychotherapy. The sample size of patients who completed
baseline and second-week serological examinations was small,
which limited our further analysis. At last, the follow-up time
was only 2 weeks, which helped to understand the early onset
but not the long-term effectiveness of rTMS therapy.

In conclusion, patients with depression benefit more from
combined rTMS treatment with medicine in a naturalistic
study. Changes in SAA but not testosterone level were
related to depressive remission after 2 weeks of combined
treatment. Future research is needed in the form of double-
blind, randomized control trials that examines the relationship
between SAA level and rTMS depression outcome.

Data availability statement

The datasets generated and analyzed during the current
study are not publicly available because permission is needed
to access the database of the hospital, but they are available
from the corresponding author on reasonable request.
Requests to access these datasets should be directed to ZY,
yuzhcoo@sina.com.

Ethics statement

The studies involving human participants were
reviewed and approved by Ethics Committee of Affiliated
Mental Health Center and Hangzhou Seventh People’s
Hospital, Zhejiang University School of Medicine. The

Frontiers in Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fnins.2022.1002816
mailto:yuzhcoo@sina.com
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1002816 September 12, 2022 Time: 12:23 # 8

Xu et al. 10.3389/fnins.2022.1002816

patients/participants provided their written informed consent to
participate in this study.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work, and approved it
for publication.

Funding

This work was supported by the National Important Project
on Science and Technique Innovation 2030—“Brain Science
and Brain-Inspired Intelligence Technology” (grant number
2021ZD0201905-1) and the Zhejiang Provincial Commonweal
Foundation (grant number LGF20H090004).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The handling editor HJ declared a shared parent affiliation
with the authors at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

Amiaz, R., and Seidman, S. N. (2008). Testosterone and depression in
men. Curr. Opin. Endocrinol. Diabetes Obes. 15, 278–283. doi: 10.1097/MED.
0b013e3282fc27eb

Bolotova, N. V., Averianov, A. P., Timofeeva, S. V., Raigorodsky, Y. M., and
Morova, O. L. (2017). Transcranial magnetic therapy is an effective strategy for
remediating neuroendocrine pathology. Russ. OpenMed. J. 6:e0106. doi: 10.15275/
rusomj.2017.0106

Bonifazi, M., Ginanneschi, F., della Volpe, R., and Rossi, A. (2004). Effects of
gonadal steroids on the input-output relationship of the corticospinal pathway in
humans. Brain Research 1011, 187–194. doi: 10.1016/j.brainres.2004.03.022

Bryleva, E. Y., Keaton, S. A., Grit, J., Madaj, Z., Sauro-Nagendra, A., Smart,
L., et al. (2017). The acute-phase mediator serum amyloid A is associated with
symptoms of depression and fatigue. Acta Psychiatr. Scand. 135, 409–418. doi:
10.1111/acps.12730

Burt, T., Lisanby, S. H., and Sackeim, H. A. (2002). Neuropsychiatric
applications of transcranial magnetic stimulation: A meta analysis. Int. J.
Neuropsychopharmacol. 5, 73–103. doi: 10.1017/S1461145702002791

Cipriani, A., Furukawa, T. A., Salanti, G., Chaimani, A., Atkinson, L. Z., Ogawa,
Y., et al. (2018). Comparative efficacy and acceptability of 21 antidepressant drugs
for the acute treatment of adults with major depressive disorder: A systematic
review and network meta-analysis. Lancet (London, England) 391, 1357–1366.
doi: 10.1016/S0140-6736(17)32802-7

Crewther, B. T., Kasprzycka, W., Cook, C. J., and Rola, R. (2022). Impact of one
HF-rTMS session over the DLPFC and motor cortex on acute hormone dynamics
and emotional state in healthy adults: A sham-controlled pilot study. Neurol. Sci.
43, 651–659. doi: 10.1007/s10072-021-05335-7

