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Abstract

Individuals with schizophrenia (SCZ) frequently exhibit glycolipid metabolic disorders. This clinical issue cannot be fully explained
by the high metabolic risk associated with antipsychotic medications alone. It is increasingly recognized to involve complex multi-
system interactions, particularly those linking the central nervous system with peripheral endocrine and immune regulation. Existing
interventions have shown limited efficacy, underscoring the need for novel adjunctive strategies. Transcranial direct current stimulation
(tDCS), a non-invasive brain stimulation (NIBS) technique that modulates cortical excitability, has accumulated preliminary evidence
for metabolic regulation in non-psychiatric populations and has generated several mechanistic hypotheses. However, direct evidence
regarding its efficacy in SCZ remains limited, and the lack of comparison with existing interventions has hindered the recognition of its
neurobiological mechanisms and potential advantages. Current challenges include methodological limitations, outcome heterogeneity,
and insufficient mechanistic understanding, highlighting the need for further research and standardization of this clinical intervention.
In light of these gaps, we synthesize the latest evidence on the metabolic and weight regulatory effects of tDCS, and further propose
an integrative neuro-endocrine-immune network framework to conceptualize how central neuromodulation may influence peripheral
metabolic regulation through interconnected biological systems. Moreover, we identify key methodological limitations in current tDCS
research and outline directions for improvement, aiming to enhance the quality of future direct evidence. This framework provides a
theoretical direction for future interventional studies applying tDCS to glycolipid metabolic disorders in SCZ, while acknowledging that
further direct evidence is still warranted.

Keywords: transcranial direct current stimulation; schizophrenia; lipid metabolism disorders; glucose metabolism disorders; neuroim-
munomodulation

1. Introduction
Glycolipid metabolic disorders, characterized by

weight gain, hyperglycemia, and hyperlipidemia, are com-
mon among individuals with schizophrenia (SCZ) receiv-
ing long-term antipsychotic medication treatment [1]. The
global disease burden of SCZ is substantial, accounting for
1.1% of disability-adjusted life years (DALYs) and 2.8%
of years lived with a disability (YLDs) [2]. This burden is
further exacerbated by comorbid glycolipid metabolic dis-
orders, which are key risk factors for metabolic syndrome
and cardiovascular disease (CVD), leading to a reduced life
expectancy of 15–20 years [3]. These metabolic disorders
are also associated with significant cognitive impairment,
leading to poor functional performance and decreased qual-
ity of life [4]. Moreover, metabolic syndrome (MetS) pre-
dicts a 3-fold higher risk of psychiatric relapse within one
year of follow-up [5]. A systematic review reported that
SCZ patients with physical comorbidities incur inpatient
costs up to 2.7 times higher and medication costs up to

8.1 times higher than those with mental health disorders
alone [6]. Taken together, glycolipid metabolic disorders
not only aggravate clinical outcomes in SCZ populations,
but also incur significant economic costs. Current manage-
ment strategies primarily rely on pharmacological interven-
tions, including switching antipsychotics and the adjunc-
tive use of anti-diabetic (e.g., metformin) or lipid-lowering
agents (e.g., statins) [7]. However, these approaches of-
ten raise concerns about the risk of psychiatric symptom
fluctuation, potential drug-drug interactions that may com-
promise antipsychotic efficacy, and other side effects [8,9].
Therefore, elucidating the mechanisms underlying glycol-
ipid metabolic disorders in SCZ is critical for identifying
novel therapeutic targets and developing more targeted in-
terventions.

In recent years, non-invasive brain stimulation
(NIBS), especially transcranial direct current stimulation
(tDCS), has received increasing attention. tDCS deliv-
ers low-intensity direct current to target neurons through
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scalp electrodes, modulating cortical excitability through
subthreshold shifts in resting membrane potential without
generating action potentials [10,11]. The sustained cur-
rent can modulate neural network function by promoting
synchronized neuronal activity and strengthening synaptic
connectivity [12]. Through indirect influences on deeper
brain structures and extensive neural networks, tDCS in-
duces alterations in neurotransmitters and peripheral phys-
iological activities, linking central nervous system activ-
ity to peripheral metabolism [10,13,14]. In line with this
framework, the dorsolateral prefrontal cortex (DLPFC) has
emerged as a key target for tDCS because of its extensive
connection with structures known to regulate peripheral
metabolism and immune responses, such as the hypotha-
lamus and striatum [15,16,17]. Moreover, tDCS is easy to
operate and highly safe, with few reports of serious adverse
effects. It is suitable for the elderly, children, and individ-
uals with mental disorders, as well as for home-based set-
tings, demonstrating broad application potential [18]. Sev-
eral meta-analyses have indicated that tDCS regulates the
eating behavior of obese individuals and promotes weight
loss by normalizing reward neural circuits, but its impact
on biomarkers such as metabolic parameters has been in-
sufficiently explored [19,20,21]. Similarly, although the
mechanisms underlying glycolipid metabolic disorders in
SCZ have been extensively studied from diverse perspec-
tives, including genetics, neuroimaging, and inflammation,
few studies have integrated these findings into a frame-
work linking central nervous system activity with periph-
eral metabolism [22,23,24].

