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Editorial on the Research Topic
Exploring the key targets and compounds that manipulate brain
neurocircuits against mental disorders and psychiatric

Neuropharmacology investigates how drugs influence the nervous system, with the goal
of creating medications that can help individuals suffering from psychiatric and
neurological disorders ranging from depression and anxiety to schizophrenia and
chronic pain. However, neurons in the CNS do not operate in isolation; instead, they
work within synaptically connected neural circuits and networks. With advances in
neuroscience methods, such as genetic techniques, viral recombination, and in vivo
imaging, scientists have been able to uncover the neural circuits that underlie
neurological and psychiatric diseases. Furthermore, recent studies in Science and
Neuron (Wang et al., 2020; Trieu et al., 2022) have provided a novel insight into the
precise regulation of the neural circuit and brain network functions by small molecular
compounds targeting the enriched molecules or receptors of these neural circuits, thereby
treating psychiatric and neurological diseases. In this Research Topic, we present a
collection of original research works from both basic and clinical researchers and
reviews that explore the interactions between neural circuits and neuropharmacological
approaches to intervene in psychiatric and neurological disorders.

Natural products and compounds are vital resources of exploring new treatments for
mental disorders (Zhu et al., 2024). In this Research Topic entitled “Exploring the Key
Targets and Compounds That Manipulate Brain Neurocircuits Against Mental Disorders
and Psychiatric”, there are four original research works that demonstrate the protective
effects and therapeutic value for stress-induced psychiatric symptoms, including bioactive
compound ginsenosides Rb1 and Rg1 (Jiang et al.), Fraxetin (Ahmed et al.), fresh Gastrodia
products (Zhang et al.) and traditional Chinese drugs called Chaihu-jia-Longgu-Muli-tang
(CLM, Zhao et al.). Herein, Rb1 and Rg1 significantly improve the impairment of spatial
and associative learning and memory caused by microgravity-induced learning and
memory dysfunction in a rat model of hindlimb suspension; administration of fraxetin
can ameliorate chronic unpredictable stress-induced behavioral deficits and inhibit the
increased corticosterone level; the use of Gastrodia noticeably reverses hindlimb unloading
weightlessness-induced cognitive impairment. In additions, the data analysis of twenty-four
RCTs shows that CLM treatment could improve the symptoms of anxiety and insomnia.
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These positive effects of nature products are involved in the
inhibition of oxidative stress and apoptosis, increase of synaptic
plasticity and regulation of inflammatory factors. The molecular
mechanisms involved might be related to the BDNF-TrkB, PI3K-
Akt, MAPK, and NF-κB pathways, offering intriguing and insightful
approaches for the prevention and treatment of mental disorders.

In contrast to traditional molecular pharmacology, which
focuses on the modulatory effects of drug-target interactions,
recent advancements in neuroscience have enabled manipulations
at the level of brain neurocircuits and networks, allowing for more
precise modulation of neurological and psychiatric disorders. The
Research Topic section studies show that chronic stress induces the
alteration of melatonin receptors and the circadian rhythm,
presenting the sleep disorder-related symptoms (Xia et al.). In
the nucleus accumbens, the dynamics and kinetics of dopamine
release vary distinctly in response to different nicotine salts (Li et al.).
In addition to the receptor and neurons, the optogenetic and
chemogenetic manipulations of the medial septum (MS)→lateral
hypothalamus (LH) glutamatergic projections suppress pain
thresholds in the chronic constriction injury model, indicating
MS glutamatergic neurons modulate nociception via the
projections to LH (Fan et al.). Furthermore, another review
dissects the roles of afferent and efferent projections of the
rostral ventromedial medulla (RVM) and related neurotransmitters
in pain modulation (Peng et al.). However, where to
pharmacologically intervene at a larger scale of the brain
neurocircuit and network is a common dilemma in the fields of
neuropharmacology.

In this Research Topic, the included four clinical trials also
provide some novel finding and clues between the molecular
targets and clinical phenotypes. For instance, baseline BMI
shows a significant correlation with the symptom
improvements in schizophrenia (SZ, Chen et al.); cognitive
improvement is associated with changes of carnitine
metabolite levels after olanzapine monotherapy in CS (Zhao
et al.). The clinical neuromodulation data further reveal some
therapeutic effects (Zhu et al.) and potential biomarkers (Li et al.
) for clinical psychiatrical assessment. In additions, the included
two reviews further discuss and explore the dysregulation of
copper (Chen et al.) and iron (Sousa et al.) behind
neuropsychiatric deficits. These suggest that much work
remains to be done in uncovering the neurocircuitry
mechanisms and molecular targets underpin the clinical
phenotypes of neuropsychiatric disorders in the future.

Overall, our collection of articles highlights the remarkable
progress made in identifying potential compounds or natural
products and key targets within brain neurocircuits that, when
manipulated, offer new hope for individuals battling psychiatric

and neurological disorders. Thus, the neurocircuit-regulatory
pharmacology may become a future research hotspot. We hope
that this Research Topic will inspire new research and well deserve
discussion, and we look forward to publishing future advances in
this important area of neuropharmacology.

Author contributions

WX: Conceptualization, Funding acquisition, Project
administration, Writing–original draft, Writing–review and
editing. SZ: Conceptualization, Funding acquisition, Project
administration, Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the NSFC grant (82371536) to SZ, STI2030-Major
Projects (2022ZD0206200) to SZ, the NSFC grant (82101622) toWX
and the Outstanding Clinical Discipline Project of Shanghai Pudong
(PWYgy 2021-02).

Acknowledgments

We express our profound thanks to all the authors, reviewers,
and readers who have contributed to making this Research Topic a
reality. Your dedication and passion for unraveling the mysteries of
the brain inspire us all to continue this important work.

Conflict of interest

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

Publisher’s note

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

References

Trieu, B. H., Remmers, B. C., Toddes, C., Brandner, D. D., Lefevre, E. M., Kocharian,
A., et al. (2022). Angiotensin-converting enzyme gates brain circuit-specific plasticity
via an endogenous opioid. Science 375, 1177–1182. doi:10.1126/science.abl5130

Wang, H., Dong, P., He, C., Feng, X. Y., Huang, Y., Yang,W.W., et al. (2020). Incerta-
thalamic circuit controls nocifensive behavior via cannabinoid type 1 receptors. Neuron
107, 538–551. doi:10.1016/j.neuron.2020.04.027

Zhu, T., Liu, H., Gao, S., Jiang, N., Chen, S., and Xie, W. (2024). Effect of
salidroside on neuroprotection and psychiatric sequelae during the COVID-19
pandemic: a review. Biomed. Pharmacother. 170, 115999. doi:10.1016/j.biopha.
2023.115999

Frontiers in Pharmacology frontiersin.org02

Xie and Zhang 10.3389/fphar.2024.1411528

6

https://doi.org/10.3389/fphar.2023.1210393
https://doi.org/10.3389/fphar.2023.1279512
https://doi.org/10.3389/fphar.2023.1171665
https://doi.org/10.3389/fphar.2023.1159753
https://doi.org/10.3389/fphar.2023.1264591
https://doi.org/10.3389/fphar.2023.1255501
https://doi.org/10.3389/fphar.2023.1255501
https://doi.org/10.3389/fnins.2023.1177214
https://doi.org/10.3389/fphar.2023.1279512
https://doi.org/10.3389/fphar.2023.1264591
https://doi.org/10.3389/fnins.2023.1237153
https://doi.org/10.1126/science.abl5130
https://doi.org/10.1016/j.neuron.2020.04.027
https://doi.org/10.1016/j.biopha.2023.115999
https://doi.org/10.1016/j.biopha.2023.115999
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1411528


Fraxetin attenuates disrupted
behavioral and central
neurochemical activity in a model
of chronic unpredictable stress
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Purpose: Chronic unpredictable stress (CUS) induces long-term neuronal and
synaptic plasticity with a neurohormonal disbalance leading to the development
of co-existing anxiety, depression, and cognitive decline. The side effects and
delayed onset of current clinically used antidepressants has prompted a quest for
antidepressants with minimum drawbacks. Fraxetin is a natural coumarin
derivative with documented antioxidant and neuroprotective activity though its
effects on stress are unknown. This study therefore aimed to investigate any
possible acute effect of fraxetin in behavioral tests including a CUS paradigm in
correlation with brain regional neurochemical changes.

Methods: Mice were subjected to a series of mild stressors for 14 days to induce
CUS. Furthermore, behavioral performance in the open field test, forced swim test
(FST), Y-maze and elevated plus-maze were evaluated. Postmortem frontal
cortical, hippocampal and striatal tissues were analyzed via high-performance
liquid chromatography (HPLC) for neurochemical changes.

Result: Acute administration of fraxetin (20–60mg/kg, orally) decreased
depression-like behavior in the FST and behavioral anxiety in both the open
field test and elevated plus-maze. Memory deficits induced during the CUS
paradigm were markedly improved as reflected by enhanced Y maze
performance. Concurrent biochemical and neurochemical analyses revealed
that only the two higher fraxetin doses decreased elevated serum
corticosterone levels while diminished serotonin levels in the frontal cortex,
striatum and hippocampus were reversed, though noradrenaline was only
raised in the striatum. Concomitantly, dopamine levels were restored by
fraxetin at the highest dose exclusively in the frontal cortex.

Conclusion: Acute treatment with fraxetin attenuated CUS-induced behavioral
deficits, ameliorated the increased corticosterone level and restored altered
regional neurotransmitter levels and this may indicate a potential application of
fraxetin in themanagement of anxiety and depression modeled by CUS. However,
further studies are warranted regarding the chronic effects of fraxetin behaviorally
and neurochemically.
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1 Introduction

Stress is generally a well-recognized and studied global problem
of modern society (Carrasco and Van De Kar, 2003). It can be
categorized as any state/threat, whether actual or perceived which
may alter body homeostasis (Charmandari et al., 2005), and thus
contribute to etiology and repetitive episodes of depression (Lee
et al., 2002). It is well documented in clinical and preclinical studies
that neuronal atrophy and decreased neurotransmitter levels may
arise due to chronic stress in specific brain areas like the prefrontal
cortex (PFC) and hippocampus, leading to both cognitive, affective
and social decline (Rajkowska et al., 1999; Drevets et al., 2008; Sacher
et al., 2012). Maintaining homeostasis in an aversive situation
(involving stressors) requires the activation of a complex range of
neurochemical, neuroendocrine and genetic factors coupled with
perception and this is collectively termed the stress response. This
results in several physiological and behavioral changes tending to
increase survival chances in unfavorable conditions (Charmandari
et al., 2005). Increased awareness, improved cognition and increased
analgesia are the behavioral outcomes of acute stress, while increased
cardiovascular tone, respiratory rate, decreased food intake, growth,
immunity, and reproduction represent the physiological effects.
Stress has dual consequences which may either be positive or
negative in nature (Sapolsky et al., 2000; Habib et al., 2001).
Acute stress usually occurs for a brief period and may protect the
individual from any aversive condition by preparing the body for a
“fight or flight” situation. In contrast, persistent and long-term stress
may produce deleterious effects (Gold, 2015), via elevated cortisol
levels that may result in dysregulated emotional, biological, as well as
psychological ailments including anxiety, depression, stress-induced
asthma, cardiomyopathy, irritable bowel syndrome, chronic
headaches, and substance abuse (Stetler and Miller, 2011).

Stress is a normal body response to external or internal stressors
identified by stress mediators implicating the endocrine, nervous
and immune systems. Glucocorticoids and epinephrine play
important roles in body homeostasis i.e., by adapting to the
stressor response (Duman and Aghajanian, 2012). However, if
this response persists for an extended episode, it not only
disrupts normal homeostasis, but also undermines the body’s
ability to cope with the stressor ultimately leading to chronic-
stress illnesses like anxiety, depression, and cognitive deficits
(Nestler et al., 2002; Bondi et al., 2008). In this context,
unpredictable stressful events may even predispose individuals to
the development of neuropsychiatric disorders (Nestler et al., 2002;
Moghaddam and Javitt, 2012).

The clinically used antidepressants increase the monoamine
levels in the synaptic cleft, and they include, selective serotonin
reuptake inhibitors (SSRIs), serotonin and noradrenaline reuptake
inhibitors (SNRIs), monoamine oxidase inhibitors (MAOIs), and
tricyclic antidepressants (TCAs). However, they have a slow onset of
action, poor tolerability and severe adverse effects including
insomnia, dependency, a withdrawal syndrome, weight gain,
migraine and suicidal tendencies (Blackburn, 2019). These
limitations necessitate the development of newer antidepressants
with improved efficacy, fast onset of action, safety, tolerability,

reduced or no withdrawal syndrome and a contribution to
overall mental health (Blackburn, 2019).

In this respect, plant-based natural products may provide an
alternative solution and one such phytochemical class are the
coumarins with recognized therapeutic potentials in multiple
neuropsychiatric illnesses through antioxidant, neuroprotective,
neuromodulator and antidepressant actions(Skalicka-Woźniak
et al., 2016; Abu-Aisheh et al., 2019; Pruccoli, 2019; Daliev et al.,
2021; Koyiparambath et al., 2021; Sharifi-Rad et al., 2021; Kılıç,
2022). One particular coumarin derivative, fraxetin, is an
O-methylated coumarin (An et al., 2020), present in many
functional foods as well as several dietary supplements with a
documented neuroprotective profile mediated primarily through
inhibition of oxidative stress (Pruccoli, 2019; Qin et al., 2019; Zhang
et al., 2021a). Although the antioxidant, anti-inflammatory, and
neuroprotective activities of fraxetin have been described (Zhang
et al., 2021a), its effects on stress have not been reported in the
literature and remain unknown. Consequently, the present study
was undertaken to investigate the effect of fraxetin (20, 40, and
60 mg/kg) in the CUS model which is a widely used animal model to
investigate depressive-like behavior. The behavioral activity in the
current study was then correlated with brain regional neurochemical
parameters in mice.

2 Materials and methods

2.1 Animals

Adult male BALB/c mice (n = 6/group) ranging in weight from
22 to 26 g) were used during experimentation. All animals were kept
at room temperature (22 ± 2°C) on a 12/12 h of light/dark cycle and
access to food and water was available ad libitum. The experimental
protocol and animal welfare were approved by the Ethical
Committee COMSATS University Islamabad, Abbottabad
campus (ethical approval number PHM.Eth/CS-M01-017-1017)
with guidelines adherence to UK Animals (Scientific Procedures)
Act 1986.

2.2 Chemicals

Fraxetin (CAS: 574-84-5) was purchased from Shandong
Chuangying Chemical Co., Ltd. China. Fluoxetine (A.R. No: FP/
FX/1905002) was gifted by Palam Pharma PVT. Ltd.