Dahl, J., Ormstad, H., Aass, H. C. D., Malt, U. F., Bendz, L. T., Sandvik,
L., et al. (2014). The plasma levels of various cytokines are increased
during ongoing depression and are reduced to normal levels after recovery.
Psychoneuroendocrinology 45, 77–86. doi: 10.1016/j.psyneuen.2014.03.019

Dai, L., Wang, P., Du, H., Guo, Q., Li, F., He, X., et al. (2022).
High-frequency repetitive transcranial magnetic stimulation (rTMS) accelerates
onset time of beneficial treating effects and improves clinical symptoms of
depression. CNS Neurol. Disord. Drug Targets 21, 500–510. doi: 10.2174/
1871527320666211104123343

Deppe, M., Abdelnaim, M., Hebel, T., Kreuzer, P. M., Poeppl, T. B., Langguth, B.,
et al. (2021). Concomitant lorazepam use and antidepressive efficacy of repetitive
transcranial magnetic stimulation in a naturalistic setting. Eur. Arch. Psychiatry
Clin. Neurosci. 271, 61–67. doi: 10.1007/s00406-020-01160-9

Dichtel, L. E., Carpenter, L. L., Nyer, M., Mischoulon, D., Kimball,
A., Deckersbach, T., et al. (2020). Low-dose testosterone augmentation for
antidepressant-resistant major depressive disorder in women: An 8-week
randomized placebo-controlled study. Am. J. Psychiatry 177, 965–973. doi: 10.
1176/appi.ajp.2020.19080844

Dwyer, J. B., Aftab, A., Radhakrishnan, R., Widge, A., Rodriguez, C. I.,
Carpenter, L. L., et al. (2020). Hormonal treatments for major depressive disorder:
State of the art. Am. J. Psychiatry 177, 686–705. doi: 10.1176/appi.ajp.2020.
19080848

Eklund, K. K., Niemi, K., and Kovanen, P. T. (2012). Immune functions of serum
amyloid A. Crit. Rev. Immunol. 32, 335–348. doi: 10.1615/critrevimmunol.v32.i4.
40

Giltay, E. J., van der Mast, R. C., Lauwen, E., Heijboer, A. C., de Waal, M. W. M.,
and Comijs, H. C. (2017). Plasma testosterone and the course of major depressive
disorder in older men and women. Am. J. Geriatr. Psychiatry. 25, 425–437. doi:
10.1016/j.jagp.2016.12.014

Hedges, D. W., Massari, C., Salyer, D. L., Lund, T. D., Hellewell, J. L., Johnson,
A. C., et al. (2003). Duration of transcranial magnetic stimulation effects on
the neuroendocrine stress response and coping behavior of adult male rats.
Prog. Neuro Psychopharmacol. Biol. Psychiatry 27, 633–638. doi: 10.1016/S0278-
5846(03)00052-6

Hedges, D. W., Salyer, D. L., Higginbotham, B. J., Lund, T. D., Hellewell, J. L.,
Ferguson, D., et al. (2002). Transcranial magnetic stimulation (TMS) effects on
testosterone, prolactin, and corticosterone in adult male rats. Biol. Psychiatry 51,
417–421. doi: 10.1016/s0006-3223(01)01266-5

Herrmann, L. L., and Ebmeier, K. P. (2006). Factors modifying the efficacy of
transcranial magnetic stimulation in the treatment of depression: A review. J. Clin.
Psychiatry 67, 1870–1876. doi: 10.4088/jcp.v67n1206

Howren, M. B., Lamkin, D. M., and Suls, J. (2009). Associations of depression
with C-reactive protein, IL-1, and IL-6: A meta-analysis. Psychosom. Med. 71,
171–186. doi: 10.1097/PSY.0b013e3181907c1b

Hu, Y., Zhu, Y., Wen, X., Zeng, F., Feng, Y., Xu, Z., et al. (2022).
Repetitive transcranial magnetic stimulation regulates neuroinflammation,
relieves hyperalgesia, and reverses despair-like behavior in chronic constriction
injury rats. Eur. J. Neurosci. doi: 10.1111/ejn.15779 [Epub ahead of print].