Taken together, these two gaps highlight the need for
a neuro-endocrine-immune network perspective to inter-
pret metabolic dysregulation in SCZ. This review aimed to
(1) establish this perspective by synthesizing evidence on
tDCS-induced changes in metabolic biomarkers, providing
mechanistic support for the research hypothesis that tDCS
can effectively treat glycolipid metabolic disorders in SCZ,
and (2) review the progress made and suggest future direc-
tions.

2. Methods
This narrative review followed the guidelines of

the Scale for the Assessment of Narrative Review Arti-
cles (SANRA) [25]. A comprehensive literature search
was performed in PubMed (https://pubmed.ncbi.nlm.nih.
gov/), Web of Science (https://www.webofscience.com/),
and ClinicalTrials.gov (https://clinicaltrials.gov/) for pub-
lications between January 1, 2015, and April 30, 2026.
The complete search string for each database is provided
in Supplementary Table 1. Briefly, the search strat-
egy combined terms for the intervention (“transcranial di-
rect current stimulation” OR “tDCS”), the metabolic out-
comes (“obesity” OR “overweight” OR “metabolic dis-
eases” OR “weight gain” OR “lipid metabolism disorders”
OR “glucose metabolism disorders”), and the population

(“schizophrenia” OR “SCZ” OR “psychotic disorders”).
Eligible study designs included controlled and observa-
tional studies (both human and animal) with outcomes re-
porting alterations in glycolipid metabolism, body weight,
body mass index (BMI), inflammatory markers, or hor-
mones. Conference proceedings, abstracts, or non-peer-
reviewed publications were excluded. One study proto-
col without reported results was identified; however, none
of the completed clinical trials met the inclusion criteria.
Therefore, to provide the best available human evidence,
we included clinical trials conducted in obese populations
without psychiatric disorders, to extrapolate the potential
metabolic effects of tDCS on SCZ. Ultimately, ten studies
met the eligibility criteria and were included in the clini-
cal evidence synthesis. Relevant data, including the tDCS
stimulus protocol, study procedures, primary outcomes,
and secondary outcomes, were extracted, as shown in Ta-
ble 1 (Ref. [16,26,27,28,29,30,31,32,33,34]). The findings
from animal studies were incorporated to support the mech-
anistic discussion. The following sections will: (Section
3) delineate the neuro-endocrine-immune mechanisms un-
derlying glycolipid metabolic disorders in SCZ; (Section 4)
synthesize clinical evidence andmechanistic insights; (Sec-
tion 5) discuss tDCS as a potential intervention for glycol-
ipid metabolic disorders in SCZ; and (Section 6) address
limitations and future directions.

3. Neuro-Endocrine-Immune Mechanisms
Underlying Glycolipid Metabolic Disorders
in SCZ

Although SCZ-related metabolic dysregulation shares
overlapping mechanisms with common obesity, including
insulin resistance, hormonal dysregulation (e.g., leptin and
cortisol), and shared genetic pathways, it is more severe and
less responsive to standard interventions due to the SCZ-
specific pathological features of cortico-thalamo-striatal-
midbrain circuits and dopaminergic transmission [35,36].
Neuroimaging and neurophysiological studies have discov-
ered over-activation of the prefrontal cortex (PFC) and pre-
motor cortex during inhibitory control tasks in individu-
als with SCZ, reflecting impaired inhibitory control and re-
duced cognitive restraint over food intake, which are signif-
icant behavioral contributors to increased appetite, weight
gain, and metabolic disorders in this population [37]. No-
tably, premotor cortex continuous theta burst stimulation
(cTBS) has been validated to prevent olanzapine-induced
weight gain in drug-naïve first-episode SCZ patients [38].
Furthermore, abnormal dopaminergic transmission in the
ventral tegmental area (VTA) (whether enhanced or dis-
rupted) alters PFC synaptic plasticity and leads to func-
tional deficits [39,40]. Second-generation antipsychotics
(SGAs) further compound these vulnerabilities by inducing
gray matter reduction in PFC [41], altering default-mode
network (DMN) functional connectivity [42], and changing
synaptic plasticity [40,43], thereby significantly increasing
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Table 1. Summary of clinical studies examining the effects of tDCS on metabolic characteristics in obese populations (n = 10).
Study Stimulation settings Other interventions Study participants Grouping Primary Outcome Secondary outcome Key findings (Statistical

significance)

Gluck et al.
(2015) [26]

Study 1:
Anodal: right supraorbital,
Cathodal: L-DLPFC,
2 mA for 40 min,
Consecutive 3 days;
Study 2:
Anodal: L-DLPFC,
Cathodal: right supraorbital,
2 mA for 40 min,
Consecutive 3 days;
(6 sessions)

/ Male or female, aged
between 18–60, BMI
(kg/m2) ≥25, no mental
illness

Active: n = 5
Sham: n = 4

Less energy intake (kcal/d)
during anodal tDCS

Greater reduction in
weight during anodal
compared with cathodal
tDCS; no direct com-
parison between active
and sham groups was
performed.