2.3 Experimental design

Fraxetin (20, 40 and 60 mg/kg) (Li et al., 2011; Murali et al.,
2013) as well as fluoxetine (10 mg/kg), Kryst et al. (2022) were
administered orally (p.o.) in a single dose 5 h after day 14 of the CUS
protocol. All the drugs were freshly prepared prior to
administration. Animals were randomly allocated to the
following six treatment groups (n = 6/group): 1) Non-stressed +
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normal saline, 2) stressed + normal saline (CUS model group) 3)
stressed + fluoxetine (10 mg/kg), 4) stressed + fraxetin (20 mg/kg),
5) stressed + fraxetin (40 mg/kg) and 6) stressed + fraxetin
(60 mg/kg).

2.4 Chronic unpredictable stress procedure

The CUS protocol was composed of different stressors applied
daily at a variable times of the day over a 14-day period and it was
designed to avoid the predictability of each stressor (Table 1). There
were two groups of animals; CUS (stressed) and control (non-
stressed) mice. During the 14 days, non-stressed animals were
kept in their home cage according to the standard protocol while
the stressed animals underwent 14 days of the variable stress
paradigm. On day 14, all the stressed groups received fraxetin,
fluoxetine, or vehicle except for the CUS only model group and
subsequently, behavioral parameters were assessed (Moretti et al.,
2012). Separate groups were subjected to behavioral testing, one
hour after acute administration of fluoxetine, fraxetin or vehicle. In
addition, the dosing and testing procedure was executed 5 h after of
the last stressor, in order to avoid any additional stress experienced
during behavioral testing which occurred.

2.5 Behavioral assessment

All behavioral tests were evaluated manually from video
recordings by an experimenter who was blind to the treatments.

2.5.1 Locomotor activity boxes (open field test)
The open-field test is a simple method used to assess underlying

exploratory behavior in rodents. Each animal displayed simple

movement or ambulation in an open field or more complex
behaviors like rearing or thigmotaxis. Locomotor activity was
assessed by placing the mice individually in an arena comprised
of woodenmonitor boxes divided internally by lines on the floor into
equivalent quadrants 22.8 cm2 each and surrounded externally by a
45.6 cm high wall. The locomotor activity of the test animals was
measured for 30 min. A digital CAT-I camera installed 230 cm
above the locomotor arena was used for locomotion recordings
and locomotor activity (simple ambulation) was assessed in activity
monitoring boxes (45.6 × 45.6 cm × 30 cm), internally divided into
four quadrants measuring 22.8 cm2 with floor line markings. After
cleaning the arena with 70% alcohol, animals were introduced to the
center of box, and the activity was recorded by a video camera
mounted 230 cm above the box. The number of lines crossed in
30 min was noted (Moretti et al., 2011; Arif et al., 2022).

2.5.2 Elevated plus maze (EPM)
This method is used to investigate anxiogenic and anxiolytic

drug effects in laboratory animals and it is based on the survival
instinct that rodents are generally aversed to open spaces because of
increased exposure risk to predation.

The apparatus consisted of a “plus-shaped”maze elevated above
the floor with alternating open and enclosed arms and an open
central area. The method relies on the fact that rodents are generally
aversed to exploration in open spaces. Single animals were gently
placed in the central area, allowed to roam freely for 5 min and the
time spent in open and enclosed arms was recorded (Handley and
Mithani, 1984).

2.5.3 Y-maze test (Y-maze)
The Y-maze is a widely used technique to study learning and

short-term memory in rodents and it incorporates spontaneous
alternation as a measure of spatial working memory.

The apparatus consisted of three equal-length arms positioned at an
angle of 120° (21 cm long × 8.5 cm wide × 40 cm height). Each animal
was positioned at the midpoint of the apparatus and permitted to freely
explore all arms for 5 min. The time spent in each arm was recorded
using a video camera and between each animal procedure, the
apparatus was swabbed with 70% ethanol. Brain areas including the
prefrontal cortex, hippocampus and basal forebrain are considered to be
involved in this type ofmemory process. Following animal placement in
themaze and consecutive arm entry, the percentage alternation between
arms was calculated as follows:

% alternation � total number of alternations( ) / no of entry in each arm( ) x 100 (1)

Distance, speed, and time spent in every arm was also recorded
using a CAT-I video camera (Golub et al., 2015).

2.5.4 Forced swimming test (FST)
This test was originally developed by Porsolt et al. (1977) to

screen compounds for prospective antidepressant activity in
rodents. Mice were introduced individually into a cylindrical
container (30 cm in height x 10 cm in diameter) and filled with
water to a depth of 15 cm thereby presenting them with the
challenge of forced swim. The test procedure is based on the
assumption that under a stressful situation, each animal expresses
escape mobility eventually adopting a characteristic immobile state
that is readily identifiable and time recorded. The test was modified

TABLE 1 14 days schedule of stressors in the chronic unpredictable stress
model.

Days Stressor Duration

1 Restrain 1.5 h

2 Cold Swim (15°C) 10 min

3 Wet sawdust bedding/box housing tilted (45°) 16 h

4 Inversion of light/dark cycle 16 h

5 Tail pinch 10 min

6 Swim (25°C) 6 min

7 Restrain 1.5 h

8 Food and water deprivation 16 h

9 Cold swim (15°C) 10 min

10 Wet sawdust bedding/box housing tilted (45°) 24 h

11 Inescapable shock (0.7 mA, 0.5 s/min) 3 min

12 Inversion of light/dark cycle 16 min

13 Tail pinch 10 min

14 Inescapable shock (0.7 mA, 0.3 s/min) 3 min
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such that animals were allowed to swim for 6 min only, the first
minute instead of 2 min being considered an acclimatization period
while the remaining 5 min were regarded as the test time (Porsolt
et al., 1977) and only immobility was recorded.

2.5.5 Analysis of corticosterone serum
concentration in parallel with behavioral
assessment

The animals were euthanized by cervical dislocation and then
decapitated to collect trunk blood in vacutainers without
anticoagulant. All the animals in the groups were used to obtain
blood samples and brain tissue. Since cervical dislocation was
employed, cortical function and biological processes were inhibited as
rapidly as possible i.e., 5–10 s (Cartner et al., 2007). Samples were allowed
to clot undisturbed for 30–60min. The clot was removed by
centrifugation at 1,500 x g for 15 min at 4°C (5418 R centrifuge,
Eppendorf, Hamburg, Germany). Serum samples were assayed
immediately or stored at -20°C for subsequent analysis.
Corticosterone concentrations were determined using an ELISA kit
(Cayman Chemical Company, Ann Arbor, United States, catalogue
number 501320), having an assay range of 8.2–5000 pg/ml and a
sensitivity (80% B/B0) of 30 pg/ml. The corticosterone concentrations
in the samples were compared with a standard curve. All samples were
thawed on ice and diluted 20-fold in ELISA buffer. A volume of 100 µL
ELISA buffer was added to NSB wells (non-specific binding) and 50 µL
to B0 (maximum binding). A 50 µL corticosterone ELISA standard was
then added to each well, followed by 50 µL of corticosterone AChE
(Acetylcholinesterase) tracer except for the TA (total activity) and Blk
(blank)wells. Finally, a 50 µL corticosterone antiserumwas added to each
well except for the TA, the NSB and the Blk wells. The plate was covered
with plastic film (itemNo. 400012) and incubated overnight at 4°C. After
incubation, eachwell was emptied and rinsed five timeswithwash buffer.
Next, the wells were filled with Ellman’s Reagent at a volume of 200 µL
and 5 µL of tracer to the TA well. The plates were again covered. An
orbital shaker equipped with a large flat cover was used to allow the plate
to develop in the dark. After 120min of incubation, the plates were read
at 405 nm using a spectrophotometer (T80 + UV/VIS Spectrometer, PG
Instruments Limited, Leicestershire, United Kingdom). For standard
curve fitting and sample data analysis, a Cayman computer spreadsheet
available at (www.caymanchem.com/analysis/elisa) and GraphPad
Prism version 8.0 for Windows (GraphPad Software, San Diego,
California, United States) were used.

2.6 Neurochemical analysis via high pressure
liquid chromatography (HPLC)

2.6.1 Biological sample preparation
After behavioral experimentation, the mice were euthanized by

cervical dislocation and decapitated. The post mortem brain regions
(frontal cortex, striatum, and hippocampus) were dissected on ice
chilled plates where they were accurately weighed and stored at
-80°C. The tissues were homogenized via a Teflon-glass
homogenizer (Ultra-Turax®T-50) in 0.2% ice-cold perchloric acid
with rpm of 12,000. Eventually all samples were cold centrifuged
(4°C) at 12,000 rpm (DLAB Scientific). Later, the supernatant was
filtered with 0.45 mm filter (CNW technologies), which was then
placed for analysis in an HPLC auto-sampler (Rehman et al., 2020).

2.6.2 Chromatographic conditions
Chromatography was performed (Waters Alliance

e2695 separations module with 2998 PDA UV detector, and
auto-sampler, United States), using a C18 stainless steel column
(250 × 4.6 mm) (Waters X Select® HSS Ireland) with 5 µm particle
size. The composition of mobile phase was methanol: HPLC grade
water (DAEJUNG; Korea: 8585-2304) in a ratio of 5:95 v/v, plus
20 mM monobasic sodium phosphate (DAEJUNG; Korea: CAS:
7558-80-7) as a buffer. The detection wavelength was 280 nm with
isocratic elution. The column temperature was 35°C and flow rate
was 0.5 mL/min (Hou et al., 2019; Rehman et al., 2020).

2.6.3 Standard preparation
A standard stock solution of 1.0 mg of dopamine, serotonin, or

norepinephrine was prepared by dissolving in 10 mL HPLC grade
water. Five different concentrations of 100, 200, 300, 400, 500 ng/mL of
stock solution of each neurotransmitter were made by serial dilutions,
and then used for the calibration curve. Samples were placed in an
HPLC auto-sampler with an injection volume of 20 µL set by software
(EmpowerTM). By using linear regression analysis, the calibration curve
was plotted using the peak area of dopamine, serotonin, and
noradrenaline (y) against the concentration of dopamine, serotonin,
and norepinephrine (x) respectively (Rehman et al., 2020).

2.7 Statistical analysis

Results were evaluated using GraphPad Prism (version 8).
Mean ± SEM was calculated for each group (n = 6/group).

FIGURE 1
The action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine
(STD; 10 mg/kg, p.o.) onCUS reduced locomotor activity compared to
the vehicle alone treated animal group (saline). Values were expressed
as mean ± SEM (n = 6/group), *p < 0.05, ****p < 0.0001 vs. CUS.
One-way ANOVA was applied followed by post hoc Tukey’s test.
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Analysis of variance, one-way ANOVA was used followed by post
hoc Tukey’s test. p < 0.05 was considered as a significant value.

3 Results

3.1 Behavioral analysis

3.1.1 Open field test
There was a substantial decrease in the locomotor activity

evoked in the animals exposed to CUS compared to the vehicle
alone control treated group (saline) However, this CUS
locomotor activity suppression was at least partially restored
to levels approaching those of controls by the CUS group co-
administered fraxetin 40, and 60 mg/kg F (5, 30) = 29. 43 and p <
0.0001. In contrast, there was no significant difference in the
degree of locomotion expressed between the animal groups
administered fluoxetine (10 mg/kg) as a standard
antidepressant or fraxetin (20 mg/kg) (Figure 1).

3.1.2 Elevated plus maze (EPM)
In the animal group that underwent CUS, there was an almost

total abolition of any time spent in the open EPM arms in
comparison with the vehicle-treated controls (saline), and this
outcome remained unmodified in the CUS animals co-treated
with fraxetin (20 mg/kg). However, combined treatment with
fluoxetine (STD) or the two higher doses of fraxetin partially but
significantly (Figure 2: F (5, 30) = 98.13 and p < 0.0001) restored
the CUS inhibition of entry time in the EPM open arms
indicating an antianxiety-like effect.

3.1.3 Y-maze test (Y-maze)
In the animal group that experienced CUS, there was an

extensive reduction in the number of spontaneous alternations
versus the vehicle alone treated controls (saline) in Y-maze
performance indicating an impairment of short-term working
memory. Conversely, the CUS repressed incidence of Y-maze
arm alternation was significantly redressed by concomitant
administration of fluoxetine (STD; 10 mg/kg) and all three doses
of fraxetin 10, 20, and 40 mg/kg (Figure 3: F (5, 30) = 35.11 and p <
0.0001) reflecting an improvement of spatial memory.

3.1.4 Forced swim test (FST)
In the animal group that was subjected to CUS, it was observed

that there was an extensive increase in the duration of immobility
time (s) versus the vehicle alone treated controls (N/S or vehicle) in
the forced swim test, indicating an increase in the behavioral despair.
This immobility time duration was markedly reduced by fluoxetine
treatment (STD, 10 mg/kg) and totally restored by all three doses of
fraxetin to levels that were not significantly different from vehicle-
treated controls (saline) Figure 4: F (5, 30) = 94.73 and p < 0.0001).

3.2 Neurochemical analysis via high-
pressure liquid chromatography (HPLC)

3.2.1 Action of fraxetin on brain regional serotonin
levels

In the CUS exposed group, serotonin levels in the frontal cortex,
hippocampus and striatum were decreased significantly as
compared with saline-treated non-stressed animals. However,
fraxetin (40, and 60 mg/kg) and fluoxetine (10 mg/kg) caused an

FIGURE 2
Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine
(10 mg/kg, p.o.) on CUS inhibited open arm entry compared to the
vehicle alone treated control group (saline) in the EPM test. Values
were expressed as mean ± SEM (n = 6/group), ****p < 0.0001 vs.
CUS. One-way ANOVA was applied followed by post hot Tukey’s test.

FIGURE 3
Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine
(10 mg/kg, p.o. STD) on CUS evoked reduction in spontaneous
number of alternations compared to the vehicle alone treated control
group (saline) in the Y-maze. Values were expressed as mean ±
SEM (n = 6/group), *p < 0.05, ***p < 0.001, ****p < 0.0001 vs. CUS.
One-way ANOVA was applied followed by post hot Tukey’s test.
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upsurge in CUS repressed serotonin level in the frontal cortex and
striatum F (5, 30) = 50.77 and p < 0.0001, while in the hippocampus,
fluoxetine (10 mg/kg) and only the highest dose of fraxetin
(60 mg/kg) F (5, 30) = 49.92 and p < 0.0001 elevated serotonin
concentration compared with the CUS group (Figures 5A,B,C).

