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Abstract
Background  Repetitive transcranial magnetic stimulation (rTMS) has recently gained relevance in treating different 
psychiatric disorders. Limited evidence suggests that the beneficial effects of rTMS on psychopathology could be at 
least partly mediated through changes in inflammatory response. This systematic review summarizes the literature on 
whether rTMS can modulate inflammatory markers and thus positively influence the course of psychiatric illnesses.

Materials and methods  A systematic review of rTMS and inflammatory markers in psychiatric diseases was 
conducted according to PRISMA guidelines. Information on the association between rTMS treatment response 
and changes of inflammatory markers was extracted. The quality of the studies was assessed using the National 
Heart, Lung, and Blood Institute for human studies and the Systematic Review Center for Laboratory Animal 
Experimentation for animal studies.

Results  This review includes 17 studies (2 animal and 15 human studies) on the relationship between rTMS 
treatment response and changes of inflammatory markers. Positive changes in microglial activity and anti-
inflammatory effects were associated with behavioral improvement in animal models of depression. However, these 
findings have not been consistently replicated in human studies focusing on treatment-resistant depression. While 
several studies reported rTMS-induced alterations in peripheral inflammatory markers, only two could demonstrate 
their association to clinical treatment response. Notably, most studies showed poor or moderate quality in the bias 
assessment.

Conclusions  While certain human studies suggest an association between rTMS-induced anti-inflammatory effects 
and improvement in psychopathology, heterogeneity, and underpowered analyses constrain the generalizability 
of these results. The discrepancy between animal and human findings highlights the need for larger, standardized 
human studies.
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Introduction
Transcranial Magnetic Stimulation (TMS) is a non-
invasive technique that facilitates targeted stimulation of 
cortical areas by generating an electromagnetic alternat-
ing field using a magnetic stimulator [1]. This technique 
induces an intracortical tissue current, depolarizing the 
membrane and eliciting an action potential in pyrami-
dal cells of the stimulated area [2]. When administered 
repetitively, known as repetitive TMS (rTMS), this non-
invasive neuromodulation technique has proven to be an 
effective and well-tolerated alternative therapy for neu-
rological conditions [3] and various psychiatric disorders 
[4].

Both 10 Hz rTMS and intermittent theta burst stimu-
lation (iTBS) of the left dorsolateral prefrontal cortex 
(DLPFC) have been approved by the U.S. Food and Drug 
Administration (FDA) for patients with unipolar depres-
sion who have not responded to at least one antidepres-
sant pharmaceutical treatment [5–8]. Additionally, focal 
stimulation of other distinct brain regions has exhibited 
symptom improvement in various studies with schizo-
phrenia, obsessive-compulsive disorder, and bipolar 
depression [9–11]. Although the evidence is not as robust 
as for depressive disorders, it is possible that rTMS could 
be used clinically on a larger scale in the near future.

Through the modulation of cortical excitability and 
synaptic plasticity, rTMS can increase or decrease neuro-
nal firing rates, dependent on the stimulation frequency 
[12]. How this general mechanism translates into positive 
clinical outcomes in different neuropsychiatric disorders 
remains unclear.

In recent years, numerous studies have illustrated a 
profound bidirectional association between inflamma-
tory processes and psychiatric diseases such as depres-
sion and schizophrenia [13, 14]. This association between 
inflammation and mental health conditions has been 
established to such an extent that some researchers pro-
pose to classify depression as a chronic inflammatory 
disease [15]. In addition, the extent of systemic inflam-
mation appears to influence the efficacy and clinical 
response to pharmacotherapy in depression [16]. Recent 
evidence also suggests a direct link between neuroplasti-
city and the anti-inflammatory effects of treatment [17]. 
As an example, the occurrence of depression-like symp-
toms in a rat model of induced intranigral inflammation 
was associated with the decrease of the neuroplasticity-
associated brain-derived neurotropic factor (BDNF) in 
the hippocampus [18, 19]. Given that rTMS directly influ-
ences synaptic and brain plasticity [20], it is possible that 
this pathway could contribute to the anti-inflammatory 

effects of rTMS procedures in general. Luo et al. demon-
strated, for instance, in an experimental animal study on 
ischemic stroke that long-term rTMS can promote the 
anti-inflammatory polarization of microglia [21]. Further, 
mice under rTMS treatment exhibited activation of the 
BDNF signaling pathway, leading to a proliferative effect 
in the hippocampus [22].

Considering this recent evidence, it is crucial to inte-
grate possible anti-inflammatory mechanisms and treat-
ment effects of rTMS to gain further insights into the 
therapeutic impact of this clinical intervention. Despite 
existing evidence of associations between rTMS treat-
ment and individual cytokines in affective disorders, a 
comprehensive overview of general influencing factors is 
lacking. Moreover, no studies have systematically inves-
tigated the transdiagnostic and translational anti-inflam-
matory effects of rTMS and its impact on peripheral and 
systemic inflammation in psychiatric disorders.

The primary objective of this systematic review is to 
compile state-of-the-art findings on whether rTMS can 
modulate inflammatory markers and thus positively 
influence the course of psychiatric symptomatology. This 
review includes studies on humans and animals as well as 
on different psychiatric disorders.

Materials and methods
Study selection criteria
We included studies that met the following criteria: (1) 
studies involving both humans and animals; (2) human 
participants aged 18 years or older; (3) individuals with 
psychiatric disorders who received repetitive transcra-
nial magnetic stimulation (rTMS) as a treatment, regard-
less of the specific rTMS protocol used; (4) in the case of 
animal studies, models in which transcranial magnetic 
stimulation was tested for psychiatric diseases; (5) pro-
spective study designs, including longitudinal studies, 
cohorts, and randomized clinical trials, or experimental 
studies; (6) rTMS studies that assessed either periph-
eral or central inflammation. Conversely, we excluded 
studies involving participants under 18, pregnant par-
ticipants with psychiatric disorders (e.g., postpartum 
depression), participants with any substance use disorder, 
animal models for substance use disorders, individuals 
or animal models with primary neurological or neuro-
degenerative disorders, or studies investigating other 
types of non-invasive brain stimulation. Additionally, we 
excluded case reports, case series, literature reviews, sys-
tematic reviews, meta-analyses, and retrospective stud-
ies. Articles that were not available as full-text were also 
excluded.