Trend improvement (pri-
mary outcome, p = 0.07;
all other outcomes signif-
icant improved, all p <
0.05)

Heinitz et al.
(2017) [27]

Anodal: L-DLPFC,
Cathodal: right supraorbital,
2 mA for 40 min,
Consecutive 3 days during
hospitalization; 3 sessions
per week for 4 weeks during
outpatient period (15 sessions)

/ Male or female, aged
between 18–60, BMI
(kg/m2) ≥25, no mental
illness

Hospitalization phase:
Active: n = 14
Sham: n = 17
Outpatient phase:
Active: n = 9
Sham: n = 14

No significant differences
in energy intake and body
weight between active and
sham groups.

Reduced hunger and urge
to eat in active group af-
ter repetitive stimulation

Trend improvement (pri-
mary outcomes, all p ≥
0.18; secondary outcomes
showed significant im-
provements after repetitive
anodal tDCS, all p < 0.05)

Fassini et al.
(2020) [28]

Anodal: L-DLPFC,
Cathodal: right supraorbital,
2 mA for 30 min,
PhaseⅠ: single session;
PhaseⅡ: 5 sessions per week for
2 weeks;
Phase Ⅲ: 3 sessions per week for
2 weeks; (17 sessions)
6-month follow-up

Phase Ⅲ:
tDCS+low-calorie
diet

Female, aged between
20–40, BMI (kg/m2) 30–
35, no mental illness

Active: n = 20
Sham: n = 18

No differences in body
weight between active and
sham groups; less weight
loss in active group during
the follow-up

Reduced hunger and urge
to eat in the COMT Met
carriers subgroup

Overall: all p > 0.05
(weight, hunger/urge).
COMT Met subgroup:
reduced hunger and urge
to eat (p < 0.05).

Amo Usanos et
al. (2020) [29]

Anodal: L-DLPFC,
Cathodal: right supraorbital,
2 mA for 20 min
5 sessions on week 1, 3 sessions
on week 2 (8 sessions)

tDCS+low-calorie
diet

Female, aged between
45–65, BMI (kg/m2) 25–
35, no mental illness

Active: n = 20
Sham: n = 18

Greater reduction in body
weight in active group
(2.32%) compared with
sham group (1.29%)

Greater reduction in urge
to eat and improvement
in inhibitory control per-
formance in active group

Significant improvement
(p < 0.05)
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Table 1. Continued.
Study Stimulation settings Other interventions Study participants Grouping Primary Outcome Secondary outcome Key findings (Statistical

significance)

de Araujo et al.
(2020) [30]

Anodal: R-DLPFC,
Cathodal: L-DLPFC,
2 mA for 20 min
5 sessions per week for 4
weeks (20 sessions)

tDCS+low-calorie
diet

Male or female, aged
between 20–50, BMI
(kg/m2) 25–35, no men-
tal illness

Active: n = 14
Sham: n = 14

No significant difference
in body weight between
active (–4.5 kg) and sham
(–2.3 kg) groups

Reduction in the desire to
eat sweet foods in active
group. No other signifi-
cant differences were ob-
served.

Trend improvement
(significant weight loss
in pooled sample (p <
0.001); no significant
between-group differ-
ence (p = 0.786); reduced
desire for sweet foods (p
= 0.005)

Forcano et al.
(2020) [31]

Anodal: R-DLPFC,
Cathodal: L-DLPFC,
2 mA for 20 min
Consecutive 4 days (4 sessions)

tDCS+computerized
cognitive training

Male or female, aged
between 18–60, BMI
(kg/m2) >40 or BMI
(kg/m2) >35, combined
with diabetes or hyper-
tension, no mental illness

Active: n = 9
Sham: n = 9

Greater reduction in en-
ergy intake in active group
compared with sham group

Reversed left-dominant
frontal asymmetry and
increased frontal coher-
ence in the γ band in
active group; decreased
eCB level in active group

d = 0.85, p not reported.

de Araujo et al.
(2022) [16]

Anodal: R-DLPFC,
Cathodal: L-DLPFC,
2 mA for 20 min
5 sessions per week for 4 weeks
(20 sessions)

tDCS+low-calorie
diet

Male or female, aged
between 20–50, BMI
(kg/m2) 25–35, no men-
tal illness

Active: n = 14
Sham: n = 14

No significant difference
in body weight between
active (–4.5 kg) and sham
(–2.3 kg) groups

Significantly decreased
FPG, insulin levels, and
increased MISI in the
active group

Trend improvement (no
significant weight loss,
p = 0.786; improved
metabolic changes, all p
< 0.05)

Araújo de
Oliveira
Figueirêdo
et al. (2024)
[32]

Anodal: R-DLPFC,
Cathodal: L-DLPFC,
2 mA for 20 min, Consecutive 10
days (10 sessions)

/ Female, aged between
45–65, BMI (kg/m2) 25–
35, no mental illness

Active: n = 25
Sham: n = 25

No differences in energy
intake (kcal/d) and urge
to eat between active and
sham groups