3.2.2 Action of fraxetin on brain regional dopamine
levels

In the group subjected to CUS, dopamine levels in the frontal
cortex, hippocampus and striatum were significantly diminished
compared with saline-treated non-stressed animals. There was no
statistically significant change in the dopamine level in the striatum
and hippocampus after treatment with either fraxetin (20, 40, and
60 mg/kg) or fluoxetine (10 mg/kg) in the CUS group, (Figures
6B,C). In contrast, fraxetin (60 mg/kg) and fluoxetine (10 mg/kg)
both increased CUS suppressed dopamine concentrations in the
frontal cortex to levels which were comparable to the non-stressed
animals (Figure 6A: F (5, 30) = 80.58 and p < 0.0001).

3.2.3 Action of fraxetin on brain regional
norepinephrine levels

In the CUS model group, norepinephrine levels in the frontal
cortex, hippocampus, and striatum were markedly decreased
compared with the saline-treated non-stressed animals. However,
after treatment with fraxetin (40, and 60 mg/kg), norepinephrine
levels were elevated in the striatum only (Figure 7B: F (5, 30) =
66.16 and p < 0.0001) while fluoxetine 10 mg/kg raised
norepinephrine concentrations in both the hippocampus F (5,

30) = 79.26 and p < 0.0001 and striatum (Figures 7B,C)
compared to the CUS positive control group (Figure 7B).

3.3 Corticosterone serum concentration
parallel to behavioral assessment

There was a very highly significantly increased serum
concentration of corticosterone in the CUS group compared to
the non-stressed control animal group. However, this augmented
level of corticosterone was significantly reversed by fraxetin
(40 mg/kg and 60 mg/kg) but not by the 20 mg/kg dose
(Figure 8: F (5, 30) = 19.51 and p < 0.0001).

4 Discussion

In the present study, our findings showed that fraxetin
significantly attenuated CUS-induced anxiety and depressive-like
behaviors in the open field test, elevated plus maze and forced swim
test. Moreover, fraxetin also significantly improved spatial learning
and working memory in the Y-maze.

Chronic unpredictable stress (CUS) can induce an
impairment of cognition and adversely affect emotional
aspects such as anxiety, depression, and irritability in addition
to diminishing social interaction. Altered serotonergic activity
occurring during stress in the central nervous system is a primary
and crucial factor contributing to these symptoms. Moreover, a
combination of autonomic symptoms including gastrointestinal
problems, hyperactivity, restlessness plus paresthesia, and more
centrally-mediated symptoms such as binge eating and sleep
disorders may also develop. Stressful events are responsible for
the release of corticotrophin-releasing factor (CRF) from the
hypothalamic paraventricular nucleus (PVN) which in turn
releases adrenocorticotropic hormone (ACTH) from the
pituitary and ultimately stimulates the adrenal cortex to
secrete cortisol in humans and corticosterone in rodents. In
addition, stress can lead to perturbation of the blood-brain
barrier (BBB) and induction of cellular and neuronal damage,
leading to neuronal and cellular inflammation and ultimately
death. All of these crucial influential elements can be
instrumental in the disruption of cognitive processes
(O’connor et al., 2000; Hughes et al., 2016; Sántha et al.,
2016). The stress response is a consequence of sympathetic
nervous system activation largely dependent on the intensity
and duration of stressful events and also through activation of
stress pathways in the hypothalamic-pituitary-adrenal axis
(Mcewen, 2000; Kim and Diamond, 2002; Sántha et al., 2016;
Cameron and Schoenfeld, 2018). Additionally, acute stress may
increase memory consolidation by increasing glutamatergic
neurotransmission thereby improving spatial memory (Lupien
et al., 2002; Roozendaal et al., 2006). In this context, separate
groups were run for each behavioral test and acute
administration of fluoxetine, fraxetin or vehicle was given
after 5 h of the last stressor in order to avoid any additional
stress experienced during behavioral testing.

Coumarins and their derivatives have recently attracted much
attention regarding their diverse biological and pharmacological

FIGURE 4
Action of fraxetin (20, 40, and 60 mg/kg, p.o.) or fluoxetine
(10 mg/kg, p.o. STD) in the forced swim test (FST): immobility time
compared to the vehicle alone treated control group (saline) in the
forced swim test. Values were expressed as mean ± SEM (n = 6/
group), ****p < 0.0001 vs. CUS. One-way ANOVA was applied
followed by post hoc Tukey’s test.

Frontiers in Pharmacology frontiersin.org06

Ahmed et al. 10.3389/fphar.2023.1135497

12

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1135497


properties. On one hand, they offer microbial resistance against
pathogens in plants while on the other hand in humans, they are
thought to possess aptitude against cancer, pain and inflammation
in addition to acting as antimicrobials, anti-Alzheimer, and anti-
Parkinsonian agents (Hussain et al., 2019).

Fraxetin, a natural derivative of coumarin, is present in
many functional foods and various dietary supplements (Gaur
et al., 2017). Furthermore, it displays neuroprotective,
biological scavenger/antioxidant, anti-hyperglycemic,
antibacterial actions, and also inhibits platelet aggregation
along with anti-osteoporotic properties (Sánchez-Reus et al.,
2005; Kuo et al., 2006; Wang et al., 2020). Fraxetin readily
crosses the blood-brain barrier, maintaining permeability and
its antioxidant activity may well have potential in
neurodegenerative disorders that stem from oxidative stress
(Ng et al., 2000; Cui et al., 2022).

Bearing in mind its neuroprotective and antioxidant profile
along with antidepressant properties, the effects of fraxetin were

investigated in the CUS plus FST model for depression.
Accordingly, CUS exhibited depressive-like behavior in the FST
which was disclosed as an increase in the duration of immobility
time. Subsequently, acute treatment with fraxetin reversed CUS
induced depressive-like behavior as shown in (Figure 4). This
finding may suggest that its pharmacological activity might have
an overlap with fast-acting antidepressants such as ketamine and
brexanolone rather than more conventional monoaminergic-based
drugs (Li, 2020). The approval of fast-acting antidepressants
i.e., S-ketamine and brexanolone by the FDA in 2019, has
provided new insight into treating depression with new targets
such as NMDA and GABAA agents (Li, 2020). NMDA receptors
(NMDARs) are associated with glutamate-gated ion channels
expressed throughout the entire central nervous system
providing excitatory synaptic neurotransmission. NMDARs are
heteromeric complexes comprising many homologous subunits
(Neyton and Paoletti, 2006; Ide and Ikeda, 2020). In this
connection, ketamine delivers a rapid and sustained

FIGURE 5
(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg p.o.) and fluoxetine (10 mg/kg p.o.) on serotonin levels in (A) frontal cortex, (B) striatum and (C)
hippocampus in mice subjected to the CUS model. Data were expressed as mean ± SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 compared with the CUS model group. One-way ANOVA was applied with post hoc Tukey’s test.
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antidepressant effect which is achieved primarily via NMDA
receptor antagonism and this mechanism may well be shared
by fraxetin during its acute antidepressant-like activity in the
FST. This assertion is further substantiated by the fact that
computationally, fraxetin is an NMDA antagonist at the
glutamic acid position 236 and 106 and arginine at position
115 via hydrogen bonding, a possible consequence of which is
that fraxetin’s fast-acting antidepressant-like property might be
ascribed to a selective antagonistic effect at the NMDA receptor
(supplementary file attached).

The neuroprotective profile of fraxetin is well documented
(Wang et al., 2020), and our findings confirm that acute
treatment with all three doses of fraxetin (20, 40, and
60 mg/kg) attenuated CUS-induced memory impairment
observed in Y-maze performance (Figure 3). The elevated
plus maze (EPM) is a simple method used to assess anxiety,

and what is more, it can also be used for the anxiogenic-like
effect of pharmacological agents, hormones, and drugs of abuse.
In the present study, acute administration of fraxetin (40 and
60 mg/kg) ameliorated CUS-induced anxiety-like behavior in
the elevated plus-maze (EPM) implying the possible modulation
of GABAergic neurotransmission (Figure 2). In relation to this
finding, not only does CUS exacerbate memory loss and the
accumulation of hippocampal senescent cells but CUS treatment
with a senolytic cocktail containing another phytochemical
agent, quercetin, alleviates this cognitive deficit (Lin et al., 2021).

The OFT is a classical approach/avoidance paradigm in which
the novel environment concomitantly evokes both anxiety and
exploration (Guo et al., 2009). Acute treatment with fraxetin
allayed the anxiety-like behavior expressed by the CUS model
and there was no stimulant effect of fraxetin on its own in naive
mice (unpublished data) (see Figure 1).

FIGURE 6
(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg, p.o.) and fluoxetine 10 mg/kg, p.o.) on dopamine level in (A) frontal cortex, (B) striatum and (C)
hippocampus in mice subjected to the CUS model. Data was expressed as mean ± SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 comparedwith the CUSmodel group. One-way ANOVA followed by Tukey’s Post hocmultiple comparison test was applied for statistical analysis.
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Altered monoaminergic neurotransmission involving
serotonin, norepinephrine, and dopamine in the initiation and
development of various psychiatric disorders, especially
depression, has been well-documented (Elhwuegi, 2004;
Krishnan and Nestler, 2008), and antidepressants tend to
operate either directly or indirectly to restore monoamine
levels (Krishnan and Nestler, 2008). The present study was
intended to investigate the acute effect of fraxetin in the CUS
model of depression for both behavioral as well neurochemical
profiling. For this reason, the levels of serotonin, norepinephrine
and dopamine were quantified in the frontal cortex,
hippocampus, and striatum in animals exposed to CUS
compared to those cotreated with fraxetin. These brain regions
and neurotransmitters were selected for study because they are
known to be involved in the pathogenesis of depression (Drevets
et al., 2008).

It was found that in the CUS model, the levels of serotonin,
norepinephrine and dopamine in the frontal cortex,
hippocampus and striatum were all significantly decreased
and these outcomes are consistent with earlier published
findings (Yu et al., 2013; Natarajan et al., 2017; Malta et al.,
2021). Furthermore, fraxetin and fluoxetine have been reported
to activate the Akt/PKB signaling pathway, a serine/threonine-
protein kinase that is a critical regulator of cell survival and
proliferation including nutrient metabolism, cell growth and
apoptosis. Additionally, regulation of this pathway also plays a
role as an integrator of serotonin and dopamine
neurotransmission with the function of genes linked to
disorders of the CNS (Mo et al., 2019; Kitagishi et al., 2012;
Beaulieu, 2012).

Acute treatment with fraxetin tended to restore CUS suppressed
serotonin levels in the frontal cortex, striatum and hippocampus.

FIGURE 7
(A,B) and (C). Action of fraxetin (20, 40, and 60 mg/kg p.o.) and fluoxetine (10 mg/kg p.o.) on norepinephrine level in (A) frontal cortex (B) striatum
and (C) hippocampus in mice subjected to the CUS model. Data were expressed as mean ± SEM (? = 6/group). *p < 0.05, **p < 0.01, ***p <
0.001 compared with CUS model group. One-way ANOVA was applied followed by Tukey’s multiple comparison test.
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Serotonergic pathways throughout the CNS are altered in CUS and
there is an imbalance between serotonin levels and receptor densities
(Lages et al., 2021). The hippocampus is the main region where
alteration of key neurotransmitter pathways and specified protein
levels occur in response to CUS and the differential
neurotransmitter modification is reflected by variable levels of
behavioral expression (Zhang et al., 2021b). Additionally, it was
notable that a similar behavioral and neurochemical pattern was
seen with standard fluoxetine. These results confirm that acute
fraxetin has a significant effect on brain serotonin levels in the
frontal cortex, hippocampus and striatum at higher doses and this
may explain its antidepressant-like behavior in the FST.
Additionally fraxetin also increased norepinephrine
concentrations in the striatum, but not in the frontal cortex or
hippocampus, while at the same time, only at the highest dose, it did
produce an upsurge in dopamine levels in the frontal cortex.
Furthermore, sub-acute and chronic studies are warranted to
investigate the effects of fraxetin and its interactions with
serotoninergic, noradrenergic and dopaminergic receptors to
further probe a more precise mechanism.

Together with the neurotransmitter alterations, there was a
raised serum concentration of corticosterone in the CUS group
compared to non-stressed animals, however, this augmented
level of corticosterone was reversed by the higher doses of
fraxetin. It is well documented that persistent and prolonged
elevation of cortisol in humans can decrease levels of serotonin
and a model of depression that has been employed in preclinical
studies involves the use of cortisol. Conversely, the finding that
fraxetin raised the CUS-suppressed serotonin level may in turn
have had an effect resulting in a decline of serum corticosteroid in
mice (Figure 8) (Moretti et al., 2012).

5 Conclusion

The identification of fast-acting antidepressants with minimal
side effects has recently gained special attention in the treatment of
depression. A worthwhile approach of this study was an
investigation of antidepressant-like properties of fraxetin that
might share a possible underlying mechanism with fluoxetine.
Thus, we showed that acute fraxetin treatment can attenuate not
only depressive- and anxiety-like behavior in the OFT, EPM,
Y-maze, and FST paradigms, but also the raised corticosterone
along with suppressed serotonin levels subsequent to a CUS
protocol. Further, studies are warranted to explore the chronic
effect of fraxetin at the molecular level in brain areas associated
with depression, anxiety and stress.
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Bulbospinal nociceptive ON and
OFF cells related neural circuits
and transmitters

Bingxue Peng1,2†, Yingfu Jiao1,2†, Yunchun Zhang1,2, Shian Li1,2,
Sihan Chen1,2, Saihong Xu1,2, Po Gao1,2, Yinghui Fan1,2* and
Weifeng Yu1,2*
1Department of Anesthesiology, Renji Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai, China, 2Key Laboratory of Anesthesiology (Shanghai Jiao Tong University), Ministry of
Education, Shanghai, China

The rostral ventromedial medulla (RVM) is a bulbospinal nuclei in the descending
pain modulation system, and directly affects spinal nociceptive transmission
through pronociceptive ON cells and antinociceptive OFF cells in this area.
The functional status of ON and OFF neurons play a pivotal role in pain
chronification. As distinct pain modulative information converges in the RVM
and affects ON andOFF cell excitability, neural circuits and transmitters correlated
to RVM need to be defined for an in-depth understanding of central-mediated
pain sensitivity. In this review, neural circuits including the role of the
periaqueductal gray, locus coeruleus, parabrachial complex, hypothalamus,
amygdala input to the RVM, and RVM output to the spinal dorsal horn are
discussed. Meanwhile, the role of neurotransmitters is concluded, including
serotonin, opioids, amino acids, cannabinoids, TRPV1, substance P and
cholecystokinin, and their dynamic impact on both ON and OFF cell activities
in modulating pain transmission. Via clarifying potential specific receptors of ON
and OFF cells, more targeted therapies can be raised to generate pain relief for
patients who suffer from chronic pain.