Hyde, J., Carr, H., Kelley, N., Seneviratne, R., Reed, C., Parlatini, V., et al. (2022).
Efficacy of neurostimulation across mental disorders: Systematic review and meta-
analysis of 208 randomized controlled trials. Mol. Psychiatry 27, 2709–2719. doi:
10.1038/s41380-022-01524-8

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2022.1002816
https://doi.org/10.1097/MED.0b013e3282fc27eb
https://doi.org/10.1097/MED.0b013e3282fc27eb
https://doi.org/10.15275/rusomj.2017.0106
https://doi.org/10.15275/rusomj.2017.0106
https://doi.org/10.1016/j.brainres.2004.03.022
https://doi.org/10.1111/acps.12730
https://doi.org/10.1111/acps.12730
https://doi.org/10.1017/S1461145702002791
https://doi.org/10.1016/S0140-6736(17)32802-7
https://doi.org/10.1007/s10072-021-05335-7
https://doi.org/10.1016/j.psyneuen.2014.03.019
https://doi.org/10.2174/1871527320666211104123343
https://doi.org/10.2174/1871527320666211104123343
https://doi.org/10.1007/s00406-020-01160-9
https://doi.org/10.1176/appi.ajp.2020.19080844
https://doi.org/10.1176/appi.ajp.2020.19080844
https://doi.org/10.1176/appi.ajp.2020.19080848
https://doi.org/10.1176/appi.ajp.2020.19080848
https://doi.org/10.1615/critrevimmunol.v32.i4.40
https://doi.org/10.1615/critrevimmunol.v32.i4.40
https://doi.org/10.1016/j.jagp.2016.12.014
https://doi.org/10.1016/j.jagp.2016.12.014
https://doi.org/10.1016/S0278-5846(03)00052-6
https://doi.org/10.1016/S0278-5846(03)00052-6
https://doi.org/10.1016/s0006-3223(01)01266-5
https://doi.org/10.4088/jcp.v67n1206
https://doi.org/10.1097/PSY.0b013e3181907c1b
https://doi.org/10.1111/ejn.15779
https://doi.org/10.1038/s41380-022-01524-8
https://doi.org/10.1038/s41380-022-01524-8
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1002816 September 12, 2022 Time: 12:23 # 9

Xu et al. 10.3389/fnins.2022.1002816

Jang, W. Y., Lee, B.-R., Jeong, J., Sung, Y., Choi, M., Song, P., et al. (2017).
Overexpression of serum amyloid a 1 induces depressive-like behavior in mice.
Brain Res. 1654(Pt A), 55–65. doi: 10.1016/j.brainres.2016.09.003

Kische, H., Gross, S., Wallaschofski, H., Grabe, H. J., Völzke, H., Nauck, M.,
et al. (2017). Associations of androgens with depressive symptoms and cognitive
status in the general population. PLoS One 12:e0177272. doi: 10.1371/journal.
pone.0177272

Kling, M. A., Alesci, S., Csako, G., Costello, R., Luckenbaugh, D. A., Bonne,
O., et al. (2007). Sustained low-grade pro-inflammatory state in unmedicated,
remitted women with major depressive disorder as evidenced by elevated serum
levels of the acute phase proteins C-reactive protein and serum amyloid A. Biol.
Psychiatry 62, 309–313. doi: 10.1016/j.biopsych.2006.09.033

Lee, J.-Y., Hall, J. A., Kroehling, L., Wu, L., Najar, T., Nguyen, H. H., et al.
(2020). Serum amyloid A proteins induce pathogenic Th17 cells and promote
inflammatory disease. Cell 180, 79–91.e16. doi: 10.1016/j.cell.2019.11.026

Liu, S., Wang, X., Yu, R., and Sun, Y. (2022). Effect of transcranial magnetic
stimulation on treatment effect and immune function. Saudi J. Biol. Sci. 29,
379–384. doi: 10.1016/j.sjbs.2021.08.104