No significant difference
in body weight between
active and sham groups

Trend improvement (not
statistically significant, p
> 0.05)

Aydin et al.
(2024) [33]

Anodal: L-DLPFC,
Cathodal: right supraorbital,
2 mA for 40 min
Consecutive 3 days (3 sessions)

/ Male or female, aged
between 18–60, BMI
(kg/m2) ≥25, no mental
illness

Active: n = 13
Sham: n = 16

Greater reduction in IL-6
in active group compared
with sham group, indepen-
dent of ad libitum intake

No differences in body
weight, energy intake,
and hormones between
active and sham groups

Significant improvement
in inflammatory marker
(p = 0.03)

Ester-Nacke et
al. (2025) [34]

12 channel network tDCS
anode/cathode stimulation of
hypothalamic functional network
area, 2 mA per electrode for
25 min, consecutive 3 days (3
sessions)

/ Male or female, aged
between 20–65, BMI
(kg/m2) 25.5–39, female
waist circumference
≥80 cm, male waist
circumference ≥94 cm,
no mental illness

Anodal active: n = 15
Cathodal active: n = 14
Sham: n = 15

Significant improvement
in inhibitory control per-
formance and reduction in
the desire for sweet foods
in active group

No differences in glu-
cose metabolism, periph-
eral insulin sensitivity,
energy intake (kcal/d),
and urge to eat between
active and sham groups

No metabolic changes
(all p > 0.05); significant
cognitive function im-
provement (p < 0.05)

Abbreviations: COMT, catechol-O-methyltransferase; DLPFC, dorsolateral prefrontal cortex; R/L-DLPFC, right/left dorsolateral prefrontal cortex; BMI, body mass index; FPG, fasting plasma glucose; MISI,
Matsuda insulin sensitivity index; eCB, endocannabinoid; tDCS, transcranial direct current stimulation; IL-6, interleukin-6.
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the risk of metabolic dysregulation [44]. However, strate-
gies merely suppressing appetite or inhibiting lipid absorp-
tion have proven insufficient to prevent SGA-induced gly-
colipid metabolic disorders [45]. This limited efficacy
of peripheral-focused interventions highlights the need for
central neuromodulation strategies targeting the underly-
ing brain circuitry to restore metabolic homeostasis. Evi-
dence from obese individuals without mental disorders has
demonstrated that tDCS can modulate PFC excitability and
reward circuits, providing a mechanistic rationale for its
potential efficacy in SCZ, while also establishing prelimi-
nary safety and tolerability profiles [28,29,30,31,34]. How-
ever, understanding the mechanisms underlying metabolic
disorders in SCZ requires a more comprehensive central-
peripheral synergistic perspective. An increasing body of
evidence pertaining to this research question points toward
a unifying neuro-endocrine-immune framework, aiming to
provide further theoretical support for the application of
tDCS in SCZ.

The neuro-endocrine-immune network is an inte-
grated system in which the nervous, endocrine, and im-
mune systems function as a coordinated whole through
bidirectional communication [46]. The brain integrates
peripheral metabolic signals and regulates hormone se-
cretion through several endocrine systems, including the
hypothalamic-pituitary-adrenal (HPA) axis [47]. Immune
cells and peripheral organs such as adipose tissue se-
crete cytokines and other mediators that influence in-
sulin sensitivity and chronic inflammation [48,49]. Dis-
ruption of this network is increasingly being recognized
as a key driver of metabolic disorders, including obe-
sity, diabetes, and metabolic syndrome [46]. Accumu-
lating evidence indicates that SGAs disrupt hormone se-
cretion and systemic inflammatory responses through the
neuro-endocrine-immune network, leading to glycolipid
metabolic disorders [23,44,50,51]. Therefore, tDCS has
emerged as a promising theoretical treatment. Preclinical
studies have shown that tDCS promotes axonal growth and
facilitates neural repair, while clinical evidence also sup-
ports that tDCS can induce durable neuroplastic changes
[52,53,54]. Consequently, it may normalize brain function
and peripheral physiological processes by stimulating key
regions such as the DLPFC (Fig. 1).

3.1 Neuro-Endocrine Axis

The HPA axis connects central and peripheral physi-
ological processes and regulates energy metabolism, with
glucocorticoids (GCs) secretion playing a critical role. El-
evated GC levels resulting from hyperactivity of the HPA
axis induce insulin resistance in key metabolic tissues, such
as the liver and adipose tissue [55,56]. This promotes hep-
atic gluconeogenesis and lipolysis, while triggering sys-
temic inflammatory responses, thereby further exacerbat-
ing glycolipid metabolic disorders. Chronic exposure to
high GC levels also reduces cortical neuron volume, den-

dritic complexity, and synaptic protein expression, which
may result in white matter defects in specific brain re-
gions, such as the prefrontal-amygdala pathway, increasing
the risk of SCZ [57,58]. In addition, studies have found
significantly reduced expression of glucocorticoid recep-
tors (GR) in the DLPFC of individuals with SCZ, indicat-
ing HPA axis dysfunction [59,60]. The effects of pharma-
cotherapy warrant further attention. SGAs act on the hy-
pothalamus to regulate the secretion of neurotransmitters,
including dopamine and serotonin. These drugs induce hy-
perphagia, weight gain, and metabolic disorders [44]. In
summary, both brain abnormalities and long-term pharma-
cological effects contribute to HPA axis hyperactivity and
peripheral metabolic disorders in SCZ, which in turn ex-
acerbates brain damage, forming a vicious cycle between
worsening psychiatric symptoms and metabolic disorders.
This neuro-endocrine pathway provides a theoretical foun-
dation through which central neuromodulation may help
improve peripheral metabolic health.