KEYWORDS

rostral ventromedial medulla, pain, neural circuit, transmitter, ON cell, OFF cell

1 Introduction

Central sensitization plays a significant role in the endogenous modulation of
nociceptive transmission (Woolf, 1983). The descending pain modulation system
influences the sensitization of central nociceptive transmission predominantly by altering
the interconnections with the rostral ventromedial medulla (RVM) (Francois et al., 2017).
Therefore, it is essential to define a role for RVM in pain modulation.

Located in the lower bulbospinal area, the RVM mainly consists of the nucleus raphe
magnus (NRM), the nucleus reticularis gigantocellularis-pars alpha, and the nucleus
paragiganto-cellularis lateralis (Zhuo and Gebhart, 1990). Regarding its function, it has
been reported that when experiencing noxious heat stimuli or continuous neuropathic pain,
not only the contralateral RVM but also the ipsilateral/median RVM activity is increased, as
indicated in a functional magnetic resonance imaging (fMRI) study of human supraspinal
structures (Rempe et al., 2015; Mills et al., 2020). Furthermore, in opioid-mediated,
attentional, and placebo analgesia, a significant increase in correlated voxels was
observed primarily in the middle and ventral aspects of the RVM (Crawford et al., 2021;
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Oliva et al., 2022). In addition, other investigations have
subsequently conveyed the importance of the RVM in
modulating descending pain in male and female animal models
(Drake et al., 2007; M. M. Heinricher et al., 2009). These findings
confirmed the distinctive role of the RVM as the main gatekeeper of
descending pain modulation and facilitating bidirectional or
inhibitory pain modulatory effects. Moreover, variations in RVM
neuronal responses to nociceptive stimulation have been observed
through classic extracellular recording (Fields et al., 1983). ON cell
firing increases and OFF cell firing decreases, while Neutral cells
exert no responses to nociceptive stimulus (M. M. Heinricher et al.,
1987). Interestingly, other studies have suggested that Neutral cells
could participate in the development of hyperalgesia by responding
in an ON/OFF manner when applying noxious stimuli other than
tail heat (Ellrich et al., 2000). Thus, ON and OFF cells are pivotal for
RVM-related pain modulation.

Although studies have characterized the key role of the RVM in
pain modulation, there are still several questions that remain
unresolved in RVM-related pain modulation of neural networks,
which impede the development of new analgesic approaches
targeting the RVM and the corresponding pathways. These
limitations include, but are not limited to: 1) neural circuits and
neurotransmitters influencing the activities of RVM ON and OFF
cells have not been precisely elucidated; 2) neurotransmitters
participating in RVM ON and OFF cells driven spinal
nociceptive modulation remain elusive.

In reality, the RVM is an integral relay point between high-level
nerve systems and peripheral inputs in pain modulation.
Nociceptive information is transmitted to the RVM through
specific groups of spinal ascending neurons (Todd, 2010) and
through connective neurons in supraspinal structures involved in
pain modulation. The RVM receives nociceptive-related neural
afferents, including the parabrachial complex (PB) (Roeder et al.,
2016), locus coeruleus (LC) (Tanaka et al., 1996), midbrain (PAG)
(Behbehani and Fields, 1979), hypothalamus (Gu and Wessendorf,
2007), and the amygdala (Mcgaraughty and Heinricher, 2002), and
then projects to the trigeminal nucleus caudalis and the spinal dorsal
horn via ventrolateral funiculus and spinal dorsolateral funiculus
separately (Fields et al., 1995). Several key neurotransmitters have
been demonstrated to be involved in RVM-related pain modulation,
including opioids (Cheng et al., 1986; Lau et al., 2020), amino acids
(Winkler et al., 2006), serotonin (Wei et al., 2010), and cannabinoids
(Meng et al., 1998), which will also be discussed in this review. By
providing an overview of the potential neural circuits and
neurotransmitters corresponding to RVM ON and OFF cells, this
review will deepen our current understanding of RVM-driven
descending pain modulation.

2 Function and molecular
characteristics of RVM ON and OFF
cells

2.1 Functional definition of ON and OFF cells

According to cell discharge patterns and electroexcitation
reactions in response to tail heat stimulation (Fields et al., 1983),
Fields first confirmed that pronociceptive ON cells increased activity

immediately before facilitation of the withdrawal response.
Antinociceptive OFF cells decreased their relatively high
spontaneous activity up to a pause, which triggered the
nociceptive response. Neutral cells did not respond to painful
stimuli. ON and OFF cells exert different activities and pain
modulation effects under different circumstances. Under normal
conditions, ON and OFF cells exhibit alternating periods of activity
and silence (Barbaro et al., 1989). These synaptic interconnections
within the RVM play an important role in modulating pain. Within
the RVM, opioids directly inhibit the activities of ON cells, while
indirectly increasing the activities of OFF cells, exerting analgesic
effects (Cheng et al., 1986). Furthermore, when ON cells are
inhibited and OFF cells are activated, this leads to responses of
attentional analgesia (Oliva et al., 2021), placebo analgesia
(Crawford et al., 2021), and stress-induced analgesia (Martenson
et al., 2009). In the presence of nerve injury (Lopez-Canul et al.,
2015) and in diabetic models (Silva et al., 2013; Palazzo et al., 2022)
of hyperalgesia, increased ON cell activities and decreased OFF cell
activities are observed, sustaining central sensitization and
neuropathic pain responses. Therefore, any change in the balance
of activity between ON and OFF cells produces bidirectional
stimulatory or inhibitory modulatory effects on pain, regardless
of normal circumstances or neuropathic and inflammatory
situations.

2.2 Molecular expression characteristics of
ON and OFF cells

Notwithstanding the electrophysiological properties of ON and
OFF cells having been thoroughly investigated, the lack of specific
cell markers encourages speculation into the neurotransmitters and
receptors expressed by ON and OFF cells.

The RVM is considered the main site for opioid analgesia and
opioid receptors are abundantly expressed in the RVM, including
the μ-opioid receptor (MOR), κ-opioid receptor (KOR), δ-opioid
receptor (DOR), and nociception/orphanin FQ receptors (NOPR),
with especially high expression of MOR on ON cells. Previously,
MOR has been considered a specific marker for ON cells (M. M.
Heinricher et al., 1992). After injection of the micro-opioid MOR
agonist DAMGO into the RVM in vivo, ON cell firing is directly
inhibited through a postsynaptic mechanism (M. M. Heinricher
et al., 1994). Indeed, MOR are positively expressed on part of OFF
cells (Harasawa et al., 2016), and it has been assumed that the MOR
agonists DAMGO activated OFF cells predominantly through two
distinct mechanisms: one was direct activation via inducing
glutamate release, while the other involved indirect disinhibition
of RVM OFF cells by pre-synaptic inhibition of GABAergic
terminals with the resulting release of endogenous opioids (M.
M. Heinricher et al., 1992; M. M. Heinricher et al., 1994). KOR
has limited expression on ON cells (approximately 13%) (Winkler
et al., 2006). RVM microinjection of the KOR agonist U69593 did
not affect tail flick latencies, although it did attenuate the ON cell
burst (Meng et al., 2005), suggesting that OFF cells play a significant
role in analgesia medicated by KOR. Approximately 86% of OFF
cells are positive for KOR expression (Winkler et al., 2006), while
functionally, administration of KOR agonists U69,593 into the RVM
directly suppressed OFF cells activity through a postsynaptic

Frontiers in Pharmacology frontiersin.org02

Peng et al. 10.3389/fphar.2023.1159753

20

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1159753


mechanism and inhibited glutamatergic input to OFF cells
presynaptically, and thus could elicit mechanical hypersensitivity
under normal conditions or following injuries (Winkler et al., 2006;
Lau et al., 2020). Furthermore, KOR was found to be necessary and
sufficient to mediate stress induced analgesia (SIA) since activation
of KOR exerted similar effects as SIA, which were not enhanced by
stress (Bagley and Ingram, 2020). Moreover, Nguyen et al. (2022)
demonstrated that chemogenetic activation of KOR-positive
neurons in the RVM increased thresholds of heat and
mechanical pain and reversed hypersensitivity in acute and
chronic pain states, which was consistent with presynaptic
inhibition of excitatory inputs to ON cells and direct facilitation
of OFF cells activity. Taken together, these results strongly indicate
that KOR is expressed mainly on OFF cells but not on ON cells.
After microinfusion of the DOR agonist DELT, ON cells activities
decrease, while OFF cells activity is increased and behavioral
antinociception is observed (Harasawa et al., 2000). Similar to
MOR, the activation of DOR inhibits ON cells directly,
disinhibits OFF cells, and induces analgesia. NOPR is co-
expressed with MOR on ON cells, and both agonists exhibit the
same suppression effects on ON cells, although the effects are not a
crucial step in opioid-mediated analgesia (M. M. Heinricher et al.,
1997). Previous studies have shown that under the circumstances of
naloxone-precipitated withdrawal from opioids, infusing NOPR
inhibited ON cell activity, removed the pronociceptive influence
and counteracted the opioid withdrawal-induced hyperalgesia
(Kaplan and Fields, 1991; Pan et al., 2000). Interestingly, NOPR
activity induces pain-increasing effects via reversing the
disinhibitory effect of facilitating OFF cells in the presence of
stress stimulation, in which KOR participated (Pan et al., 2000).
Thus, endogenous opioids interact with both ON and OFF cells,
which fail to be identified as specific markers of any cell groups.

The effects of GABA and glutamate on RVM ON and OFF cells
cannot be overlooked, as their dysfunction may represent a specific
marker of ON or OFF cells. Approximately two-thirds of RVM ON
cells contain express γ-aminobutyric acid (GABA) (Winkler et al.,
2006). However, after administration of the GABAA receptor
antagonist bicuculline methiodide, analgesic effects were
observed, although ON cells did not show a consistent change in
activity (M. M. Heinricher and Tortorici, 1994). Further research is
still needed to determine whether other GABA receptors mediate
ON cell modulation. Interestingly, RVM GABA transporter positive
(VGAT+) GABAergic neurons express immune-responsive MOR
(MOR-ir), and approximately 67% of MOR-ir RVM neurons are
vesicular VGAT+ (Francois et al., 2017), indicating co-expression of
MOR and GABA in ON cells. Activation of MOR or DOR produces
a concentration-dependent decrease of GABA overflow in the RVM,
reduces inhibitory GABAergic activity, and directly hyperpolarizes
ON cells (Schepers et al., 2008; C. Zhang et al., 2020). Meanwhile,
recent research by Jiao et al. (2022) confirmed that the G protein-
coupled estrogen receptor (GPER) was expressed specifically in
GABAergic ON cells, as activation of GPER caused
depolarization of ON cells through modulation of MOR and
potentiated pain. These findings may explain the major role of
GABA and MOR in ON cell modulation, although GPER are found
to be specific only in GABAergic groups. Furthermore, GAD67
(GABA markers) were identified in approximately 93% of OFF cells
by immunostaining, indicating that OFF cells are also GABAergic

neurons (Winkler et al., 2006). Since only 22% of GABAB-expressing
neurons in the RVM were retrogradely labeled, activating GABAB

receptors at low doses facilitates OFF cells, while these were
inhibited at high doses (Pinto et al., 2008). Following
administration of the GABAA receptor antagonist bicuculline,
OFF cells enter a prolonged period of continuous firing and exert
behaviorally measurable antinociception (M. M. Heinricher and
Tortorici, 1994), reiterating the importance of the OFF cell
disinhibition on GABAA receptor-induced antinociception.

Regarding glutamate, repeated intramuscular injections increase
the response of ON cells to glutamate by altering the activity of the
N-methyl-D-aspartate receptor (NMDA), a glutamate receptor (Da
Silva et al., 2010). By microinjecting the NMDA receptor antagonist
AP5 into the RVM, Xu et al. (2007) found that only ON cell activities
were inhibited, while activated OFF cells and Neutral cells were not
affected, exerting a block of hyperalgesia. By applying the NMDA
receptor antagonist ketamine to the RVM, ON cells were inhibited,
which caused a reversal of chronic morphine-induced heat
hypersensitivity (Viisanen et al., 2020). Moreover, the injection of
low-dose glutamate into the RVM facilitated nociception in models
of neuropathic and inflammatory pain, where the expression of
cannabinoid receptor 1 (CB1R) and NMDA/AMPA receptors
(glutamate receptors) on RVM ON cells was increased
(Radhakrishnan and Sluka, 2009; Boadas-Vaello et al., 2016; Li
et al., 2017). In general, we believe that NMDA receptors and
glutamate in RVM could enhance ON cell activities and produce
hyperalgesia. Conversely, OFF cells exert stronger activity and
produce antinociceptive effects following application of glutamate
or the specific activation of metabotropic receptors 8 (mGluR8)
(Hosseini et al., 2021). Consequently, infusing the D-2-amino-5-
phosophonopentanoic acid (NMDA) receptor antagonists into the
RVM could attenuate or block the activation of OFF cells, which
congruently confirmed the expression of glutamate receptors on
OFF cells (M. M. Heinricher et al., 2001).

The transient receptor potential vanilloid-1 (TRPV1) is also
expressed by both ON and OFF cells. Through immunoreactivity
studies, Starowicz et al. (2007) found that in naïve rats, TRPV1/
MOR was colocalized in 84% ± 5% of RVM neurons, while 21% ±
3% of TRPV1-labeled cells were surrounded by positive nerve
terminals for VGAT, and of these, 80% ± 7% also expressed
vesicular glutamate transporter 1 (VGLUT1). As MORs are
mainly expressed in ON cells, we prefer to consider the existence
of TRPV1 in ON cells under normal conditions. Interestingly, in the
streptozotocin (STZ)-induced diabetic rat model, administering the
capsaicin agonist TRPV1 increased TRPV1 expression and
decreased hyperalgesia in the formalin test, with no effect in
control animals (Silva et al., 2016). It is reasonable to suggest
that during diabetic neuropathy, rats tend to be more sensitive to
modulation of TRPV1 activity and changes in TRPV1 expression
may be involved in glutamatergic circuits, namely OFF cells (Maione
et al., 2009).