Luan, D., Zhao, M.-G., Shi, Y.-C., Li, L., Cao, Y.-J., Feng, H.-X., et al. (2020).
Mechanisms of repetitive transcranial magnetic stimulation for anti-depression:
Evidence from preclinical studies. World J. Psychiatry 10, 223–233. doi: 10.5498/
wjp.v10.i10.223

Maharjan, D. T., Syed, A. A. S., Lin, G. N., and Ying, W. (2021). Testosterone
in female depression: A meta-analysis and mendelian randomization study.
Biomolecules 11, 409. doi: 10.3390/biom11030409

McIntyre, R. S., Mancini, D., Eisfeld, B. S., Soczynska, J. K., Grupp, L., Konarski,
J. Z., et al. (2006). Calculated bioavailable testosterone levels and depression
in middle-aged men. Psychoneuroendocrinology 31, 1029–1035. doi: 10.1016/j.
psyneuen.2006.06.005

McNamara, B., Ray, J. L., Arthurs, O. J., and Boniface, S. (2001). Transcranial
magnetic stimulation for depression and other psychiatric disorders. Psychol. Med.
31, 1141–1146. doi: 10.1017/s0033291701004378

Medina-Rodriguez, E. M., Madorma, D., O’Connor, G., Mason, B. L., Han, D.,
Deo, S. K., et al. (2020). Identification of a signaling mechanism by which the
microbiome regulates Th17 cell-mediated depressive-like behaviors in mice. Am.
J. Psychiatry 177, 974–990. doi: 10.1176/appi.ajp.2020.19090960

Moshage, H. J., Roelofs, H. M., van Pelt, J. F., Hazenberg, B. P., van Leeuwen,
M. A., Limburg, P. C., et al. (1988). The effect of interleukin-1, interleukin-6 and
its interrelationship on the synthesis of serum amyloid A and C-reactive protein
in primary cultures of adult human hepatocytes. Biochem. Biophys. Res. Commun.
155, 112–117. doi: 10.1016/s0006-291x(88)81056-8

Moussavi, S., Chatterji, S., Verdes, E., Tandon, A., Patel, V., and Ustun, B. (2007).
Depression, chronic diseases, and decrements in health: Results from the World
Health Surveys. Lancet (London, England) 370, 851–858. doi: 10.1016/S0140-
6736(07)61415-9

O’Reardon, J. P., Solvason, H. B., Janicak, P. G., Sampson, S., Isenberg,
K. E., Nahas, Z., et al. (2007). Efficacy and safety of transcranial magnetic
stimulation in the acute treatment of major depression: A multisite randomized
controlled trial. Biol. Psychiatry 62, 1208–1216. doi: 10.1016/j.biopsych.2007.01.
018

Pavlidi, P., Kokras, N., and Dalla, C. (2021). Antidepressants’ effects on
testosterone and estrogens: What do we know? Eur. J. Pharmacol. 899:173998.
doi: 10.1016/j.ejphar.2021.173998

Perrin, A. J., and Pariante, C. M. (2020). Endocrine and immune effects of
non-convulsive neurostimulation in depression: A systematic review. Brain Behav.
Immun. 87, 910–920. doi: 10.1016/j.bbi.2020.02.016

Rush, A. J., Trivedi, M. H., Wisniewski, S. R., Nierenberg, A. A., Stewart,
J. W., Warden, D., et al. (2006). Acute and longer-term outcomes in
depressed outpatients requiring one or several treatment steps: A STAR∗D
report. Am. J. Psychiatry 163, 1905–1917. doi: 10.1176/ajp.2006.163.11.
1905

Smith, J. W., and McDonald, T. L. (1992). Production of serum amyloid A and
C-reactive protein by HepG2 cells stimulated with combinations of cytokines or
monocyte conditioned media: The effects of prednisolone. Clin. Exp. Immunol.
90, 293–299. doi: 10.1111/j.1365-2249.1992.tb07945.x