3.2 Neuro-Immune Axis

Systemic chronic low-grade inflammation is a key
contributing factor to the pathogenesis and progression
of SCZ [61]. Adipose tissue functions as an endocrine
organ that secretes pro-inflammatory cytokines, includ-
ing interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-α), which further activate sys-
temic inflammatory responses [62]. The hypothalamus
is particularly susceptible to peripheral inflammation be-
cause of its lack of protection from the blood-brain bar-
rier. Acute inflammation may temporarily restore energy
metabolism homeostasis by activating interactions among
glial cells, thereby exerting neuroprotective effects. How-
ever, as it progresses to chronic inflammation, persistent
gliosis impairs myelin formation and axon growth in the
surrounding neurons, leading to disruption of the hypotha-
lamic network connectivity [63]. Consequently, impaired
negative feedback regulation of GC levels by the HPA axis
leads to peripheral glycolipid metabolic disorders. In addi-
tion to affecting the hypothalamus, elevated levels of pro-
inflammatory markers in the blood and cerebrospinal fluid
of individuals with SCZ are associated with reduced gray
matter volume and connectivity abnormalities [64]. Abnor-
malities in brain structure and functional connectivity dis-
rupt the normal regulation of the endocrine axis, triggering
various metabolic issues [22]. Therefore, suppressing sys-
temic inflammation is beneficial for both psychiatric and
metabolic disorders, and inflammatory cytokines may serve
as biomarkers for disease prediction and treatment evalua-
tion.

3.3 Endocrine-Immune Axis

The bidirectional interaction between the endocrine
and immune systems completes the neuro-endocrine-
immune network, revealing the mechanism underlying
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Fig. 1. The neuro-endocrine-immune mechanism linking central nervous system abnormalities to peripheral metabolic disorders
in SCZ and the potential target of tDCS. Abbreviations: ACC, Anterior Cingulate Cortex; Amyg, Amygdala; VTA, ventral tegmental
area; DA, dopamine; GC, glucocorticoid; HPA, hypothalamic-pituitary-adrenal; SCZ, schizophrenia. Solid arrows indicate established
direct regulatory pathways among these systems (bidirectional or unidirectional as shown). Dashed lines represent anticipated feedback
pathways from the endocrine system to the central nervous system; these are marked with “×” to indicate that such feedback loops are
disrupted under pathological conditions. Thick double-headed arrows indicate functional connectivity among brain regions. “↑” indicates
upregulation or increased activity; “×” indicates disruption or inhibition of the pathway.

the susceptibility of individuals with SCZ to glycolipid
metabolic disorders. Persistently elevated GC levels not
only directly affect metabolic organs but also weaken the
anti-inflammatory capacity of immune cells by reducing
their sensitivity to GCs, consequently perpetuating low-
grade inflammation [65,66]. Additionally, dysfunctional
adipose cells release pro-inflammatory cytokines and pro-
mote macrophage infiltration, further amplifying the in-
flammatory response [62,65]. A vicious cycle emerges: im-
mune dysfunction associated with excessive GCs exacer-
bates metabolic disorders, promotes the release of inflam-
matory factors, and causes systemic damage, including im-
pairment of the blood-brain barrier. Consequently, acti-
vated microglia promote neuroinflammation, leading to cu-
mulative structural and functional damage in multiple brain
regions, potentially increasing the risk of SCZ [67,68].
This multi-system interaction indicates that neuromodula-
tion targeting the central nervous system may interrupt this
cycle and improve metabolic and immune functions.

4 tDCS for Glycolipid Metabolic Disorders:
Evidence From Non-Psychiatric Populations
4.1 Clinical Research Progress and Theoretical Analysis