Microinjection of cholecystokinin (CCK) at low doses (10 ng/
200 nL) attenuated opioid activation of OFF cells and blocked
opioid-mediated analgesia; however, it exerted no direct effects
on ON or OFF cells (Heinricher, 2001). Only administration of
CCK at higher doses (30 ng/200 nL) selectively activated ON cells
and produced behavioral hyperalgesia (M. M. Heinricher and
Neubert, 2004). Therefore, the anti-opioid and pronociceptive
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effects induced by CCK within the RVM are mediated by OFF and
ON cells separately. Furthermore, Zhang et al. (2009) confirmed that
80% of RVM neurons co-expressed MOR and the CCK type
2 receptor (CCK2), and that MOR was specifically expressed in
ON cells. After microinjecting L365,260 (a selective antagonist for
CCK2) rather than a CCK1 antagonist into the RVM, the thermal
hypersensitivity of rats with spinal injury was reversed (Kovelowski
et al., 2000). Meanwhile, in female rats after plantar incision,
injecting the CCK2 receptor agonist CCK-8 into the RVM
produced hyperalgesia, while the CCK2 receptor antagonist
YM022 decreased sensitivity to pain (Jiang et al., 2019). These
studies provide evidence that CCK acts through CCK2 on ON
cells and contributes to hyperalgesia under normal and
pathological conditions. However, it remains unclear whether
CCK2 can be regarded a specific marker of ON cells, as there has
been no study investigating whether all ON cells express CCK2 and
the direct effects on ON or OFF cells when facilitating or
inhibiting CCK2.

Immunohistochemical studies have shown that the neurokinin-
1 receptor (NK-1R) of substance P (SP) is co-expressed with NMDA
receptors in RVMON cells (Budai et al., 2007). Activation of NK-1R
through microinjection of the NK-1R agonist SP or capsaicin
actually improved ON cell responses evoked by NMDA receptors
but not those of OFF cells and promoted hyperalgesia; these changes
were attenuated by iontophoretic application of the NK-1R
antagonist L-733,060 (Budai et al., 2007). However, NK-1R
cannot be considered a specific marker of ON cells, although SP

and NK-1R have been confirmed to promote descending facilitation
and contribute to central sensitization and hyperalgesia. First, NK-1
positive neurons were a relatively small proportion of all neurons in
the RVM, therefore, it is not clear whether all ON cells express NK-
1R. Moreover, in the absence of inflammation, injecting L-
733,060 or SP fails to change mechanical antinociception but
alters thermal antinociception (Hamity et al., 2010). Meanwhile,
pretreatment with L-733,060 in the RVM decreases nociception
sensitivity only after injecting capsaicin, rather than complete
Freud’s adjuvant (CFA) (Hamity et al., 2010; Brink et al., 2012),
indicating its limit in the processing of different pain stimuli
(Khasabov et al., 2012).

Neurotensin (NT) is mainly expressed in the RVM and exerts
nociceptive or antinociceptive effects in different states of pain (Feng
et al., 2015). The low dose of NT in the RVM selectively activates the
CCK2R in ON cells, increases the release of CCK, and produces
thermal hyperalgesia, while high doses of NT recruit OFF cells and
activate NT receptors, resulting in antinociception (Neubert et al.,
2004; Li et al., 2021). Both the high-affinity NT receptor (NTR1) and
the low-affinity NT receptor (NTR2) are expressed in RVM, of
which NTR1 is predominantly co-expressed with 5-HT, whereas
NTR2 is rarely expressed in 5-HTergic neurons. Antinociception
produced by PD149163 (NTR1 agonists) is blocked by methysergide
(non-selective serotonergic receptor antagonists) and is partially
blocked by intrathecal yohimbine (NA receptor antagonists),
although β-LT (NTR2 agonists) induced antinociception is only
inhibited by yohimbine (Buhler et al., 2005; Buhler et al., 2008; Li

FIGURE 1
Molecular characteristics of theON andOFF cells in RVM. (A, B) shows the anatomical location of the RVMnucleus in themouse brain. (C) shows that
GPER along with opioid, cannabinoid, GABA, TRPV1, glutamate, NK-1 and CCK2 receptors are expressed on ON cells, where GPER, CCK2R and NK-1R
may be specific. Likewise, OFF cells mainly express opioid, cannabinoid, GABA, TRPV1 and glutamate receptors.
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et al., 2021). Taken together, it is plausible that NTR1-mediated
antinociception is mediated by noradrenaline (NA) and 5-HT
release, while NTR2-mediated antinociception involves spinal
release of NE alone. For the aim of pain relief, we conclude that
through activating MOR, DOR, GPER and GABA, or inhibiting
KOR, NMDA, TRPV1, CCK2R, CB1, NK-1R and NTR1, ON cells
firing can be inhibited and OFF cells firing can be facilitated, leading
to analgesia (Figure 1).

Although the role of neutral cells in pain modulation remains
unknown, studies have suggested that they could develop ON or
OFF cell-like properties under pathological conditions (Ellrich et al.,
2000; Miki et al., 2002). Approximately 80% of neutral cells express
GAD67, with a similar proportion expressing KOR (Winkler et al.,
2006). In the RVM, approximately 23% of all neurons were found to
be serotoninergic (5-HTergic), among which the vast majority were
Neutral cells, while slightly fewer were OFF cells and the least were
ON cells (Gu andWessendorf, 2007; Lima et al., 2017). Serotonin (5-
HT) has also been found to be expressed exclusively in a subset of
neutral cells (36%), while none of ON or OFF cells exhibit 5-HT
immunoreactivity (Winkler et al., 2006; Wang et al., 2017). It is
worth paying closer attention to the exact function of 5-HTergic
neutral cells in chronic pain modulation.

3 Neural circuits and neurotransmitters
modulating RVM ON and OFF cells

3.1 Periaqueductal gray

3.1.1 Neural circuits involved in PAG-driven
descending modulation of RVM

As the first discovered nuclei modulating descending pain in the
brain, the periaqueductal gray (PAG) plays a key role in modulating
descending pain, with direct projection to the RVM, and this
projection terminates in superficial laminae (laminae I and II) of
the spinal dorsal horn (Fields and Basbaum, 1978; Lau et al., 2020).
Projections from PAG to RVM ON and OFF cells react to noxious
stimuli and generated protective or defensive effects on pain
sensation as defined using animal studies (M. M. Heinricher
et al., 1987), which were also clearly confirmed by human brain
imaging studies (Oliva et al., 2021). In-depth observations further
provided stronger evidence indicating that opioid-triggered
analgesia was mediated by ventrolateral projections of the PAG
(vlPAG)-RVM, while non-opioid-triggered analgesia could be
aroused by projections of the lateral PAG and the dorsolateral
PAG (lPAG/dlPAG)-RVM (Crawford et al., 2021). As there have
been no subsequent investigations, the delicate circuit constructions
from the PAG to RVM for pain modulation are still far from being
clarified.

3.1.2 Neurotransmitters mediating PAG-driven
descending modulation of RVM

As the descending pain modulation circuit of the brain, the
transmitters in the PAG-RVM projections have been
comprehensively studied and include mainly GABA, glutamate,
opioid, cannabinoid, and dopamine (DA) neurotransmitters. The
vlPAG has direct GABAergic projections to RVMON andOFF cells.
Through immunochemistry studies, approximately 71% of the

synapses in the PAG appeared to be GABAergic (containing
GAD67 immunoreactivity), and directly projected to the RVM
ON, OFF, and Neutral cells (Morgan et al., 2008). Microinjecting
the GABAA receptor antagonist bicuculline into vlPAG, the
spontaneous activity of OFF cells increased while that of ON
cells decreased, resulting in pain inhibition (Moreau and Fields,
1986). When exposed to repeated restraint stress, GABA release into
the RVM was increased, facilitating ON cells activity and inhibiting
OFF cells activity, hence leading to mechanical hypersensitivity
(Kohn et al., 2020). Several studies have suggested that GABA
plays a major role in opioid and cannabinoid induced analgesia
through the PAG-RVM pathway and is discussed below.

Glutamate also plays an important role in pain modulation via
the PAG-RVM pathway with a pattern similar to that of GABA. Ho
et al. (2013) found that when exposed to nerve injury, the α-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA, another
ionotropic transmembrane receptor for glutamate) receptor
response was decreased, while the response of the NMDA
receptor increased in vlPAG, decreasing the activities of OFF
cells, thus initiating and facilitating hyperalgesia. Furthermore,
the researchers identified eight subtypes of glutamate
metabotropic receptors (mGluR1-8) in PAG exert different effects
on nociception modulation, of which hyperalgesia was elicited by
activating mGluR1 and mGluR5 (Group I), while activation of
mGluR2, mGluR3 (Group II), and mGluR4, 6, 7, 8 (Group III)
led to analgesia. Studies conducted by Hosseini et al. (2020) showed
that after administration of mGluR8 agonists (S)-3,4-
dicarboxyphenylglycine (DCPG) in PAG, glutamate transmission
increased, then RVM ON cell firings were reduced and OFF cell
activities were enhanced, and predominantly generated
antinociceptive effects. However, Marabese et al. (2007) reported
a disturbing finding in which intra-PAG microinjection of
AMN082, a selective mGluR7 agonist, increased RVM ON cell
activity while abrogating OFF cell activity and then induced
hyperalgesia. It is plausible that hyperalgesia was attributed to the
activation of mGluR7 in the PAG before that of mGluR4/8, which
overlaps the antinociceptive effects triggered by mGluR4/8.

Opioid mediated analgesia mainly through PAG-RVM circuit.
Via the presynaptic inhibition of PAG GABAergic interneurons and
glutamatergic transmission, the microinjection of morphine into the
PAG inhibited GABAergic projections to the RVM (Beitz, 1990;
Park et al., 2010; Lau et al., 2020), indirectly activated (disinhibited)
RVM OFF cells and directly inhibited ON cell activity, thereby
leading to analgesia (Basbaum and Fields, 1984; M. M. Heinricher
et al., 1987; Fang et al., 1989; M. M. Heinricher et al., 1994).
Although opioids released from PAG to RVM play a pivotal role
in endogenous analgesia, more in-depth studies are needed to clarify
the expression of different opioid receptors in this system. Similar to
the observations in the RVM, MOR, DOR, KOR, and NOPR were
also prevalent in the PAG region (Gutstein et al., 1998). MOR
expression in the PAG is located primarily in GABAergic projection
neurons to the RVM (Commons et al., 2000). Vaughan et al. (1997)
found that MOR coupled to a voltage-dependent K+ conductance in
the GABAergic terminals via the PLA2/arachidonic acid/12-
lipoxygenase cascade system, inhibits GABAergic interneurons in
the PAG. G protein-coupled inwardly rectifying potassium channels
(GIRKs) were also found to be activated by MOR, leading to
hyperpolarization of PAG-RVM projections (Morgan et al.,
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2020). These findings enhanced the reliability of the disinhibition
theory. Regarding DOR, the mechanisms of pain modulation and
the effects of DOR in the PAG-RVM circuit were similar to MOR,
except for the indirect inhibition of GABAergic projections
(Kalyuzhny and Wessendorf, 1998). Accumulating evidence
suggests that DOR is located mainly in terminals containing
enkephalins of the PAG, and when released, glutamatergic inputs
to GABAergic projections in the vlPAG would be inhibited,
including the metabolic pathways involving CB1R and
phospholipase A (Commons et al., 2001; Z. Zhang and Pan,
2012; Bushlin et al., 2012). NOPR can presynaptically inhibit
GABAergic and glutamatergic neurons in the vlPAG and
postsynaptically inhibit PAG-RVM projections, leading to
hyperalgesia and reverse opioid-induced analgesia (Morgan et al.,
1997; Vaughan et al., 1997; Lu et al., 2010).

Interestingly, the PAG-RVM opioidergic projections are closely
related to the sexual dimorphism of pain modulation. Studies have
shown that antinociceptive effects of morphine were reduced in
intact gonadal females compared to males, while MOR and KOR
agonists were more potent or effective in one sex or the other in
more than 60% of cases (Craft, 2003). Additionally, Tonsfeldt et al.
(2016) observed that antagonists or negative allosteric modulators of
the GABAA receptor appeared to be more efficient in morphine-
induced analgesia of female rats compared to that of male rats
during continuous inflammation. Therefore, it is reasonable to
suspect that sexually dependent neurotransmitters may modulate
opioid-mediated analgesia. Craft et al. (2004) suggested that
compared to males, morphine-mediated antinociception could be
attributed at least in part to higher levels of estradiol in females, since
in female rats the baseline ON cell burst and OFF cell pause were
depressed. Meanwhile, researchers found that estrogen receptor
alpha was required for estrogen-induced internalization of MOR
(Micevych et al., 2003). Loyd et al. (2007) further demonstrated that
the PAG-RVM projections contained less MOR immunoreactivity
in vlPAG in females compared to males, resulting in the attenuation
of opioid-mediated analgesia. Furthermore, reproductive hormone
levels have been found to influence the distribution of KOR in RVM,
which, in turn, modulates opioid-mediated analgesia (Drake et al.,
2007). All of these results have confirmed the crucial role of the
opioid system in PAG-RVM projections to mediate pain-related
sexual dimorphism.

Endocannabinoid also participates in analgesia through PAG-
RVM pathway. The endocannabinoid system consists of the
endogenous synthesis enzyme lipid signals 2-arachidonoylglycerol
and the degraded enzyme anandamide, and also the cannabinoid
receptors. Except in some cortex regions, PAG is a key nucleus that
synthesizes endocannabinoids, which are in turn released to the
RVM. The projections of the PAG-RVM mediate cannabinoid-
induced analgesia and contribute to SIA (Ossipov et al., 2010).
Microinjection of cannabinoid receptor agonists WIN55,212-2 into
the RVM decreased the firing of ON cells while increased ongoing
OFF cells activities, thus increasing the rat tail-flick latency (Rea
et al., 2007; Ossipov et al., 2010). Therefore, the endogenous
cannabinoids can modulate the tonic increase in OFF cells
activity and diminish ON cells firing, modulating baseline
nociceptive thresholds and exerting antinociceptive effects.
Cannabinoid receptors consist of cannabinoid receptor 1 and 2
(CB1R, CB2R), among which CB1R is expressed in approximately

one-third of PAG neurons and is co-expressed with MOR.
Activation of PAG CB1R decreases GABA release and activates
mGlu5R, leading to the inhibition of ON cells and disinhibition of
OFF cells, ultimately resulting in SIA, as well as analgesia in both
normal and neuropathic pain situations (Novellis et al., 2005; Rea
et al., 2007; Ossipov et al., 2010). However, CB2R expression appears
to be highly dynamic and depends on the microenvironment, since
CB2R expression increases in inflammation and neuropathic pain
(Bouchet and Ingram, 2020). Through in vivo recording assays, the
CB1R agonists SR141716 activated OFF cells, which was consistent
with their analgesic effects on pain behavior, while through ex vivo
slice recording, SR141716 significantly decreased the frequency of
miniature inhibitory postsynaptic potential (mIPSC, related to
GABA release) frequency and inhibited GABA release to ON
cells (Li et al., 2015; Bouchet and Ingram, 2020; Milligan et al.,
2020). Of note, CB2R agonists AM1241 and GW405833 inhibited
presynaptic GABA release and ON cell activities in the RVM in
CFA-treated but not in naïve rats (Bouchet and Ingram, 2020).
Alternatively, it has been fully demonstrated that endogenous
cannabinoids activate opioid-insensitive SIA predominantly
through the CB1R rather than the CB2R, and inhibiting
endogenous cannabinoids hydrolysis in the RVM can enhance
SIA (Ossipov et al., 2010).