Trial registration  (PROSPERO Registration: CRD42023492732).

Keywords  Transcranial magnetic stimulation, Inflammation, Mental disorders, Cytokines, Biomarker
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The year of publication and the language of the articles 
were not considered exclusion criteria. In cases of poten-
tial language barriers, we utilized a freely available trans-
lation tool (Google Translate, Google Inc., United States 
of America) to extract the primary information from the 
manuscripts.

Literature search strategies
A systematic literature search was conducted between 
15/04/2023 and 25/11/2023 across various scientific 
literature databases, including MEDLINE (PubMed, 
National Center for Biotechnology Information, National 
Library of Medicine, United States of America), EBSCO 
(EBSCO Industries Incorporated, United States of Amer-
ica), Web of Science (Clarivate Analytics, United States 
of America), and CENTRAL (Cochrane Central Register 
of Controlled Trials, Cochrane Library, United States of 
America).

To select articles, we performed the literature search 
by defining three distinct categories: the “psychiatric 
disorders” category (depression; depressive disorder; 
depressive disorder, treatment-resistant; depressive 
disorder, major; obsessive-compulsive disorder; obses-
sive behavior; compulsive behavior; stress disorders, 
post-traumatic; anxiety disorders; bipolar disorder; 
schizophrenia), the “inflammation” category (immunity, 
cytokines, interleukins, inflammation, acute phase pro-
teins, blood cell count), and the “repetitive transcranial 
magnetic stimulation” category (transcranial magnetic 
stimulation, repetitive). The selection of psychiatric dis-
orders was based on recommendations found in various 
international guidelines for rTMS treatment [23, 24]. 
Subsequently, we employed the defined search categories 
with the following Boolean operations: “category inflam-
mation” (one term) AND “category repetitive transcranial 
magnetic stimulation” (one term), as well as “category 
psychiatric disorders” (one term) AND “category inflam-
mation” (one term) AND “category repetitive transcranial 
magnetic stimulation” (one term).

The selection process is visually presented following 
the PRISMA guidelines [25] in Fig. 1.

Selection process
Subsequently, the literature search results were extracted 
in formats such as .csv, .ris, or .txt files, primarily 
depending on the search platform and database utilized. 
These data were then imported into the web application 
Rayyan.ai [26], where BPP and SI independently reviewed 
all prospective study designs and experimental stud-
ies, adhering to the inclusion criteria based on the title 
or abstract. Any discrepancies in the selection of articles 
were resolved through consensus among all authors. 
Each author subsequently conducted a full-text screening 
of the articles to exclude those not meeting the inclusion 

criteria. Similarly, disagreements on inclusion and exclu-
sion criteria were addressed through a consensus-based 
approach (Fig. 1).

Quality of studies
For human studies, we evaluated quality and risk of bias 
using the National Heart, Lung, and Blood Institute 
(NHLBI) criteria, as previously described [27]. In the case 
of animal studies, we utilized the SYRCLE checklist to 
assess both quality and risk of bias [28].

Following the initial screening, the remaining human 
studies were randomly allocated to three authors (BPP, 
SI, EL), while the animal studies were similarly assigned 
to four authors (JR, MS, SI, EL). The authors were 
instructed not to disclose the titles or content of the 
randomly assigned articles to their colleagues to ensure 
a blinded evaluation. Additionally, authors were explic-
itly advised not to seek assistance or support from other 
team members while reviewing and assessing the quality 
of the assigned studies.

Results
Description of the studies and bias assessment
The literature search yielded a total of 531 potential stud-
ies. After removing 211 duplicates, 320 studies remained. 
Among these, 303 studies were excluded during the 
screening phase as they did not meet the inclusion crite-
ria, and one study was excluded later due to its focus on 
animal models of Alzheimer’s Disease [29]. The remain-
ing 17 studies were retrieved and included in the qual-
ity control analysis. Out of these, 2 were animal studies 
[30, 31], 7 were human longitudinal studies [32–38], and 
8 were human clinical trials [39–46]. While the year of 
publication was not an exclusion criterion, the papers 
included in the systematic review covered the time 
period from 2019 to 2023. Among the 17 selected papers, 
2 were published in 2019, 3 in 2020, 5 in 2021, 6 in 2022, 
and 1 in 2023.

For the included human studies, we used the NHLBI 
tools for clinical and observational cohort studies to 
assess and rate their quality. In the case of animal stud-
ies, we applied the SYRCLE checklist to evaluate the risk 
of bias. Two independent blinded raters assessed the 
included studies after the screening process. Tables S1 
to S3 present the inter-rater agreement of quality ratings 
and the scores assigned to each study for human (obser-
vational cohort studies and clinical studies) and animal 
studies.

Animal studies
We found two animal studies relating to rTMS effects on 
inflammation in models of psychiatric diseases [30, 31]. 
The first animal study investigated the anti-inflammatory 
effects of rTMS in a depression animal model using mice 
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and focusing on glial activation [30]. For the measures 
of the cytokines, enzyme-linked immunosorbent assay 
(ELISA) was used to measure the concentrations of the 
cytokine IL-1β, IL-6 and TNF-α in specific brain regions 
[30]. In case of microglia activation, immunofluorescence 
was performed on brain tissue, studying specific cellu-
lar markers in different brain regions [30]. Western blot 
and quantitative real-time polymerase chain reaction 
was used to study protein and gene expression in brain 
tissue, respectively [30]. The study revealed that rTMS 
treatment, following exposure to chronic unpredictable 
mild stress (CUMS), increased sucrose intake, decreased 
immobility time in the forced swim test, and enhanced 
exploratory behavior in the open field test. These find-
ings suggest a reversal of CUMS-induced depressive-like 
behavior after rTMS treatment. Regarding neuroinflam-
matory mechanisms, rTMS treatment reduced microglial 
activation levels. Furthermore, rTMS reversed the polar-
ization of microglia from the M1 to M2 phenotype and 
increased astrocyte levels. Additionally, rTMS lowered 

the concentrations of pro-inflammatory cytokines such 
as IL-6, β, and TNF-α in the hippocampus and prefron-
tal cortex (PFC) by modulating the TLR4/NF-κB/NLRP3 
signaling pathway in the animal model of depression.