Existing tDCS studies have primarily targeted obese
individuals without mental disorders, investigating the ef-
fects of tDCS on weight loss and energy intake, as shown
in Table 1. It should be noted that direct clinical valida-
tion of tDCS for metabolic regulation in SCZ populations
remains lacking, and caution against over-extrapolation of
existing findings is warranted. Most studies have employed
a current intensity of 2 mA. The earliest two studies found
that the effectiveness of short-term interventions (e.g., ≤10
sessions) was limited, with the montage of placing the an-
ode over the left DLPFC and the cathode over the right
supraorbital area [26,27]. In contrast, extended treatment
duration and increased numbers of sessions appeared to
improve metabolic parameters and response inhibition, al-
though there was still no significant weight loss. Notably,
Fassini et al. [28] first reported in a 6-month follow-up
study that tDCS combined with a low-calorie diet led to
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appetite and energy intake reduction, but only in carriers
of the catechol-O-methyl transferase (COMT) Met allele,
who exhibited higher dopamine concentrations in the PFC
and a better response to tDCS. These findings suggest that
tDCS may regulate the dopaminergic pathway and induce
corresponding central and peripheral physiological activi-
ties. Neuroimaging studies have shown that tDCS targeting
the DLPFC increases dopamine release in the ventral stria-
tum, which further supports this hypothesis [15]. de Araujo
et al.[30] conducted a longer intervention period of four
weeks (20 sessions) and observed weight loss and reduced
consumption of sweet foods among participants, employ-
ing a montage with the anode placed over the right DLPFC,
which is the inverse of the conventional left-sided place-
ment. This finding suggests that long-term and repeated
interventions may induce long-lasting synaptic plasticity
changes and promote the functional reorganization of neu-
ral circuits for self-control [30]. Subsequent studies further
demonstrated that tDCS improves glucose homeostasis and
insulin sensitivity, indicating its potential therapeutic value
in treating insulin resistance or diabetes in obese individu-
als [16]. Several recent short-term studies using tDCS alone
(3 [34], 4 [31], and 10 [32] sessions, respectively) only re-
ported changes in metabolic parameters and cognitive func-
tion without statistically significant weight loss. Neverthe-
less, tDCS has demonstrated certain benefits in obese indi-
viduals, and may prevent further weight gain. A feasibil-
ity trial protocol specifically targets antipsychotic-induced
weight gain and assesses whether tDCS can help prevent
further metabolic deterioration, which aligns with our ob-
servation that tDCSmay halt weight progression even when
significant weight loss is not achieved [69]. While this
protocol signals an initial interest in applying tDCS to
metabolic dysregulation in SCZ, direct evidence from com-
pleted trials remains scarce, underscoring the need for fu-
ture research.

Several factors may account for the lack of signif-
icant weight loss in most of the ten studies reviewed.
First, the intervention duration and the total number of ses-
sions were likely insufficient. Although still not statisti-
cally significant, studies with extended treatment (≥20 ses-
sions) showed improvements in secondary metabolic pa-
rameters, suggesting that longer interventions may be nec-
essary to translate tDCS effects into clinically detectable
weight changes. Second, genetic heterogeneity may influ-
ence individual responses to tDCS, and failing to consider
such variability could obscure positive signals. Third, the
primary endpoint of weight loss may be less immediately
sensitive to tDCS effects than the secondary endpoints (e.g.,
food craving and glucose homeostasis), as body weight
regulation involves complex homeostatic mechanisms that
may require sustained behavioral changes over longer pe-
riods. These considerations do not negate the potential of
tDCS, but highlight areas for protocol optimization. Future
studies should expand the study population and design long-

term intervention protocols to validate efficacy and clarify
the exact mechanisms, as small samples reduce detection
probability and long-term protocols (≥10 sessions) yield
greater effects [70,71].

4.2 Comparative Effectiveness With Pharmacological
Interventions and Repetitive Transcranial Magnetic
Stimulation (rTMS)

Overall, a range of NIBS and pharmacological in-
terventions have been investigated for the management of
glycolipid metabolic disorders in SCZ, each with distinct
mechanisms, efficacy profiles, and practical considerations.
When comparing these approaches, the overall body of ev-
idence remains substantially larger for pharmacological in-
terventions, including metformin, glucagon-like peptide-1
(GLP-1) receptor agonists (e.g., semaglutide), and statins,
as supported by numerous randomized clinical trials (RCTs)
and meta-analyses [72,73,74,75]. However, despite achiev-
ing practical therapeutic effects, pharmacological interven-
tions have raised considerable concerns, including individ-
ual variations in efficacy, poor long-term adherence, side
effects, and limited accessibility [73,76,77,78]. It is cru-
cial to recognize that drug targets are primarily focused
on peripheral metabolic pathways rather than on the dys-
function of central regulatory mechanisms. Emerging pre-
cision strategies, including AI-assisted psychobiotics and
NIBS, seek to bridge this gap by restoring neuro-endocrine-
immune homeostasis [79]. Notably, NIBS is distinguished
by its direct modulation of the aberrant central neural cir-
cuits underlying the disease, providing a more proximate
intervention.

Among NIBS techniques, tDCS and rTMS are the
two most commonly used approaches [20]. Regarding out-
comes, rTMS appeared to be more effective than tDCS in
reducing food cravings and energy intake [20,80]. Notably,
rTMS has been applied to induce weight loss in individuals
with SCZ, while no tDCS-related studies have been con-
ducted. High-frequency rTMS over the DLPFC was ob-
served to significantly reduce body weight and BMI within
four weeks [81,82], and continuous theta burst stimulation
was shown to prevent antipsychotic-induced weight gain
[38]. Collectively, these findings support the overlapping
brain mechanisms between obesity and SCZ, and demon-
strate that central neuromodulation can positively amelio-
rate metabolic disorders in this population. However, rTMS
requires expensive and bulky equipment and administration
by trained professionals in clinical settings, which critically
limits its treatment frequency and real-world accessibility.
Given that tDCS shares the core advantage of direct mod-
ulation of the central nervous system, it may offer a vi-
able alternative. tDCS offers distinct advantages, includ-
ing portability, simple operation, high safety, and suitabil-
ity for home-based and long-term community management,
thereby addressing the many practical barriers associated
with rTMS. However, tDCS still has limitations for clinical
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applications. It may not be as effective as rTMS and re-
quires further optimization of the stimulation protocols and
individualized treatment. Currently, evidence regarding its
therapeutic effects and long-term use in home settings is ac-
cumulating.