Compared to opioid-related analgesia, the contribution of
PAG dopaminergic neurons (DAergic) to pain modulation via
the vlPAG-RVM pathway is obscure. To our knowledge, there are
indeed DAergic neurons in vlPAG, but no direct DAergic
projections from the PAG to RVM (Li et al., 2016). However,
DA may activate the dopamine receptor 2 (D2R), which was
expressed in PAG GABAergic neurons (Li et al., 2016; Ferrari
et al., 2021). Meyer et al. (2009) determined that injection of the
D2R agonist quinpirole but not dopamine receptor 1 (D1R)
agonists chloro-APB into the vlPAG modulated PAG-RVM
projections, and increased the threshold for the paw-
withdrawal response and generating protective reactions to
pain, while suppressing DAergic neurons reduced opioid-
mediated analgesia (Ferrari et al., 2021). Li et al. (2016)
determined D2R activation blocked MOR-induced inhibition
of GABAergic neurons and reduced presynaptic GABAergic
neurotransmission, leading to a decrease in inhibitory input to
vlPAG DA neurons and antinociception. In contrast, the
administration of D-amphetamine to vlPAG led to an
inhibition of RVM ON cells by PAG GABAergic neurons,
although increased PAG glutamatergic projections to RVM
OFF cells were not involved in antinociception effects (Ferrari
et al., 2021). Collectively, it has been speculated that the analgesic
effects of PAG DA neurons are mediated by indirect modulation
of the RVM, mainly by interfering with the opioid- and GABA-
mediated descending pathway of PAG-RVM.

Melatonin (MLT) participates in analgesia across different states
of abnormal pain. Specifically, MLT acts primarily through
melatonin 2 (MT2) receptors in vlPAG, inhibiting ON cell
activities and facilitating OFF cells, leading to analgesia (Lopez-
Canul et al., 2015). Interestingly, researchers found that only 0.2% of
MORwas co-expressed with melatonin 2 (MT2) receptors in vlPAG,
but all MT2 receptors, which did not show expression in RVM,
required MOR to exert antinociceptive effects (Posa et al., 2022)
(Figure 2).
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3.2 Parabrachial complex

3.2.1 Neural circuits involved in PB-driven
descending modulation of RVM

The parabrachial complex (PB) functions as a significant
supraspinal relay region in the midbrain for nociceptive
transmission, not only under normal situations but also under
pathological pain conditions. PB was shown to project directly to
the RVM using bulk tracer methods (Verner et al., 2008).
Interestingly, electrophysiological investigations determined
that during the PB block, the extent of OFF cell pauses and
ON cell bursts was attenuated, but not eliminated, suggesting a
modest rather than robust decisive contribution to modulation to
RVM ON and OFF cell activities in the pain process.
Additionally, optogenetic inhibition of archaerhodopsin
(ArchT) expressing PB terminals in the RVM can substantially
attenuate ON cell (62%) and OFF cell (71%) activity during in
vivo recording, leading to antinociception (Chen et al., 2017).
Furthermore, blocking contralateral PB, but not ipsilateral PB,
significantly attenuated the burst of ON cells and the pause of
OFF cells in the first hour after CFA injection and substantially
reversed mechanical hypersensitivity, while during the ~1–6 days
after CFA injection, blocking the contralateral PB did not alter
the firing of ON or OFF cells and did not exert any effects on
hyperalgesia. In contrast, during the ~5–6 days after CFA
administration, only activating the ipsilateral PB interfered
with the evoked responses in the RVM, which resulted in an
increase in overall ON cell firing and a reduction in OFF cell
activities, exacerbating the inflamed hind paw, and ultimately
improving and maintaining pain hypersensitivity (Chen and
Heinricher, 2019b). Altogether, the general consensus
indicates that PB receives substantial projections from
nociceptive neurons in the contralateral superficial dorsal
horn, and less dense inputs from the ipsilateral superficial
dorsal horn and deeper lamina, more specifically, the PB
projects directly to RVM ON and OFF cells. Under
physiological conditions and when exposed to acute pain
stimuli, it is the contralateral PB that transmits projections to
the RVM ON and OFF cells and then triggers acute hyperalgesia,
while the ipsilateral PB is involved in the RVMON and OFF cells-
induced modulation of persistent inflammation and
chronic pain.

3.2.2 Neurotransmitters mediating PB-driven
descending modulation of RVM

PB-RVM circuits exert hyperalgesia mainly through GABAergic
and glutamatergic projections. Most PB neurons were glutamatergic
(72%) or GABAergic (28%) (Geerling et al., 2017; Chiang et al.,
2019). In particular, by whole cell patch clamp recordings, Chen
et al. found that light stimulation of PB neuron terminals that
expressed ChR2 in RVM slices elicited synaptic currents in
29 neurons, of which 21 neurons were blocked by glutamate
antagonists KA or NBQX, while the remaining 8 neurons were
inhibited by bicuculine, a GABAAR antagonist. Furthermore, the
GABAergic inputs observed in slice experiments formed inhibitory
nociceptive inputs to OFF cells, while the glutamatergic inputs
corresponded to excitatory projections to ON cells and some
were concomitant with Neutral cells (Chen et al., 2017).

Importantly, under stress, lPB neurons, specifically those
projecting onto RVM GABAergic neurons (that is, ON cells),
cooperate with cannabinoids and CB2R and participated in
hyperalgesia (Francois et al., 2017) (Figure 2).

3.3 Locus coeruleus

As an important mental stress-responsive nucleus, the locus
coeruleus (LC) is also a pivotal region involved in the modulation of
descending pain, mainly through direct spinal cord projections and
effects on RVM activity via NAergic projections. Through a
retrograde tracing study, Braz et al. (2009) found that ventrally
located LC neurons were labeled after injecting pseudorabies virus
(PRV) into the RVM, which is consistent with the results that in
attentional analgesia, an fMRI parameter of LC-RVM connections
was improved (Tanaka et al., 1996; Hickey et al., 2014; Oliva et al.,
2022). Moreover, studies by Dehkordi. et al., 2019 demonstrated that
stimulation of LC NAergic neurons increased the release of NA and
increased 1-adrenoceptor concentrations of α1-adrenoceptors
(NAα1R) in NRM, leading to analgesia (Dehkordi. et al., 2019).
In contrast, it was also possible that LC-NRM projecting NAergic
neurons induced hyperalgesia by activating NRM NAα1R. As Bie
et al. (2003) showed, during opioid withdrawal, administration of
the NAα1R antagonist prazosin in NRM significantly decreased the
activities of NAergic projections of the LC and suppressed
hyperalgesia. RVM ON cells received NAergic inputs from LC
and contained NAα1R, which contributed to hyperalgesia during
opioid withdrawal, while inhibition of NAα2R-expressed ON cells
by clonidine suppressed DAMGO-mediated analgesia instead of
modulating hyperalgesia during opioid withdrawal. OFF cells also
received dense NAergic input from the LC, and mainly expressed
NAα1R and some co-expressed NAα2R (Bie et al., 2003). Overall,
these results suggest that LC-RVM projections on NAergic neurons
trigger not only antinociceptive but also pronociceptive effects by
modulating RVM ON and OFF cells, although the precise role of
LC-RVM projections in different pain conditions requires further
investigation (Figure 2).

3.4 Hypothalamus

Hypothalamus-RVM circuits participate in pain modulation
mainly in dorsal medial hypothalamus (DMH) via endomorphin-
2 and CCK containing projections. After microinjection of Fluoro-
Gold (FG) into the RVM, retrogradely labeled neurons were
detected in the hypothalamus, the majority of which were
present in the lateral hypothalamus (LH) and DMH (Gu and
Wessendorf, 2007). DMH stimulation directly induced robust
activation of ON cells along with suppression of OFF cell firing,
leading to behavioral hyperalgesia, in contrast to other research
showing that stimulation of the hypothalamus produced analgesia
that could be inhibited by systemic naloxone (Adams and
Hosobuchi, 1977; Martenson et al., 2009). Hyperalgesia induced
by DMH stimulation recruits ON cells under mild and persistent
stress, a response known as stress-induced hyperalgesia (SIH).
However, microinjection of lidocaine into the RVM potentiates
hypothalamic-mediated analgesia, as observed by the increase in
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the pain threshold and inhibition of the tail flick reflex (Gu and
Wessendorf, 2007). Collectively, these findings confirm that the
hypothalamus projects directly to the RVM and influences the
activities of ON and OFF cells; thus, exerting bidirectional pain
modulation. In terms of neurotransmitters and receptors,
endomorphin-2 (EM-2, an endogenous ligand of MOR)
containing neurons exist primarily in the DMH and project to
the RVM, and EM-2 has been found to participate in hypothalamus
stimulation-induced analgesia, replicating its antinociceptive effects
through MOR and endogenous opioids (Gu and Wessendorf, 2007;
Bagley and Ingram, 2020). Furthermore, in stress states, DMH has
been identified as the only supraspinal source of CCK input to the
RVM, acting with CCK2R in ON cells and can elicit hyperalgesia as
observed experimentally under abundant abnormal pain states via
retrograde tract tracing combined with electrophysiological and
immunohistochemistry (Wagner et al., 2013). Moreover, infusion
of 1 nmol excitatory amino acid receptor cytonurenate into the
RVM blocked the DMH-induced ON cell activation and
suppression of OFF cells, alleviating hyperalgesia. Similar results
can also be observed after infusion of the GABAA receptor agonist
muscimol (Martenson et al., 2009). In conclusion, the hypothalamus-
RVM projection modulates pain sensitivity primarily through

endogenous opioid synaptic transmission and communicates with
CCK2R and MOR (Figure 2).

3.5 Amygdala

The amygdala is characterized by direct and indirect projections
to the RVM, and participates in pain modulation. After
microinjection of morphine into different sites of the amygdala,
several significant findings suggest that its analgesic effects were
mainly attributed to the direct projections from the amygdala to the
RVM, for instance: 1) infusing morphine into the basolateral nuclei
increased OFF cell activity, modestly decreased ON cell activity,
remarkably attenuated the OFF cell pause, and increased tail flick
latency; 2) administering morphine into the cortical and medial
nuclei exerted smaller effects on ON and OFF cells than infusion
directly into basolateral nuclei, but did not significantly eliminate the
OFF cell pause and only the increased tail flick latency to a small
degree; 3) introducing morphine within the central, medial, and
dorsal lateral nuclei failed to modulate activities of the RVMON and
OFF cells and the tail flick latency (Mcgaraughty and Heinricher,
2002). In fact, the basolateral nucleus of the amygdala is relayed

FIGURE 2
Molecular characteristics of neural circuits and transmitters modulating RVM ON and OFF cells. (A) shows the anatomical location of nucleus and
neural circuits projecting to the RVMON andOFF cells in themouse brain. (B) shows the transmitters and receptors which participate in modulating RVM
ON and OFF cells. CeA mainly act on glutamate receptors to exert modulations on RVM ON and OFF cells. By binding to MOR and CCK2R, DMH EM-2
containing inputs and CCK-containing inputs modulate RVM ON and OFF cells. Via acting on opioid, cannabinoid, GABA, glutamate, dopamine,
TRPV1, and melatonin receptors, PAG GABAergic and glutamatergic inputs modulate RVM ON and OFF cells. PB GABAergic and glutamatergic neurons
modulate RVM ON and OFF cells by binding to cannabinoid, and GABA receptors. LC NAergic neurons act on Naα receptors to modulate RVM ON and
OFF cells.
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through the central nucleus of the amygdala (CeA), and then
recruited RVM OFF cells, and conducts opioid-induced analgesia
under states of SIA to replenish DMH-induced SIA (Martenson
et al., 2009). Despite the ineffective function of CeA under normal
conditions, it is currently agreed that amygdala-mediated
hyperalgesia in pain-related disorders occurs in CeA through the
interactions with mGluR1/5, since there are large amounts of
nociceptive neurons at this pivotal site and an increase in
excitability of CeA is detected even under conditions of chronic
pain (Palazzo et al., 2011). Meanwhile, CeA exerts antinociceptive
effects by acting on the mGluR8. Under carrageenan-triggered
inflammatory pain conditions, intra-CeA microinjections of
mGluR8 agonists (S)-3,4-DCPG increase OFF cell activities while
decrease ON cell activities, thus creating antinociceptive effects.
(Palazzo et al., 2011). Hence, amygdala-RVM pathway, particularly
CeA-RVM projections, modulate pain through acting at mGluRs
(Figure 2).

4 Neural circuits and neurotransmitters
modulating projections from RVM ON
and OFF cells to spinal cord

4.1 Neural circuits involved in RVM-driven
descending modulation

There exist RVM-spinal cord circuits modulating pain
through 5-HTergic and GABAergic projections. It is generally
accepted that descending projections from the RVM to the spinal
cord predominantly target the laminae V dorsal horn (Martins
and Tavares, 2017), although the axons of most spinal ascending
projection neurons terminate in many areas of the brain,
including the forebrain, pons, and midbrain, rather than in
the RVM, suggesting that RVM does not receive afferents
from the spinal cord (Wang et al., 2022). By injecting rabies
virus into the spinal cord, Francois et al. (2017) used retrograded
transsynaptic tracing to identify regions corresponding to
descending pain control and found that the virus was strongly
expressed in RVM neurons; thus, indicating that RVM projects to
the spinal cord. Furthermore, more than 90% of the RVM spinal
cord projection neurons responded to the opioid agonists
DAMGO, of which a large proportion of the neurons
responded only to MOR agonists (64%), while a smaller
proportion responded only to KOR agonists (9%), and
approximately 18% responded to both MOR and KOR
agonists (Marinelli et al., 2002). In fact, the RVM descending
projection neurons that participate in pain modulation mainly
consist of GABAergic and 5-HTergic neurons, so how these
inhibitory GABAergic neurons facilitate spinal pain
transmission was previously a mystery. Francois et al.
demonstrated that downstream of RVM GABAergic neurons
were spinal GABAergic/enkephalinergic interneurons, and
activation of the RVM GABAergic neurons would inhibit
spinal inhibitory interneurons, thus inducing disinhibition of
spinal pain transmission (Francois et al., 2017). The study
revealed a potential circuit mechanism for ON cells-induced
pain facilitation, although it is still urgent to understand how
OFF cells and 5-HTergic neurons modulate spinal pain

transmission and how these RVM neurons cooperate in
different pain states.