The second animal study examined the effects of 
rTMS on depression and anxiety-like behavior and on 
Nuclear Factor-E2-related Factor 2-mediated (Nrf2) 
anti-inflammatory processes in rats [31]. A one-week 
rTMS treatment successfully prevented CUMS-induced 
depression- and anxiety-like behaviors. The one-week 
treatment with real rTMS significantly increased the 
nuclear expression of the Nrf2 protein compared to sham 
rTMS. Moreover, after rTMS treatment, the expression 
of TNF-α, inducible nitric oxide synthase (iNOS), IL-1β, 
and IL-6 decreased in the hippocampus, which coun-
teracted the initial elevation induced by CUMS. All the 
above-mentioned effects of rTMS were nullified after 
Nrf2 knockdown by transfection of Nrf2 small interfer-
ing RNA. These results imply that Nrf2 may play a crucial 

Fig. 1  PRISMA flow diagram. *Stekic et al. 2022 was excluded because it was an animal study mainly centered on Alzheimer’s Disease (see exclusion 
criteria). From Page MJ et al. [25]
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role in the antidepressant and anti-inflammatory effects 
of rTMS.

Human studies - longitudinal observational studies
Of the 15 human studies included, we identified seven 
longitudinal studies, as described in Table  1 [32–38]. 
The quality control of these clinical studies is reported in 
Table S2 and the overview of the rTMS-induced changes 
in Table  2. Generally, these studies assessed periph-
eral cytokines and other inflammation-related markers, 
including BDNF, metabolites of the kynurenine path-
way, oxidized phosphatidylcholines and oxylipins, as 
well as soluble Triggering receptor expressed on myeloid 
cells-2 (sTREM2) during rTMS treatment in patients 
with depression. Only one study reported findings with 
microRNA involved in inflammatory processes (miRNA-
16-5p, miRNA-93-5p, and miRNA-146a-5p). Initially, all 
studies reported a significant reduction in depression 
severity following rTMS therapy. However, the reported 
inflammatory parameter changes after rTMS treatment 
exhibited broad variability.

Peripheral cytokines
Three longitudinal studies evaluated changes in periph-
eral cytokines after rTMS therapy in patients with TRD 
[35–37]. In a pilot longitudinal study, following rTMS 
therapy, IL-1β, TNF-α, and IL-6 did not change signifi-
cantly in the 11 participants with TRD [35]. Further, no 
significant differences were observed between responders 
and non-responders after rTMS therapy [35]. However, 
the decrease in IL-1β after rTMS therapy was associ-
ated with an improvement in part 3 of the Color Stroop 
Test. Changes in other cytokines and cognitive tests did 
not show significant correlations [35]. In the second lon-
gitudinal study [36], the authors reported no significant 
effects of rTMS on TNF-α concentration in patients with 
TRD. However, TNF-α concentrations showed a posi-
tive significant correlation with the final HAM-D scores 
in the rTMS group [36]. Finally, the third longitudinal 
study [37] reported significant differences in IL-18 con-
centrations between both treatment groups (rTMS and 
medication groups) and the control group (baseline only 
assessed). Upon excluding the control group from the 
analysis, the authors found significant differences for IL-8 
and IFN-γ when comparing the rTMS to the medication 
group [37]. Furthermore, rTMS treatment increased the 
TGF-β1 level. In contrast, the medication groups exhib-
ited increased IL-18, IL-6, and IL-1β after two weeks 
of treatment [37]. However, in the last study, is unclear 
whether the changes in inflammatory parameters were 
associated with improvement in psychopathology, find-
ing only significant results between baseline inflamma-
tion and symptom improvement, as described in Table 1 
[37].

Metabolites of the kynurenine pathway
One pilot longitudinal study in patients with TRD, 
which compared three different treatment options 
(pharmacotherapy, ECT, and rTMS), showed no signifi-
cant reductions of metabolites of the kynurenine path-
way (kynurenine, kynurenic acid, 3-hydroxykynurenine 
or quinolinic acid), which is related to inflammatory 
processes [47], before and after rTMS treatment [32]. 
Despite the lack of significant changes in kynurenine 
pathway metabolites, a reduction in TNF-α was observed 
during rTMS treatment. Similarly, the rTMS group 
showed a significant increase of 3-hydroxykynurenine-
to-kynurenine (HK/KYN) ratio after four weeks of treat-
ment. However, no analyses were performed to establish 
an association between the decrease in TNF-α or HK/
KYN and the improvement of depressive symptoms.

Lipid mediators and steroids
In a longitudinal study with an exploratory design, oxi-
dized phosphatidylcholines (OxPc) and oxylipins were 
assessed before and after rTMS treatment in patients 
with major depressive disorders [33]. As reported by 
the author, oxylipins is produced by enzymes such as 
cyclooxygenase or lipoxygenase and plays a crucial role 
in inflammation [33, 48]. At baseline, non-fragmented 
OxPc and long-chain products were significantly elevated 
in patients compared to healthy controls [33]. When 
comparing rTMS remitters and non-remitters at base-
line, the remitters exhibited significantly higher total 
OxPc than the non-remitters, with significant differences 
observed in fragmented OxPCs, aldehydes, carboxylic 
acids, PONPC, and 1-palmitoyl-2-azelaoyl-sn-glycero-
3-phosphocholine [33]. However, there were no signifi-
cant alterations in OxPCs following rTMS treatment in 
patients with MDD. Further, no significant changes in 
OxPC concentration were observed after rTMS treat-
ment when categorizing the patient group into remit-
ters and non-remitters. Additionally, in identifying 32 
different oxylipin species, no differences were discerned 
between remitters and non-remitters concerning pre-
rTMS concentrations [33].

Testosterone, a steroid hormone, presents an inhibitory 
effect on the expression of TNF-α, IL-6, and IL-1 [49]. 
One included study evaluated if testosterone changed 
after rTMS along with symptom improvement. How-
ever, testosterone levels did not show significant group, 
time, or group-by-time interaction effects. Moreover, 
the decrease in testosterone was not associated with the 
rTMS treatment [38].