4.3 Quality of Existing Literature and Recommendations
The variability in the clinical efficacy of tDCS may

result from inconsistent stimulation parameters, including
target location, treatment duration, and current intensity, as
well as small sample sizes, short follow-up periods, and
limited population diversity. Future research should be
more cautious about methodological quality, such as imple-
menting reliable blinding procedures and refining strategies
to minimize participant dropout, as these issues are par-
ticularly critical in non-pharmaceutical intervention stud-
ies. Recent methodological advances have proposed Ac-
tiSham, a model-driven multi-electrode approach that of-
fers better participant blinding than traditional bifocal tDCS
by mimicking real stimulation sensations without affect-
ing the corticospinal excitability [83]. Another study de-
veloped a specification-grade checklist to help reduce trial
variability and strengthen cross-study syntheses in mecha-
nistic and clinical research [84]. Notably, remote supervi-
sion and home-based tDCS protocols have been shown to
improve adherence and reduce dropout rates in other clin-
ical populations [85,86]. Increasing stimulation frequency
or sessions [87] and incorporating neuroimaging and elec-
trophysiological techniques are recommended for protocol
optimization [88,89]. Furthermore, studies should explore
combined interventions, such as cognitive tasks or lifestyle
changes, which may develop synergistic effects [90,91,92].
Participant stratification based on baseline characteristics
may be beneficial for developing personalized stimulation
protocols [93,94]. These strategies will facilitate the clarifi-
cation of tDCS mechanisms and support the establishment
of standardized stimulation protocols and evaluation sys-
tems.

In summary, efforts should be directed toward enhanc-
ing methodological rigor to supplement reliable evidence,
utilizing objective biomarkers to optimize stimulation pro-
tocols, and exploring the underlying mechanisms. Previ-
ous study have established the abnormal neuro-endocrine-
immune network as the underlying pathological mechanism
of glycolipid metabolic disorders in SCZ and potentially as
an effective target for tDCS modulation [46]. Therefore,
exploring the feasibility of tDCS in restoring metabolic
homeostasis and serving as an adjunct therapeutic strategy
for SCZ holds a theoretical basis and has broad application
prospects. The following sections elaborate on the specific
mechanisms and supporting evidence of this argument.

5 Theoretical Basis and Preliminary Evidence
Supporting tDCS as A Potential Intervention
for Glycolipid Metabolic Disorders in SCZ
5.1 Normalize HPA Axis Activity

Brunoni et al. [95] first demonstrated that tDCS ap-
plied to the L-DLPFC reduced cortisol levels, with greater
stimulation intensity linked to larger cortisol decreases. An-
tal et al. [96] found that anodal tDCS increased regional
cerebral blood flow in the right medial PFC and right amyg-
dala during psychosocial stress, suggesting precise brain
targets of tDCS effects. Direct evidence for tDCS engage-
ment of the DLPFC-Anterior Cingulate Cortex (ACC) cir-
cuit comes from a task-based fMRI study, which found that
prefrontal tDCS increased right DLPFC and ACC activity
specifically in response to negative outcomes and reduced
whole-brain connectivity of the right ACC, confirming that
tDCS exerts effects on distal brain regions and can bidirec-
tionallymodulate the functional architecture of the DLPFC-
ACC circuit [97]. In real-world contexts, a study of elite
archers under competitive conditions showed that a single
session of anodal L-DLPFC tDCS replicated the cortisol-
lowering effect [98]. Integrating these findings, we pro-
pose that tDCSmay influence cortisol secretion by stimulat-
ing DLPFC and modulating the brain networks implicated
in HPA axis regulation [99]. Given the close association
between HPA axis dysregulation and glycolipid metabolic
disorders, the ability of tDCS to modulate cortisol secretion
raises the possibility that tDCS may serve as a potential in-
tervention for metabolic disorders, particularly in popula-
tions with HPA axis dysfunctions.