4.2 Neurotransmitters mediating RVM-
driven descending modulation

GABAergic projections from the RVM to the spinal cord take
part in pain modulation through altering the activities of RVM ON
and OFF cells. Most RVM neurons that project to the spinal cord are
not 5-HTergic (60%, i.e., GABAergic), of these, 40% also express
enkephalin (PENK), while the remaining 40% are 5-HTergic
(Hossaini et al., 2012; Kohn et al., 2020; Talluri et al., 2022). The
RVM GABAergic neurons express GAD1 and GAD2 receptors,
forming axosomatic and axo-axonic inhibitory synapses,
accordingly (Fink et al., 2014; Mende et al., 2016). Under
physiological conditions, PENK+/GAD2+ neurons (that is, OFF
cells) directly communicate with the primary afferent of DRG
neurons and tonically inhibit pain responses (Francois et al.,
2017), counteracting 5-HTergic-induced pronociception. When
under conditions of mechanical pain, PENK/GAD1+ neurons
(namely ON cells) synapse onto Penk + dorsal horn
interneurons, disinhibit PENK + neurons, and facilitate the
transmission of mechanical pain stimuli. Furthermore,
GABAergic PENK + neurons contribute to stress-induced
modulation of pain, since acute stress increases activities of
GABAergic PENK + neurons, exerting analgesia while chronic
stress decreases the expression of GABAergic PENK + neurons
and induces hyperalgesia (Francois et al., 2017).

With regard to 5-HTergic neurons, its effects on RVM-spinal
cord pathway are confirmed, however the concrete influence on
RVM ON, OFF or Neutral cells remain controversial, which were
discussed aftermentioned. 5-HT is produced primarily in the
NRM, although retrograde labeling studies have demonstrated
that 5-HTergic projections to the spinal dorsal horn simply arise
from the NRM and terminate densely in the superficial laminae
(laminae I and II) and in the deeper laminae (laminae IV-VI) of
the dorsal horn. Meanwhile, stimulation of RVM leads to
increased 5-HT release in the spinal cord, contributing to
bidirectional effects on nociceptive modulation (Ossipov et al.,
2010; Kort et al., 2022). In reality, there are two populations of 5-
HTergic neurons in the RVM, those involved in spinal projections
and in local modulation. Although some RVM 5-HTergic neurons
express MOR (13.8% ± 3.9%) and GABA (8%), only about half of
these project to the spinal cord, which suggests the existence of 5-
HTergic neurons for local modulation (Wei et al., 2010; Lau et al.,
2020). With regard to local 5-HTergic neurons in the RVM, direct
microinjection of 5-HT increased the release of 5-HT in the NRM,
modulating ON and OFF cells in RVM through 5-HT1R and 5-
HT2R, which ultimately decrease tail flick latency, and exert an
inhibitory influence on pain modulation (Brito et al., 2017; Wang
et al., 2017). These findings indicate that 5-HTergic neurons could
modulate the pain response by affecting the excitability of ON and
OFF cells. For the spinal projection of 5-HT-ergic neurons,
Sagalajev et al. (2017) explored some interesting findings in a
pharmacological study involving the microinjection of NT in the
RVM, which resulted in reduced ON cell discharge and facilitated
OFF cell activation, thus inducing antinociceptive effects (Buhler
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et al., 2005). Meanwhile, injection of EM-2 into the RVM activated
MOR in spinal projection of 5-HTergic neurons and increased
descending 5-HTergic facilitatory influences, although these
descending 5-HTergic projections were neither necessary nor
sufficient for RVM MOR- or KOR-mediated modulation of
descending pain in acute pain conditions (Gu and Wessendorf,
2007; Chen and Heinricher, 2019a; Kohn et al., 2020). Hence, it is
reasonable that under physiological conditions, activation of RVM
5-HTergic neurons will inhibit spinal nociceptive
neurotransmission. In experimental models of diabetic
neuropathy and chemotherapy-induced neuropathy, the
excitability of 5-HTergic neurons in RVM increased, inducing
increased recruitment of descending 5-HTergic projections to the
spinal cord and resulting in pain hypersensitivity (Sikandar et al.,
2012). Through molecular engineering approaches using shRNA
plasmids and electroporation, RVM 5-HTergic neurons were
found to function as modulators of pain in the promotion and
maintenance, rather than triggering, of inflammatory or
neuropathic pain (Wei et al., 2010). Taken together, the
existing evidence suggests that two types of RVM 5-HTergic
neurons can modulate spinal pain transmission in direct and
indirect ways, which may be responsible for the bidirectional
effects on modulating pain in physiology and pathophysiology
conditions. Conversely, bidirectional projections in nociception
also closely depend on the activation of various subtypes of the 5-
HT receptor (5-HT1R-7R). Generally, 5-HT1AR, 5-HT2AR, and
5-HT4R generate bidirectional effects, while 5-HT1B/DR and 5-
HT2CR are primarily antinociceptive (Bardoni, 2019; Heijmans
et al., 2021; Fauss et al., 2022). In contrast, 5-HT2BR is activated by
facilitating CCK2R in RVM ON cells and induces hyperalgesia
(Jiang et al., 2019). Furthermore, the function of 5-HT3R and 5-

HT7R remains uncertain. In neuropathic or inflammatory pain
states, blocking the 5-HT3R specifically attenuates 5-HT
pronociceptive actions in the RVM while activation of the 5-
HT3R plays a facilitatory role in nociceptive responses. These
findings were in parallel with the observations that a descending
release of 5-HT from the RVM combined with the upregulation of
5-HT3R expression in spinal cord neurons was detected after
inflammation and nerve injury (Wei et al., 2010; Wang et al., 2019;
Liu et al., 2020). Thus, it is confirmed that spinal 5-HT3R mainly
mediates descending facilitation under abnormal pain conditions.
Specifically, activation of the p38 mitogen-induced protein kinase
(p38MAPK) pathway in the RVM increases the expression of
tryptophan hydroxylase (Tph), resulting in increased activities of
ON cells and expression of 5-HT along with the silencing of OFF
cells, which then act on the spinal 5-HT3R to activate ATP-gated
P2X7 receptors in the microglia, and ultimately exerting pain
hypersensitivity (Liu et al., 2020). As 5-HT3R is also expressed on
inhibitory GABAergic interneurons, antinociceptive effects are
confirmed to correspond to activation of OFF cells in
subcutaneously excited RVM 5-HT3R and GABA release in the
GABA spinal cord in acute pain models (Nasirinezhad et al., 2016;
Kort et al., 2022). With regard to 5-HT7R, under conditions of
neuropathic pain, the study conducted by Brenchat et al. (2010)
showed that the spinal 5-HT7R was expressed mainly on the
GABAergic and Penk + interneurons, which stimulate OFF
cells, release 5-HT, GABA, and enkephalins, and therefore
enhance nociceptive inhibition, in contrast to the
pronociceptive effects exerted in the periphery. In healthy
conditions, spinal 5-HT7R only shows antinociceptive effects,
in which the exact mechanism remains to be defined (Wang
et al., 2015) (Figure 3).

FIGURE 3
Molecular characteristics of RVM-spinal cord circuits modulating nociception. Via acting on GAD, 5-HTRs, NT and opioid receptors, the projections
from RVM ON and OFF cells to the spinal cord contain GABAergic, NTergic, opioidergic and 5-HTergic inputs.
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5 Conclusion

As the final relay nuclei of the descending pain modulation
system, the RVM converges on the comprehensive modulation
input from different nuclei like the PAG, amygdala, PB, LC,
and the hypothalamus, as reviewed herein, and then integrates
this information to influence the excitability status of ON, OFF,
and even Neutral cells in this area, whose descending
projections lead to the spinal cord, where they exert
facilitation or inhibition of spinal pain transmission, and
finally control the nociceptive intensity received by the brain
from the periphery. In this process, GABA, 5-HT, endogenous
opioids, endogenous cannabinoids, and their corresponding
receptors are the main mediators involved in the facilitation
and inhibition of pain. Moreover, it has been generally
accepted that RVM related circuits and neurotransmitters
play a pivotal role in the maintenance and persistence of
chronic pain; thus, the RVM is a major therapeutic nucleus
for the development of novel strategies for alleviation of pain.
Conversely, in order to successfully obtain further scientific
understanding of RVM or clinical pain treatment targeting
RVM, we first need to identify a suitable model for specific
modulation of ON and OFF cells, as well as clarify the
molecular and circuit changes associated with the RVM
under pathological conditions.
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Protective effects of ginsenosides
Rg1 and Rb1 against cognitive
impairment induced by simulated
microgravity in rats
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Caihong Yao1, Qiong Wang2, Qinghu He3 and Xinmin Liu1,3*
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Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China, 2Institute of
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3Sino-Pakistan Center on Traditional Chinese Medicine, Hunan University of Medicine, Huaihua, China

Microgravity experienced during space flight is known to exert several negative
effects on the learning ability and memory of astronauts. Few effective strategies
are currently available to counteract these effects. Rg1 and Rb1, themajor steroidal
components of ginseng, have shown potent neuroprotective effects with a high
safety profile. The present study aimed to investigate the effects of Rg1 and Rb1 on
simulated microgravity-induced learning and memory dysfunction and its
underlying mechanism in the hindlimb suspension (HLS) rat model.
Administration of Rg1 (30 and 60 μmol/kg) and Rb1 (30 and 60 μmol/kg) for
2 weeks resulted in a significant amelioration of impaired spatial and associative
learning andmemory caused by 4-week HLS exposure, measured using theMorris
water maze and Reward operating conditioning reflex (ROCR) tests, respectively.
Furthermore, Rg1 and Rb1 administration alleviated reactive oxygen species
production and enhanced antioxidant enzyme activities in the prefrontal cortex
(PFC). Rg1 and Rb1 also assisted in the recovery ofmitochondrial complex I (NADH
dehydrogenase) activities, increased the expression of Mfn2 and decreased the
fission marker dynamin-related protein (Drp)-1expression. Additionally, Rg1 and
Rb1 treatment increased the SYN, and PSD95 protein expressions and decreased
the ratio of Bax:Bcl-2 and reduced the expression of cleaved caspase-3 and
cytochrome C. Besides these, the BDNF-TrkB/PI3K-Akt pathway was also
activated by Rg1 and Rb1 treatment. Altogether, Rg1 and Rb1 treatment
attenuated cognitive deficits induced by HLS, mitigated mitochondrial
dysfunction, attenuated oxidative stress, inhibited apoptosis, increased synaptic
plasticity, and restored BDNF-TrkB/PI3K-Akt signaling.
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1 Introduction

During long-term space trips, astronauts are exposed to peculiar
and exceedingly complicated environmental conditions, of which
microgravity is considered to be one of the main hazards to human
health (Yoon et al., 2017; Nordeen and Martin, 2019). Actual
(spaceflight) or simulated microgravity is known to induce a
variety of physiological changes, especially in the central nervous
system. In particular, it affects many aspects of brain function,
including cognitive performance, posture control, locomotion, and
manual control (Xiang et al., 2019). Hindlimb suspension (HLS) is
the most commonly used small-animal model for simulating
microgravity; it was developed in the 1980s and used to
reproduce a cephalad blood and fluid shift, producing the same
effects as microgravity in various organ systems such as the
cardiovascular, immune, and nervous systems (Globus and
Morey-Holton, 2016). The HLS model is widely used to assess
the effects of microgravity on learning and memory deficits.
Mounting evidence from various behavioral tasks (e.g., the
Morris water maze, shuttle-box test, and object recognition test)
has shown that exposure to simulated microgravity using the HLS
model produces cognitive impairment resulting from increased
levels of ROS, reduced BDNF expression, or alterations in
neurotransmitter levels as well as impaired synaptic plasticity
(Wang et al., 2016; Xiang et al., 2019).

In recent years, herbal medicines have emerged as novel and
attractive pharmacotherapeutic tools for the treatment of memory
deficits, especially because of their effectiveness and high safety
margins/profiles (Liu et al., 2016). Panax ginseng has gained
immense popularity worldwide and its active ingredient is
ginsenoside (Huang et al., 2015). Ginsenoside is known to exert
multiple pharmacological effects on the neuronal, cardiovascular,

and immune systems (Mohanan et al., 2018), especially in
neurodegenerative diseases such as Alzheimer’s disease (AD), and
effects on memory enhancement have gained significant attention in
the past few years (Jiang et al., 2020). Rb1 (diol-type ginseng
saponins) and Rg1 (triol-type ginseng saponins) are regarded as
the main active components that are responsible for memory
enhancement (Figure 1) (Wang et al., 2010) and recent studies
have demonstrated the preventive and therapeutic benefits of
ginsenosides Rb1 and Rg1 on cognitive deficits. Ginsenoside
Rg1 has been shown to ameliorate hippocampal long-term
potentiation (LTP) and memory by facilitating the clearance of
AD-associated proteins and activation of the BDNF-TrkB pathway
(Li et al., 2016). A previous study from our laboratory suggested that
oral administration of ginsenosides Rb1 and Rg1 could mitigate
cognitive impairment in senescence-accelerated (SAMP8) mice,
reducing neuroinflammation, and ameliorate cognitive deficits in
rats exposed to chronic restraint stress (Kezhu et al., 2017; Yang
et al., 2020; Jiang et al., 2021). However, the effects of Rb1 and
Rg1 on cognitive impairment induced by simulated microgravity are
still unknown. Thus, in the present study, a rat model of HLS-
induced cognitive dysfunction was employed to study the potential
beneficial effects of ginsenosides Rb1 and Rg1 on the prevention of
impairment of spatial, associative learning and memory, and the
probable underlying mechanism.

2 Materials and methods

2.1 Chemicals and reagents

Ruifensi Biological Technology Co., Ltd. (Chengdu, China)
provided Ginsenoside Rg1 (Rg1, purity>98%) and ginsenoside

FIGURE 1
The experimental protocol of the study.
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Rb1 (Rb1, purity>98%). Huperzine-A was purchased from Henan
Tailong Biotech Co., Ltd. (Henan, China).

2.2 Animals

The Institute of the Chinese Academy of Medical Science
Center, Beijing, donated male Wistar rats (n = 140, weight:
180–200 g). All rats were housed in standard conditions,
including controlled humidity (55%) and temperature
(20°C–22°C) and a 12-h:12-h light/dark cycle, with unrestricted
access to water and food. The animal experiments were carried
out with proper approval (Approval No. SYXK 2017-0020)
following the requirements outlined by the Animal Research
Committee of Peking Union Medical College’s Institute of
Medicinal Plant Development (China).

2.3 Drugs and treatment

The rats were randomly assigned (n = 20 per group) to seven
groups, namely, the non-HLS group (control), the HLS group, the
HLS + huperzine-A (0.1 mg/kg), the HLS + Rg1 group (30 and
60 μmol/kg), and the HLS + Rb1 group (30 and 60 μmol/kg). On the
14th day of HLS administration, water, Rg1, Rb1, or Huperzine-A
were administered intragastrically once daily until the complete
behavioral assessment.