Growth factors
One longitudinal study assessed the concentrations of 
BDNF and VEGF before and after rTMS treatment in 
participants with major depression [36]. As previously 
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noted, BDNF and VEGF have been reported to be associ-
ated with inflammatory processes [17, 50]. In this study 
[36], rTMS revealed significant increase between the 
third and the first measurement time point for BDNF 
concentrations. Conversely, changes in VEGF during 
rTMS treatment were non-significant in pairwise differ-
ences tests [36]. Nevertheless, initial BDNF serum lev-
els correlated negatively with BDNF increase after five 
rTMS procedures. Furthermore, the overall percentage 
of BDNF increase during treatment correlated negatively 
with the initial MADRS and HAM-D scores [36]. BDNF 
correlations with clinical scores after treatment were not 
significant. Similarly, no significant correlations were 
observed between VEGF and clinical scores [36].

Micro-RNA involved in inflammatory processes
Regarding miRNAs involved in inflammatory processes, 
all three tested miRNAs (miRNA-16-5p, miRNA-93-5p, 
and miRNA-146a-5p) demonstrated higher ΔCt values in 
the rTMS group compared to the medication group, indi-
cating lower expression of these miRNAs in the rTMS 
group [37]. Additionally, lower expression of miRNA-
146a-5p at baseline correlated with less successful rTMS 
treatment as assessed with HAM-D-17, MADRS, and 
PHQ-9 scores. Interestingly, in the rTMS group, ΔCt 
values of miRNA-93-5p positively correlated with IL-18 
concentrations [37].

Other inflammatory and immune response markers
Soluble triggering receptor expressed on myeloid cells – 
2 (sTREM2)  No significant reduction of sTREM2 level 
could be observed before and after rTMS treatment. The 
changes in sTREM2 were not correlated with age, sex, 
BMI, smoking status and symptom improvement [34].

Serum amyloid A (SAA)  Serum amyloid A (SAA), an 
acute-phase protein [51], did not showed changes in a 
longitudinal study during rTMS treatment in patients 
with MDD [38]. In addition, the authors reported no sig-
nificant group, time, or group-by-time interaction effects. 
The decrease of SAA was not associated with the rTMS 
treatment. However, the authors reported a significant 
relationship between the reduction of SAA levels and the 
decrease in HAM-D in the rTMS group during the second 
week of treatment [38].

Study limitations
Overall, the included longitudinal studies had several 
limitations that must be considered when evaluating the 
quality of the results. Firstly, none of the studies reported 
a power analysis. Additionally, there were non-uniform 
rTMS protocols across the studies, comparisons between 
different diseases using various stimulation methods, 
exploratory designs with small sample sizes (i.e., n < 30), 
no correction for medication effects, a loss of information 

Table 2  Overview from the selected longitudinal observational studies of the rTMS-induced changes in psychopathology, in 
inflammatory markers and the correlation between both changes. For abbreviations, please see abbreviations list

(1) rTMS-induced change in 
psychopathology

(2) rTMS-induced change in inflam-
matory markers

Correlation between (1) and (2)

Stirton et 
al. 2021

Yes, remitters showed lower 
significant HAMD-7 after rTMS 
treatment

No significant changes in OxPC levels 
were found as a result of rTMS, inde-
pendent of treatment response

No, subjects with depression showed no significant changes 
in OxPc after treatment with rTMS, no significant changes in 
OxPc in the remitters’ group

Tateshi et 
al. 2020

Yes, ca. 50% of the patients 
showed clinical response after 
HAM-D scores

No, serum cytokines (IL-6, IL-1β, 
and TNF-α) showed no significant 
changes during treatment

No significant rTMS-induced changes of inflammatory mark-
ers were seen for both responders’ groups. 
However, decrease of IL-1β was correlated with rTMS-related 
improvement in part 3 of the CST scores

Tateshi et 
al. 2021

Yes, a significant reduction of 
HAM-D24 and BDI was observed 
during rTMS treatment

No, rTMS therapy did not have any ef-
fect in serum sTREM2 concentrations

No correlation was observed between rTMS-induced 
changes in serum sTREM2 and rTMS-induced changes in 
depression symptoms

Valiuliene 
et al. 2021

Yes, rTMS-induced significant 
changes in psychopathology 
was observed

Yes, BDNF concentration increased 
only between the first and the third 
measure point

Unclear; however, baseline HAM-D and MADRS scores cor-
related with overall %BDNF increase during treatment and 
all TNF-α measurments correlated during rTMS correlated 
positive with final HAM-D scores

Valiuliene 
et al. 2023

Yes, rTMS induced signifi-
cant changes in MADRS and 
HAM-D-17

Yes, significant rTMS-induced 
changes were observed, for instance, 
with TGF-β1

Unclear; however, baseline inflammatory parameters (z.B. 
microRNAs) correlate with HAM-D or MADRS scores

Xu et al. 
2022

Yes, rTMS induced signifcnt 
changes in psychopathology

No rTMS-induced changes were 
observed for SAA or testosterone

No correlation was observed between rTMS-induced 
changes in psychopathology and rTMS induced changes in 
SAA or testosterone

Yilmaz et al. 
2022

Yes, rTMS induced significant 
changes in psychopathology

Yes, rTMS induced changes in TNF-α 
and an increase of 3-hydroxykynuren-
ine-to-kynurenine ratio

Unclear. Clinical effects and changes in inflammatory param-
eters were performed irrespective of the treatment option 
(ECT, rTMS or drug therapy), so that it is difficult to establish 
the solely correlation between rTMS-induced symptom 
changes and rTMS-induced changes in inflammatory markers
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exceeding 20%, and a lack of adjustment for sample char-
acteristics (i.e., sex, age, or BMI).

Human studies - clinical studies
Out of the 15 included human studies, we identified eight 
clinical studies [39–46]. The quality control of these clini-
cal studies is reported in Table S3. Similar to the included 
longitudinal studies, these clinical trials evaluated periph-
eral cytokines as well as other inflammation-related 
markers, such as white blood cells (WBC), acute-phase 
proteins (e.g., CRP, antithrombin III), metabolites of the 
kynurenine pathway, and growth factors (e.g. BDNF), and 
their relations to clinical outcomes. Six out of eight trials 
included patients with depression, one with schizophre-
nia, and one post-stroke patients. The latter was included 
since the authors also evaluated the effects of rTMS on 
depressive symptoms assessed with the geriatric depres-
sion scale (GeDS) after the ischemic event. Short descrip-
tions of the clinical studies are summarized in Table 3 and 
the overview of the rTMS-induced effects is summarized 
in Table 4. In the clinical trials, the reported changes of 
inflammatory parameters after rTMS treatment exhib-
ited similar variability as in the longitudinal studies.