5.2 Improve Glucose Homeostasis
tDCS may influence whole-body glycolipid

metabolism by modulating cerebral metabolic processes.
Human trials have shown that repeated tDCS induced lo-
calized cerebral energy consumption and directly promoted
systemic glucose uptake through an insulin-independent
mechanism [100,101]. Animal studies have provided valu-
able insights into the underlying mechanisms. Specifically,
hypothalamic glucose-sensing neurons detect elevated glu-
cose levels via ATP-sensitive potassium (K-ATP) channels
and suppress hepatic gluconeogenesis to maintain glucose
homeostasis [102]. These neurons also control autonomic
nervous activity, hormone secretion, and the hedonic value
of food through interactions with the mesolimbic dopamine
system [103]. Dysfunction in central glucose sensing
may precede and cause the development of obesity and
diabetes, representing a promising target for improving
systemic metabolism. Notably, beyond its effects on
cortical excitability, tDCS has been shown to modulate the
deep subcortical nuclei, including the hypothalamus [99].
Regarding lipid metabolism, animal studies have indicated
that tDCS can reduce hepatic steatosis and inflammation in
obese mice [104]. Although research on lipid metabolism
in humans remains limited, these animal findings suggest
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a potential role for tDCS in improving lipid metabolism,
which may be considered as an exploratory outcome in
future studies of SCZ individuals with comorbid glycolipid
metabolic disorders.

5.3 Inhibit Systemic Inflammation
Although tDCS does not directly stimulate deep brain

regions or peripheral cells, it may indirectly modulate
peripheral immune and inflammatory responses through
multi-systemic interactions. Early studies often failed to
capture significant changes in biomarkers, constrained by
short intervention durations, inadequate sessions, and small
sample sizes. However, emerging evidence suggests that
inflammatory status may influence the efficacy of tDCS.
Goerigk et al. [10] first found that IL-6 and IL-8 levels
were positively correlated with depression severity in pa-
tients with bipolar disorder and predicted the response to
tDCS [10]. Optimized tDCS protocols, featuring increased
sessions and longer treatment durations, have demonstrated
reductions in serum IL-6 and improvements in glycolipid
metabolism [10,33]. These findings suggest that inflam-
matory cytokines may serve as promising biomarkers for
evaluating tDCS efficacy. Future research should expand
the sample sizes, develop high-intensity stimulation pro-
tocols, and conduct long-term follow-up studies to clar-
ify the causal relationship between tDCS-induced anti-
inflammatory mechanisms and metabolic improvement.

6. Limitations and Future Directions
Individuals with SCZ frequently exhibit glycolipid

metabolic disorders, which are increasingly recognized as
integral components of the biological phenotype of SCZ,
rather than mere somatic comorbidities. These metabolic
abnormalities reflect complex dysregulation across the in-
terconnected neural, endocrine, and immune systems. The
limitations of the existing pharmacotherapy highlight the
importance of developing non-pharmacological interven-
tions. tDCS is an NIBS technique that enhances neuroplas-
ticity and helps restore brain network function. Accumulat-
ing evidence suggests that tDCS mainly functions through
top-down indirect mechanisms, rather than direct periph-
eral metabolic regulation. Given its neuroprotective prop-
erties, tDCS may induce significant and persistent changes
in neural activity when integrated with complementary in-
terventions that engage overlapping neural systems, such
as cognitive training, behavioral modulation, or biofeed-
back. Such combined approaches offer synergistic strate-
gies targeting shared neurobiological mechanisms, thereby
amplifying the system-level regulation and therapeutic im-
pact [90,91,92].

Future research should address several critical chal-
lenges: (1) conducting clinical trials in individuals with
SCZ and glycolipid metabolic disorders to provide direct
evidence of tDCS effects on metabolic regulation and to
elucidate its neurobiological mechanisms, especially by

identifying relevant cortical targets and neuro-endocrine-
immune pathways; (2) optimizing experimental designs
and stimulation protocols to enhance interpretability and
reproducibility; and (3) establishing biomarkers to evalu-
ate tDCS efficacy, facilitating standardized and personal-
ized intervention strategies within the framework of bio-
logical psychiatry. Notably, most registered ClinicalTri-
als.gov studies on tDCS in SCZ have focused on nega-
tive symptoms or cognitive function, with only one sus-
pended trial (NCT04518319) targeting SCZ in metabolic
syndrome. This gap underscores the need for further stud-
ies in this specific population. Additionally, a recent study
reported that individuals with psychosis receive lower elec-
tric field strength during tDCS than healthy controls, sug-
gesting the necessity of establishing an electric field model
and adopting individualized montages to improve tDCS ef-
fectiveness given the increased risk of obesity [105]. Al-
though tDCS is generally well tolerated with no reported
serious adverse events, mild and transient side effects (e.g.,
local itching, tingling, or fatigue) may occur [85,106]. Fu-
ture long-term studies are needed to comprehensively eval-
uate the safety profile of tDCS, particularly in the context
of higher stimulation intensities, repeated sessions, and di-
verse populations.

7. Conclusion
In summary, this review synthesizes current evidence

and proposes a neuro-endocrine-immune network frame-
work to elucidate tDCS effects on metabolism in individu-
als with SCZ. Our synthesis suggests that direct clinical ev-
idence remains preliminary and highly heterogeneous, con-
strained by methodological variability, inconsistent proto-
cols, and small samples, although the biological rationale is
plausible. Large-scale, standardized trials with optimized
parameters are urgently needed to establish its efficacy.
Currently, tDCS should be viewed as a promising but un-
proven experimental approach, warranting further valida-
tion rather than routine clinical use.
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