Strawbridge, R., Marwood, L., King, S., Young, A. H., Pariante, C. M., Colasanti,
A., et al. (2020). Inflammatory proteins and clinical response to psychological
therapy in patients with depression: An exploratory study. J. Clin. Med. 9:E3918.
doi: 10.3390/jcm9123918

Tateishi, H., Mizoguchi, Y., Kawaguchi, A., Imamura, Y., Matsushima, J.,
Kunitake, H., et al. (2020). Changes in interleukin-1 beta induced by rTMS
are significantly correlated with partial improvement of cognitive dysfunction
in treatment-resistant depression: A pilot study. Psychiatry Res. 289:112995. doi:
10.1016/j.psychres.2020.112995

Tian, L., Sun, S.-S., Cui, L.-B., Wang, S.-Q., Peng, Z.-W., Tan, Q.-R., et al. (2020).
Repetitive transcranial magnetic stimulation elicits antidepressant- and anxiolytic-
like effect via nuclear factor-E2-related factor 2-mediated Anti-inflammation
mechanism in rats. Neuroscience 429, 119–133. doi: 10.1016/j.neuroscience.2019.
12.025

Turner, E. H., Matthews, A. M., Linardatos, E., Tell, R. A., and Rosenthal, R.
(2008). Selective publication of antidepressant trials and its influence on apparent
efficacy. N. Engl. J. Med. 358, 252–260. doi: 10.1056/NEJMsa065779

van Dooren, F. E. P., Schram, M. T., Schalkwijk, C. G., Stehouwer, C. D. A.,
Henry, R. M. A., Dagnelie, P. C., et al. (2016). Associations of low grade
inflammation and endothelial dysfunction with depression—The Maastricht
Study. Brain Behav. Immun. 56, 390–396. doi: 10.1016/j.bbi.2016.03.004

Votinov, M., Wagels, L., Hoffstaedter, F., Kellermann, T., Goerlich, K. S.,
Eickhoff, S. B., et al. (2020). Effects of exogenous testosterone application on
network connectivity within emotion regulation systems. Sci. Rep. 10:2352. doi:
10.1038/s41598-020-59329-0

Wang, Q., Su, X., Jiang, X., Dong, X., Fan, Y., Zhang, J., et al. (2016). ITRAQ
technology-based identification of human peripheral serum proteins associated
with depression. Neuroscience 330, 291–325. doi: 10.1016/j.neuroscience.2016.05.
055

Wang, Q., Zeng, L., Hong, W., Luo, M., Zhao, N., Hu, X., et al. (2022).
Inflammatory cytokines changed in patients with depression before and
after repetitive transcranial magnetic stimulation treatment. Front. Psychiatry
13:925007. doi: 10.3389/fpsyt.2022.925007

Westley, C. J., Amdur, R. L., and Irwig, M. S. (2015). High rates of depression
and depressive symptoms among men referred for borderline testosterone levels.
J. Sex. Med. 12, 1753–1760. doi: 10.1111/jsm.12937

World Health Organization (2017). Depression and other common mental
disorders: Global health estimates. Geneva: World Health Organization.

Xia, L., Zhang, P., Niu, J.-W., Ge, W., Chen, J.-T., Yang, S., et al. (2021).
Relationships between a range of inflammatory biomarkers and subjective sleep
quality in chronic insomnia patients: A clinical study. Nat. Sci. Sleep 13, 1419–
1428. doi: 10.2147/NSS.S310698

Yulug, B., Hanoglu, L., Tavli, A. M., Yılmaz, N. H., and Kılıc, E. (2016). The
brain protective effect of rTMS (repetitive transcranial magnetic stimulation) in
depression: A mini-review in animal studies. Med. Chem. 12, 500–505. doi: 10.
2174/1573406411666151005110321