Peripheral cytokines
One prospective clinical study in patients with post-
stroke cognitive impairment demonstrated by perform-
ing a reverse transcription polymerase chain reaction just 
after the rTMS treatment a downregulated expression of 
mRNA IL-1β, IL-6, TNF-α, and TGF-β, in comparison 
to the mRNA expression before the rTMS-treatment of 
the above-mentioned cytokines [39]. Twelve weeks after 
competition of the rTMS treatment, a sustained reduc-
tion in gene expression of IL-1β was found [39]. Further-
more, changes in mRNA expression of IL-6 correlated 
negatively and significant with changes in the Auditory 
Verbal Learning Test and with negatively with changes in 
Complex Figure Test scores. However, rTMS treatment 
did not reduce depressive symptoms in the GeDS in post-
stroke participants, and rTMS showed only marginal 
effects on participants with moderate-to-severe depres-
sion. In addition, there were no correlations between 
changes in inflammatory parameters and depression 
symptomatology based on the GeDS scores in the study 
participants with post-stroke cognitive impairment.

In another prospective clinical study [40] examining 58 
elderly patients with treatment-resistant depression (29 
in rTMS group and 23 in control group with medication), 
the effects of rTMS on serum levels of IL-1β and TNF-α 
and their association to changes in depressive symp-
toms were investigated. HAMD-24 scores significantly 
reduced in the rTMS group during the treatment. Addi-
tionally, both IL-1β and TNF-α concentrations were sig-
nificantly reduced in the rTMS group. Finally, HAMD-24 

scores were positively correlated with both IL-1β and 
TNF-α concentrations. Nevertheless, it was not specified 
which HAMD-24 scores (e.g., at the beginning or the end 
of the trial) correlated with IL-1β or TNF-α.

A prospective, double-blind, controlled trial involv-
ing 57 patients with depression (29 in the rTMS group 
and 28 in the sham-stimulation group) and 30 healthy 
controls focused on differences in baseline inflamma-
tory cytokines between patients and healthy controls, 
changes in inflammatory cytokines during rTMS treat-
ment, and correlations between changes in HAMD-24 
scores and inflammatory cytokines after rTMS treat-
ment [41]. Regarding baseline inflammatory cytokines, 
TNF-α concentrations were significantly lower in the 
healthy controls than in the patients with depression; 
however, IFN-γ, IL-4, and IL-2 were significantly higher 
in the healthy controls. Concerning changes in inflamma-
tory cytokines during rTMS treatment, the rTMS group 
exhibited significant increase in IL-2 and CRP-hs levels 
after two weeks of treatment. Between weeks 2 and 12, 
the levels of TNF-α and IFN-γ underwent significant 
decrease. Finally, after 12 weeks of treatment, significant 
increases were observed in the levels of CRP-hs. Further-
more, the change in depressive symptoms (measured 
with the HAMD-24) was negatively correlated with the 
changes of TNF-α after two weeks and negatively corre-
lated with the changes of IL-2 after 12 weeks; however, 
changes in depressive symptoms positively correlated 
with changes of IL-4 in both the rTMS and the sham 
group.

In another randomized sham-controlled trial involving 
53 patients with depression (27 in the rTMS treatment 
group and 26 in the sham-stimulation group), the study 
aimed to investigate the effects of theta-burst stimulation 
(TBS), a variant of rTMS treatment, on inflammatory 
cytokine levels and depressive symptoms. No significant 
changes in serum inflammatory cytokines, including 
IL-1β,  IL-2, IL-4, IL-5, IL-6, IL-12p40, and IP-10, were 
observed after the treatment in either group. However, 
an increase in CRP was observed in the sham-stimulation 
group [42]. There was a significant difference in changes 
in HAMD-21 scores between the groups (sham > TBS) 
after four weeks of treatment.

Cellular immunity
One randomized double-blinded controlled trial [46] 
investigated the clinical effects of high-frequency rTMS 
on 47 long-term hospitalized veterans with schizophre-
nia (27 in the rTMS group, 20 in the sham group). The 
study aimed to identify possible correlations between 
clinical improvement and inflammatory parameters. No 
significant correlation was observed between WBC count 
and overall changes in the Positive and Negative Syn-
drome Scale (PANSS). However, an in-depth analysis of 
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specific items within the PANSS revealed a negative asso-
ciation between WBC count at baseline and the improve-
ment of a subgroup of positive symptoms, which was also 
confirmed by a regression analysis.

Acute phase proteins
One randomized double-blinded controlled trial 
reported no significant correlations between CRP and 
overall changes in the PANSS in patients with schizo-
phrenia [46]. Finally, one clinical trial [43] examined 
the effects of occipital rTMS treatment on four differ-
ent inflammation-related proteins (ATIII, CRP, ITIH4, 
and VDB) in 74 patients with Major Depressive Disorder 
(MDD), who were drug-naive or had been drug-free for 
at least two weeks. In this study, participants were allo-
cated into three groups: a standard rTMS group, an indi-
vidualized rTMS group, and a sham-stimulation group 
(see Table  1). After individualized rTMS therapy, the 
concentrations of all proteins were significantly reduced, 
with the exception of CRP. Participants in the standard 
rTMS group showed significant reductions in all four 
proteins. Sham-group did not show significant differ-
ences for the four parameters mentioned above. Regard-
ing psychometric assessments, in the individualized 
rTMS group, only changes in ATIII showed significant 
positive correlations with changes in HAMD-24, SDS, 
BHS, and SAS. Moreover, changes in ATIII showed a 
significant positive effect in a multiple linear regression 
model with changes in HAMD-24 in the individualized 
rTMS group. Finally, baseline ATIII in both the standard 
and the individualized rTMS groups exhibited good pre-
dictive performance for the response after five days of 
rTMS treatment and predicted the values of HAMD-24 
at follow-up. HAMD-24 values at follow-up were also 
predicted by changes in ATIII following rTMS treatment.

Metabolites of the kynurenine pathway
Two randomized controlled trials [44, 45] studied the 
effects of changes of metabolites of the kynurenine path-
way along changes in the psychopathology. In both trials, 
no significant changes on the metabolites of the kynuren-
ine pathway correlated with changes in psychopathology. 
As a secondary finding for this systematic review, only 
phenylalanine showed a significant effect for time during 
rTMS treatment in both trials. Interestingly, neopterin 
correlated positively before rTMS with the KYN/TRP, 
but this correlation was not found after rTMS [45].

Growth factors
One clinical trial reported negative correlations between 
HAMD-24 scores and BDNF [40]. However, it was not 
specified which HAMD-24 scores (e.g., at the begin-
ning or the end of the trial) correlated with BDNF 
[40]. Another trial reported that after rTMS, BDNF A
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concentrations correlated negatively with neopterin val-
ues but positively with nitrite concentrations [45]. Neop-
terin before rTMS was inversely correlated with BDNF, 
but this correlation was not found after rTMS [45].

Study limitations
Firstly, all studies lacked of a power analysis and an 
intention-to-treat analysis. One study had an exploratory 
design with small sample sizes (i.e., n < 30) [39, 46]. Some 
studies reported no blinding in the clinical trial [43–45]. 
In a clinical trial, the control group was described as a 
“historical control” without an “active” control group – 
e.g., the sham-stimulation group [39]. Additionally, in 
one trial the changes in HAMD-24 and inflammatory 
markers during rTMS treatment were not analyzed [40]. 
Finally, it remains unclear in some trials whether the 
concomitant administration confounded the therapeutic 
effects attributed to rTMS treatment [40–42]. Finally, in a 
trial, randomization was only applied to the healthy con-
trols, and the clinical technician was not blinded [41].

Discussion
Our systematic literature search provides limited evi-
dence that rTMS can positively influence inflammatory 
markers in animal models and thereby improve their 

depression-like phenotypes. However, the findings from 
human studies are more heterogeneous: While some 
studies have shown positive effects of rTMS on either 
peripheral inflammatory markers or psychopathology, 
there has been little solid link between the two. In addi-
tion, the identified rTMS studies in humans focused 
primarily on major depression or treatment-resistant 
depression and did not provide a solid database for 
other psychiatric disorders. Similarly, all animal studies 
included in our search were based on CUMS models.

rTMS is an approved treatment for treatment-resis-
tant depression, supported by robust evidence [52–56]. 
Guidelines advocate for using rTMS in treating this affec-
tive disorder [57]. Beyond depression, rTMS has shown 
promise and positive effects in treating various disorders 
such as OCD, PTSD, anxiety disorders, bipolar disorder, 
and schizophrenia [9, 58–60]. Given that depression is 
the most frequently treated disorder with rTMS, our lit-
erature search revealed an abundance of CUMS animal 
models in rTMS studies. CUMS stands out as a widely 
used and comprehensive model for depression, recog-
nized for its efficacy in exploring pathophysiological 
mechanisms [61]. This model has played a crucial role in 
unraveling the molecular mechanisms of rTMS, enabling 
a deeper understanding of its antidepressant properties 

Table 4  Overview from the selected clinical studies of the rTMS-induced changes in psychopathology, in inflammatory markers and 
the correlation between both changes. For abbreviations, please see abbreviations list

(1) rTMS-induced change in 
psychopathology

(2) rTMS-induced change in inflam-
matory markers

Correlation between (1) and (2)

Cha et al. 
2022

No, there were no significant 
rTMS-induced changes in geriat-
ric depression scores

Yes, expression of pro-inflammatory 
cytokines IL-1β, IL-6, TNF-α, and TGF-β

No significant correlations were observed between 
rTMS-induced changes in geriatric depression scores 
and inflammatory markers. However, reduction of IL-6 
correlated with improvement in the AVLT and CFT

Chou et al. 
2020

Yes, rTMS induced changes in de-
pression symptoms after 4 weeks 
of treatment

No significant rTMS-induced changes 
were observed for the cytokines IL-1β, 
IL-2, IL-4, IL-5, IL-6, IL-12p40, and IP-10

No significant correlations were observed between 
rTMS-induced changes in depression symptoms and 
inflammatory markers

Leblhuber et 
al. 2019

Yes, rTMS-induced changes in 
symptoms were significant

No, only the amino acid phenylalanine 
showed significant changes

No correlation was observed between rTMS-induced 
changes in psychopathology and rTMS-induced chang-
es in inflammatory markers neopterin or kynurenine

Leblhuber et 
al. 2021

Yes, rTMS induced significant 
changes in depression symptoms

No, only the amino acids phenylalanine 
and tyrosine showed significant changes

No correlation was observed between rTMS-induced 
changes in psychopathology and rTMS-induced 
changes in inflammatory markers neopterin, BDNF, or 
metabolites of the kynurenine pathway

Song et al. 
2021

Yes, rTMS induced significant 
changes in depression symptoms

Yes, rTMS induced changes in the inflam-
matory markers CRP, ATIII, ITIH4 and VDB

Yes, rTMS-induced changes in depressive symptoms 
and parallelly this correlated with changes in ATIII 
concentrations

Su et al. 2022 No, there were no significant 
rTMS-induced changes in the 
PANSS total scores

No significant rTMS-induced changes for 
the inflammatory markers were reported

No significant correlation between symptom improve-
ment and WBC or CRP in patients with schizophrenia 
during rTMS treatment,

Wang et al. 
2022

Yes, rTMS treatment reduced sig-
nificantly depression symptoms

Yes, rTMS induced changes in the inflam-
matory markers CRP-hs, TNF-α and IFN-γ

Yes, a decrease in depressive symptoms was correlated 
with a decrease in TNF-a concentrations after two 
weeks and with a decrease in IL-2 and increase of IL-4 
after 12 weeks – in both groups (active and sham)

Zhao et al. 
2019

Yes, rTMS treatment reduced sig-
nificantly depression symptoms

Yes, during rTMS treatment BDNF con-
centrations increased and IL-1β as well as 
TNF-α concentrations decreased

Unclear. Although there are correlations between 
HAMD scores and both cytokines and BDNF, it is not 
specified which time point was analyzed (before or 
after? )
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[62]. Chronic stress models, including chronic unpredict-
able stress (CUS) or CUMS, are particularly sensitive to 
antidepressant interventions [63].