Zhao, X., Li, Y., Tian, Q., Zhu, B., and Zhao, Z. (2019). Repetitive
transcranial magnetic stimulation increases serum brain-derived neurotrophic
factor and decreases interleukin-1β and tumor necrosis factor-α in elderly
patients with refractory depression. J. Int. Med. Res. 47, 1848–1855. doi: 10.1177/
0300060518817417

Zunszain, P. A., Hepgul, N., and Pariante, C. M. (2013). Inflammation and
depression. Curr. Top. Behav. Neurosci. 14, 135–151. doi: 10.1007/7854_2012_211

Zuo, C., Cao, H., Feng, F., Li, G., Huang, Y., Zhu, L., et al. (2022). Repetitive
transcranial magnetic stimulation exerts anti-inflammatory effects via modulating
glial activation in mice with chronic unpredictable mild stress-induced depression.
Int. Immunopharmacol. 109:108788. doi: 10.1016/j.intimp.2022.108788

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2022.1002816
https://doi.org/10.1016/j.brainres.2016.09.003
https://doi.org/10.1371/journal.pone.0177272
https://doi.org/10.1371/journal.pone.0177272
https://doi.org/10.1016/j.biopsych.2006.09.033
https://doi.org/10.1016/j.cell.2019.11.026
https://doi.org/10.1016/j.sjbs.2021.08.104
https://doi.org/10.5498/wjp.v10.i10.223
https://doi.org/10.5498/wjp.v10.i10.223
https://doi.org/10.3390/biom11030409
https://doi.org/10.1016/j.psyneuen.2006.06.005
https://doi.org/10.1016/j.psyneuen.2006.06.005
https://doi.org/10.1017/s0033291701004378
https://doi.org/10.1176/appi.ajp.2020.19090960
https://doi.org/10.1016/s0006-291x(88)81056-8
https://doi.org/10.1016/S0140-6736(07)61415-9
https://doi.org/10.1016/S0140-6736(07)61415-9
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1016/j.ejphar.2021.173998
https://doi.org/10.1016/j.bbi.2020.02.016
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.1176/ajp.2006.163.11.1905
https://doi.org/10.1111/j.1365-2249.1992.tb07945.x
https://doi.org/10.3390/jcm9123918
https://doi.org/10.1016/j.psychres.2020.112995
https://doi.org/10.1016/j.psychres.2020.112995
https://doi.org/10.1016/j.neuroscience.2019.12.025
https://doi.org/10.1016/j.neuroscience.2019.12.025
https://doi.org/10.1056/NEJMsa065779
https://doi.org/10.1016/j.bbi.2016.03.004
https://doi.org/10.1038/s41598-020-59329-0
https://doi.org/10.1038/s41598-020-59329-0
https://doi.org/10.1016/j.neuroscience.2016.05.055
https://doi.org/10.1016/j.neuroscience.2016.05.055
https://doi.org/10.3389/fpsyt.2022.925007
https://doi.org/10.1111/jsm.12937
https://doi.org/10.2147/NSS.S310698
https://doi.org/10.2174/1573406411666151005110321
https://doi.org/10.2174/1573406411666151005110321
https://doi.org/10.1177/0300060518817417
https://doi.org/10.1177/0300060518817417
https://doi.org/10.1007/7854_2012_211
https://doi.org/10.1016/j.intimp.2022.108788
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Combined repetitive transcranial magnetic stimulation and medication treatment for depression is associated with serum amyloid a level: Evidence from naturalistic clinical practice
	Introduction
	Materials and methods
	Participants
	Repetitive transcranial magnetic stimulation treatment
	Clinical assessment
	Blood sampling procedures and analyses
	Data analysis

	Results
	Demographics, Hamilton Rating Scale for Depression score, serum amyloid A, and testosterone statistics
	Effectiveness of repetitive transcranial magnetic stimulation
	No differences in serum amyloid A/testosterone levels between the control and the repetitive transcranial magnetic stimulation groups
	Relationships between serum amyloid A/testosterone level changes and Hamilton Rating Scale for Depression decrease

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