To our knowledge, this study represents the first sys-
tematic review delving into the impact of rTMS on 
inflammatory diseases across a spectrum of psychiatric 
disorders. Similarities are reported in the review of Per-
rin and Pariante, reporting that changes in the HPA axis 
and levels of cytokines in response to non-convulsive 
neurostimulation (including rTMS) frequently was not 
associated with changes in symptoms of depression [64]. 
However, our investigation employs a translational per-
spective, from animal experimental models to clinical 
trials involving human subjects applying rTMS. A recent 
comparable study - a systematized literature review 
exploring the effects of rTMS treatment on inflamma-
tory processes in depressive disorders in humans – has 
been published [65]. The author reported twelve stud-
ies, of which only seven indicated a positive association, 
suggesting an effect of rTMS treatment on inflamma-
tory mechanisms to a certain degree [65]. In our case, we 
found 7 studies (three longitudinal observational stud-
ies and four clinical studies) that reported a modulatory 
effect of rTMS on inflammatory markers and only two 
studies (all clinical studies) that reported significant asso-
ciations between rTMS-induced changes in symptoms 
and changes in inflammatory markers. While our review 
yields similar results, disparities arise in the quality 
assessment of the studies. According to the NLHBI and 
SYRCLE tool, most studies exhibited poor to fair bias. In 
some cases, studies reported unclear results concerning 
association the rTMS-induced changes in symptoms and 
inflammatory markers (three longitudinal studies and 
one clinical study). Conversely, the authors of the first 
scoping review on rTMS and inflammation in depression 
reported a moderate to good quality in human research 
[65].

Overall, the low power of the studies included in this 
systematic review, coupled with methodological hetero-
geneity and a lack of randomization, hampers the gener-
alization of findings across different studies. Considering 
the numerous pitfalls in the human studies incorporated 
in this review, achieving a good quality score seems 
challenging, even though the topic is underreported. 
Consequently, further research on this topic is impera-
tive, prioritizing studies with larger sample sizes and a 
standardized method for rTMS application. Interest-
ingly, the two studies in CUMS animal models exhib-
ited a direct effect of rTMS treatment on inflammatory 
markers and on depressive-like behavior; a response not 
adequately replicated in the human studies involving 
participants with treatment-resistant depression. This 
discrepancy might arise from a specific limitation of the 
animal model: While the CUMS model can report that 

a novel intervention is antidepressant-like, because the 
model also responds to conventional antidepressants, it 
cannot predict whether a novel intervention will also be 
effective in patients who are treatment-resistant [63]. As 
long as this limitation in animal models persists, there 
is urgent need for more human studies with sufficient 
power, larger samples, and standardized rTMS protocols. 
It should also be noted that the human studies on rTMS 
shows a smaller effect size compared to other stimula-
tion methods such as electroconvulsive therapy (ECT) 
[66, 67]. In case of IL-6, for example, the findings of our 
reports in rTMS-CUMS experiments show very similar 
results to ECT studies in depressed patients [68] but not 
in the included rTMS studies in this systematic review.

Results of the systematic review concerning animal studies
Our literature search demonstrates that rTMS can effec-
tively reduce microglial activation in CUMS models, 
leading to decreased concentrations of key inflammatory 
cytokines such as IL-6, IL-1β, and TNF-α, accompanied 
by the suppression of iNOS, specifically in brain regions 
like the hippocampus and PFC. Furthermore, rTMS 
shows the potential to enhance the nuclear expression of 
Nrf2, a key factor in cellular defense mechanisms. Both 
alterations went along with improvement of the depres-
sive-like phenotype.

Previous literature has suggested that electromagnetic 
fields, also generated during rTMS treatment, might mit-
igate neurodegeneration and decrease neuroinflamma-
tory processes within the central nervous system (CNS) 
[69]. Specifically, these electromagnetic fields have been 
shown to reduce the production of HIF1α, concurrently 
decreasing microglial production of inflammatory cyto-
kines (IL-1α, IL-1β, IL-8, and TNF-α). This reduction in 
inflammation rates induces the recruitment of A2 reac-
tive astrocytes, promoting neurorestoration [69]. In vitro 
models have demonstrated that electromagnetic fields 
from rTMS play a modulatory role in cytokine release 
in microglia, particularly in stimulated brain regions 
[70]. Furthermore, various animal models for different 
disorders further support the beneficial effects of elec-
tromagnetic fields produced by rTMS, including the pro-
motion of neurogenesis, reduction of apoptosis, and the 
induction of an anti-inflammatory microglial polariza-
tion by decreasing the production of pro-inflammatory 
cytokines such as IL-1β and TNF-α [21] along with the 
modulation of Nrf2 expression [71] and reduction of 
iNOS [72] in the CNS. The consistent findings across 
various non-psychiatric disease models, mirroring those 
observed in the included studies with CUMS models, 
indicate that the electromagnetic fields generated by 
rTMS exert anti-inflammatory and neuromodulatory 
effects on the CNS. In case of the included animal studies 



Page 13 of 17Pedraz-Petrozzi et al. Annals of General Psychiatry           (2024) 23:31 

this anti-inflammatory effect is associated with improve-
ment in depressive-like phenotype.

Results of the systematic review in human studies
On the contrary, only two of 15 human studies – both of 
them involving participants with depression - reported 
associations between rTMS-induced changes in symp-
toms and changes in inflammatory markers – decrease in 
symptoms associated with a decrease in TNF-α, IL-2 and 
ATIII concentrations as well as increase in IL-4 concen-
trations [41, 43]. No association was observed between 
rTMS-induced changes in psychiatric symptoms and 
changes in various inflammatory parameters (Tables  2 
and 4).

Following our findings, one study reported decrease in 
symptoms associated with changes in cytokine concen-
trations, specifically with a decrease in in TNF-α and IL-2 
and with an increase in IL-4. The correlation between 
changes in pro-inflammatory cytokines and changes 
in psychopathology during drug therapy with antide-
pressants differ depending on the treatment options. 
For instance, a meta-analysis reported that, in general, 
antidepressant drug treatment did only reduce the con-
centrations of IL-1β, but not of TNF-α and IL-6. After 
using a stratified subgroup analysis, however, the use of 
SSRI treatment was also associated with reduced con-
centrations of IL-6 [73]. However, similar to our findings, 
another recent meta-analysis revealed that antidepres-
sant treatment significantly reduced peripheral TNF-α 
concentrations in patients who responded to treatment 
but not in non-responders [74]. Thus, this meta-anal-
ysis concluded a clear relationship between changes in 
inflammatory markers and changes in psychopathology. 
ECT, as a treatment option for TRD, also revealed differ-
ent results compared to rTMS [75]. Specifically, a longi-
tudinal study showed that ECT-induced changes in the 
cytokine expression of TNF-β correlated to changes in 
depression severity [76]. Other studies found an increase 
in anti-inflammatory markers such as IL-4 [77, 78], simi-
lar to our results described above. In another multivariate 
analysis of longitudinal data, it was reported that in par-
allel to the ECT-induced decrease in depression severity 
in the MADRS, IL-6 levels also changed, with a primary 
increase followed by a significant reduction [68, 79]. In 
contrast to rTMS, these findings showed that ECT sig-
nificantly reduced pro-inflammatory markers alongside 
improved symptoms. Besides the different immune mod-
ulatory effects, it is also considered that there are differ-
ences concerning the stimulation method, being rTMS 
a treatment option with a lower effect size than ECT, as 
mentioned before [66, 67].

According to our findings, one study reported signifi-
cant reductions of ATIII after symptom improvement 
in TRD patients treated with rTMS. In this case, the 

open-label nature of the study design, and the fair risk of 
bias should be considered. ATIII is a protein that regu-
lates the proteolytic activity of procoagulant proteases, 
inhibiting the coagulation cascade and exhibiting an anti-
coagulatory effect [80]. As a negative acute-phase protein, 
ATIII reduces the inflammatory response by inhibiting 
cytokine and tissue factor production in endothelial cells 
and monocytes, thereby influencing leukocyte activation 
[81]. In the case of major depression, ATIII was paradoxi-
cally found to be significantly increased in a multi-level 
proteomics study compared to healthy controls [82]. The 
study also revealed positive correlations between depres-
sion psychopathology and immunological regulation and 
suggested that coagulation correlates with the sever-
ity of psychopathology in depression [82]. On the other 
hand, one study in patients with anxiety and depres-
sion demonstrated that treatment with reduced markers 
of coagulation in comparison to patients without [83]. 
Thus, this study postulated that may counteract a proco-
agulant effect of anxiety or depression [83]. In this study, 
the patients with serotonergic antidepressants showed 
higher concentrations of thrombin-antithrombin com-
plex agents (including ATIII). Still, this difference was not 
significant between both patient groups (with vs. without 
serotoninergic antidepressants) and between patients 
and controls [83]. Finally, an ECT study by Stalzham-
mer and colleagues showed that ATIII was significantly 
reduced in patients with depression after the first ECT 
session compared to baseline. However, in this study 
only the platelet factor 4, and not ATIII, correlated with 
changes in depressive symptoms [84].

While rTMS did not demonstrate a correlation 
between changes in psychopathology and inflammation 
markers in most studies, there were notable correla-
tions between the reduction of inflammation and cogni-
tive improvement since rTMS stimulates a specific brain 
region, i.e., the DLPFC. In this case, our results of the 
systematic search showed that a reduced mRNA expres-
sion of IL-6 strongly correlated with improved cognitive 
performance in post-stroke patients [39]. Additionally, 
a decrease in IL-1β after rTMS therapy was associated 
with an improvement in part 3 of the Color Stroop Test 
in patients with depression [35]. IL-6 and IL-1β are criti-
cal in cognitive impairments, including working memory 
and learning impairments [85]. Two longitudinal stud-
ies demonstrated that higher IL-β concentrations were 
associated with poorer cognitive function [86, 87], and 
overproduction of IL-1β was correlated with negative 
cognitive function in another study [88, 89]. Therefore, 
modifying the concentrations of these cytokines through 
treatment, such as rTMS, might provide a mechanism 
to improve cognitive performance. Interestingly, two 
studies in animal models could demonstrate that the 



Page 14 of 17Pedraz-Petrozzi et al. Annals of General Psychiatry           (2024) 23:31 

neutralization of IL-1β and IL-6 production positively 
influenced cognitive function [90, 91].

Limitations
The data included in systematic review presents some 
limitations that have to be considered when interpreting 
the results. As already mentioned, power analyses were 
not reported in any of the studies, making it difficult to 
extrapolate the results of this systematic review. The 
relatively small sample sizes of at least some studies (i.e., 
n < 20) cast doubt on sufficient power. In addition, the 
rTMS protocols in the human studies differed drastically, 
providing some explanation for the heterogeneity of the 
results. Medication was not tapered out in most studies. 
Thus, the results obtained from the studies are possibly 
confounded by medication. Most clinical trials required 
additional randomization and most studies had a poor to 
fair bias in the quality assessment. Therefore, the results 
in this systematic review should be interpreted with cau-
tion. Finally, most of the studies investigated the effects 
of rTMS in depressive patients or in the CUMS animal 
model, making conclusion of rTMS-induced anti-inflam-
matory effects in other psychiatric disorders impossible.

Conclusions
In conclusion, rTMS has demonstrated an anti-inflam-
matory effect in parallel with an improvement of psy-
chopathology in animal studies and two human studies. 
Most of the rTMS studies included animal studies with 
CUMS models and human studies with treatment-resis-
tant depressive patients. However, the majority of the 
included human studies had not demonstrated rTMS-
induced changes in symptoms and changes in inflamma-
tory markers, mainly due to the small sample sizes, the 
effect size of rTMS treatment (in comparison with other 
stimulation procedures, such as ECT) and heterogene-
ity of the findings. In addition, even if CUMS models 
are commonly used to prove an antidepressant effect of 
a treatment option, these models are not representa-
tive (e.g., for treatment-resistant depression), being the 
results of these models, therefore not directly translat-
able [63]. In the case of human studies, more studies are 
needed with larger sample sizes, mostly due to the lower 
treatment effect sizes, to detect whether anti-inflam-
matory properties are a mechanism underlying rTMS-
induced improvement in psychopathology.
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