2.4 HLS model

HLSmodeling was performed as previously described with some
slight adjustments to recreate microgravity in space (Qiong et al.,
2016; Lv et al., 2021). The rats were suspended in individual plastic
cages with a 30-degree head-down tilt for 4 weeks. At the end of
4 weeks, all the above groups were subdivided into two groups (each
with 10 rats) and subjected to behavioral tests such as the Morris
water maze (MWM) and the reward operating conditioning reflex
(ROCR) tests (Figure 1).

2.5 Behavioral tests

2.5.1 Reward operating conditioning reflex test
2.5.1.1 Food restriction

The rats’ food and water supplies were restricted until the
reward training began. Sugar and water were used as a reward,
and the body weights were slowly reduced to 80%–90% of the
normal feeding weight over 10 days by controlling the amount of
food and water given to the animals (Shi et al., 2013; Xu et al., 2017).

2.5.1.2 Magazine training
During each training cycle, an unconditioned stimulus signal

(blue signal light) was shown initially, followed by reinforcement
with a reward substance. The cycle was repeated 30 times during the
interval, including the conditioned stimulus and rewarding
activities. In other words, the blue light signal was utilized as the
stimulus, and the light was switched on periodically for 10 s at an

interval of 30 s. The total number of times this step was repeated was
30, and the training time was 20 min daily. The reward gadget
automatically provided a drop of 8% sucrose water as a reward
substance when the blue light turned on. There was no sugar pump
used after the cooldown period. This phase continued for
3 consecutive days.

2.5.1.3 Lever-pressing reflex acquisition
During each training cycle, the animals pressed the left-side

lever, resulting in an unconditioned stimulus that was later
reinforced with a reward. The left pedal remained extended for
3 days after the rat had acquired the lever-pressing reflex. The blue
signal light remained on for 10 s after the rats completed a left pedal
action, activating a reward. The experiment was terminated after
30 min of training each day or 50 consecutive pedal presses during
the training period.

2.5.2 Morris water maze test
On day 28 of HLS treatment, the Morris water maze (MWM)

test was used to investigate the effects of Rg1 and Rb1 on spatial
memory (Morris, 1984; Xu et al., 2016). The water maze was a
circular pool (180 cm in diameter, 40 cm high), and black ink was
added to the water (23°C–25°C) to render it opaque. The only escape
was an “invisible” platform (black-colored metal, 9 cm diameter)
located 1.5 cm below the water level.

To learn the escape mechanism, each rat was tested for 2 trials/
day for 5 consecutive days with each trial lasting 90 s. The rats spent
10 s on the platform before testing, and an animal was considered
successful if it found the platform and stayed there for more than
2 seconds. The animal was led to the platform for 10 s after the test
period (post-adaptation).

For the probe trial, the platform in the circular pool was
removed 24 h after the escape acquisition test, and no pre-
adaptation or post-adaptation was allowed in the experiment.
The rats were placed in the diagonal quadrant of the pool, where
the platformwas situated, facing the wall from the center point of the
pool wall, and they were given 90 s to swim and explore the pool.
The number of target crossings served as a test of spatial memory.

2.6 Measurement of oxidative stress

After sacrifice of the rats, the prefrontal cortices were
homogenized in 10 volumes of cold saline. The total protein
content of the sample was determined using bovine serum
albumin as the standard and a BCA Assay kit (Pierce,
United States). The H2O2 contents, superoxide dismutase (SOD)
activity, glutathione peroxidase (GSH-Px) activity, and
malondialdehyde (MDA) concentration in the cortical tissue were
measured using commercial assay kits, as directed by the
manufacturer (Jiancheng, Nanjing, China) (Lu et al., 2020).

2.7 Western blotting

Western blotting was conducted as previously described with
minor modifications (Shi et al., 2017). Proteins were separated on
SDS-PAGE and transferred to nitrocellulose membranes
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(Millipore, Bedford, MA, United States). After blocking for 2 h in
5% nonfat milk in Tris-buffered saline with Tween-20 (TBST), the
membranes were incubated overnight at 4°C with primary
antibodies against Phospho-Akt (ab4060, 1:2000), BDNF
(ab108319, 1:2000), Cytochrome C (ab133504, 1:5000), BAX
(ab32503, 1:2000), Bcl-2 (ab194583, 1:1000), PSD95 (ab18258,
1:1000), TrkB (ab187041, 1:5000), Mitofusin 2 (ab133504, 1:
5000) (all from Abcam Ltd., Cambridge, United Kingdom), and
GAPDH (A19056, 1:1000; ABclonal Technology Co., Ltd., Wuhan,
China). The membranes were then incubated for 1 h with a

horseradish peroxidase-conjugated secondary antibody. An ECL
Prime Kit was used to view the protein bands, and ImageJ 1.46r
software (NIH, United States, RRID: SCR_003070) was used for
quantification.

2.8 Histopathological examination

After the behavioral tests, the animals were anesthetized by
pentobarbital sodium injection followed by transcardial perfusion
with 4% paraformaldehyde in 0.01 M phosphate buffer for 24 h
(4 rats in each group) after the last session. After harvesting, the
tissues were embedded in paraffin and stained with H&E following
standard procedures (Shi et al., 2019; Xie et al., 2019).

2.9 Statistical analysis

SPSS 22.0 was used for data analysis, and data are represented as
the mean ± _standard error of the mean (SEM). We used either one-
way ANOVA or repeated-measure two-way ANOVA to assess the
differences between the mean values. All one-way ANOVAs were
followed by post hoc analysis using the LSD test. All two-way
ANOVAs were followed by Bonferroni post hoc analysis to
examine isolated comparisons. p < 0.05 was regarded as
statistically significant, and the outcome was expressed as the
mean ± standard error of the mean (±SEM).

3 Results

3.1 Effects of ginsenosides Rg1 and Rb1 on
learning and memory in HLS-exposed rats

As shown in Figure 2A, in the MWM acquisition trial, the
latency to reach the platform was significantly longer in the HLS
group than in the CON group from days 3–5 (p < 0.05, p < 0.01, p <
0.01, respectively). However, treatment with Rb1 (30 and
60 μmol/kg) reduced the escape latency on days 3–5 when
compared with the HLS model rats (p < 0.05). Administration of
Rg1 (30 and 60 μmol/kg) also markedly improved HLS-induced
increments in the escape latency from day 4. Moreover, the rats in
the HLS group took shorter times to pass over the hidden platform
than those in the control group in the probe test (Figure 2B, p <
0.05). These times were further reduced after treatment with high-
dose Rb1 (60 μmol/kg).

On day 1 of the ROCR test (Figures 2C,D), the completion time
in the model group was considerably longer than that in the control
group (p < 0.05). Rg1 (30 μmol/kg) treatment led to significantly
reduced completion times on days 1 and 3 (p < 0.05). On days 1 and
3 (p < 0.05), Rg1 considerably improved the completion time
compared to the same dose of Rb1. On days 1 and 3, the
number of lever presses (LPs) in the untreated model group was
progressively reduced compared with the control group (Figure 2E,
p < 0.05) while treatment with Rg1 (30 μmol/kg) raised the LP
number considerably (p < 0.05). The number of nose-pokes (NPs) in
the HLS rats was fewer compared with the control rats from day 1 to
day 3 (Figure 2F, p < 0.05). Nevertheless, both Rg1 (30 μmol/kg) and

FIGURE 2
Ginsenosides Rg1 and Rb1 ameliorate cognitive dysfunction
measured by behavioral tests in hindlimb suspension (HLS) model rats.
(A-B) The Morris water maze test was used tomeasure escape latency
and frequency of crossing the platform over 5 days. (C–H)
Representation of moving path, Completion time, Lever presses (LPs),
Nose-pokes (NPs), LP/NP ratio, and the latency on the acquisition of
operant conditioning reflexes (lever-pressing) in the ROCR test. The
data represent mean ± SEM; N = 10 rats per group. #p < 0.05, ##p <
0.01, significantly different from control; *p < 0.05, **p < 0.01,
significantly different from HLS group. &p < 0.05, &&p < 0.01, &&&p <
0.001, significantly different from Rb1 group.
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huperzine A treatments significantly increased the NP numbers in
HLS rats from day 1 to day 3. The latency of the model group was
significantly increased on day 1 and day 3 (Figure 2H, p < 0.05). Rg1
(30 and 60 μmol/kg) treatment significantly shortened the latency
on day 1 (p < 0.01). The latency of the Rg1 (30 μmol/kg) group on
day 3 and the Rb1 low-dose group on day 1 was significantly
shortened (p < 0.05). Furthermore, rats treated with Rg1 (30 and
60 μmol/kg) exhibited significant improvements in the LP/NP ratio
on day 1, and LP/NP ratio for the low-dose Rg1 (30 μmol/kg) group
was observed to be higher compared with the low-dose Rb1 group
(Figure 2G, p < 0.05).

3.2 Effects of ginsenosides Rg1 and Rb1 on
the markers of oxidative stress in the
prefrontal cortex

The activities of SOD and GSH-Px in the prefrontal cortices
(PFCs) of the HLS group were considerably lower in comparison
with those in the control group [SOD, F (5, 30) = 4.366, p < 0.01;
GSH-Px, F (5, 30) = 4.792, p < 0.01], as shown in Figures 3A, C. Rg1
(30 μmol/kg) and Rb1 (30 and 60 μmol/kg) treatment, on the other
hand, led to a marked increase in SOD activity. In contrast, Rb1
(30 and 60 mol/kg) treatment significantly ameliorated the depleted
GSH-Px levels in the PFC (p < 0.05). MDA and H2O2 levels in the
PFC of rats exposed to HLS increased significantly [H2O2, Figure 3B,
F (5, 30) = 3.097, p < 0.01; Figure 3D, MDA, F (5, 30) = 2.175, p <
0.01]. Treatment with Rg1 (60 μmol/kg) and Rb1 (60 μmol/kg)
significantly reduced this increment (p < 0.05.).

3.3 Influence of ginsenosides Rg1 and Rb1 on
the expression of mitochondrial OXPHOS,
Drp1, and Mfn2 proteins in the prefrontal
cortex

As shown in Figures 4A–E, there were no significant differences
between the groups in the levels of C-V, C-III, C-IV, and C-II in the
PFCs. However, the contents of C -I in the PFC of the HLS model
group were significantly decreased [Figure 4F, F (5, 23) = 6.658, p <
0.01]. Treatment with Rg1 (30 μmol/kg) and Rb1 (30 and
60 μmol/kg), on the other hand, resulted in a substantial increase
in C-I (p < 0.05). The HLS group had significantly higher
Drp1 protein levels in the mitochondrial division [Figure 4H, F
(5, 23) = 5.170, p < 0.01], whereas Rg1 and Rb1 treatment blocked
the enhanced expression of Drp1 (p < 0.05). Compared to the
control group, reduce expression of the fusion protein Mfn2 was
observed in the PFCs of the HLS model group [Figure 4I; F (5, 23) =
6.364 p < 0.01]. The administration of both ginsenosides increased
the expression of Mfn2 (all p < 0.01). The expressions of Tomm 20
were no significant difference among all groups (Figure 4J).

3.4 Influence of ginsenosides Rg1 and
Rb1 on the expression of BDNF, p-Akt/AKT,
TrkB, SYN, and PSD-95 in the prefrontal
cortex

As shown in Figures 5A–D, the levels of p-Akt/AKT [F (5, 23) =
3.171, p < 0.01], TrkB [F (5, 23) = 2.701, p < 0.01], and BDNF [F (5,

FIGURE 3
The effect of ginsenosides Rg1 and Rb1 on oxidative stress markers in hindlimb suspension (HLS) rats. (A) SOD activity, (B) MDA level, (C) GSH-Px
activity, and (D) H2O2 contents in the prefrontal cortex. Data represent means ± SEM; N = 6 rats per group. #p < 0.05, ##p < 0.01, significantly different
from control; *p < 0.05, **p < 0.01, significantly different from HLS group.
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23) = 5.439, p < 0.01] were markedly decreased in the HLS model
group compared to the control group. Rg1 (30 μmol/kg) and Rb1
(30 μmol/kg and 60 μmol/kg) significantly increased the levels of
p-Akt/AKT (p < 0.01, p < 0.05, respectively). Rg1 (30 μmol/kg) and
Rb1 (60 μmol/kg) treatments significantly reversed the expression
trend of BDNF (p < 0.05). Furthermore, Rg1 (60 μmol/kg) treatment
significantly increased the TrkB level in model animals (p < 0.05).
The expression of both SYN [Figure 5F, F (5, 23) = 3.743, p < 0.01]
and PSD-95 [Figure 5E, F (5, 23) = 7.322, p < 0.05] were found to be
substantially decreased in the PFCs of HLS rats compared to the

control rats. Additionally, Rg1 (60 μmol/kg) treatment resulted in a
substantial increment in the expression of PSD-95 and SYN, while
Rb1 (30 and 60 μmol/kg) significantly reversed the observed
decrease in the expression of SYN (p < 0.05).

3.5 Effects of ginsenosides Rg1 and Rb1 on
apoptosis, apoptosis-associated proteins,
and neuronal cell loss in the prefrontal
cortex

The levels of Cyt C [F (5, 23) = 4.459, p < 0.01], cleaved-caspase
3 [F (5, 23) = 3.268, p < 0.01], and the Bax/Bcl-2 ratio [F (5, 23) =
2.310 p < 0.01], as shown in Figures 6A–D, were substantially
increased in the PFCs of the HLS model group (p < 0.01).
However, treatment with Rg1 and Rb1 significantly reduced these
levels (p < 0.05).

Marked morphological changes were observed in both the PFC
and hippocampus of HLS rats (Figure 6E), with neurons showing a
loose organization and uneven cytoplasmic distribution. Neuronal
cells with large nuclei were seen in the hippocampi and PFCs of rats
treated with Rg1 and Rb1. These neurons adopted an ordered
arrangement, suggesting that Rg1 and Rb1 treatment could
notably reduce neuronal cell loss.

4 Discussion

Investigation of the effects of long-term treatment with the
ginsenosides Rg1 and Rb1 on impaired spatial and associative
learning and memory induced by HLS using the MWM test and
reward-directed instrumental conditioning task showed that
treatment with these ginsenosides led to dramatic improvements.
Moreover, Rg1 and Rb1 treatment dramatically attenuated
mitochondrial damage, reduced ROS production, inhibited neural
cell apoptosis, and activated the BDNF-TrKB/PI3K-Akt signaling
pathway in the PFCs of HLS model rats.

Deep space exploration poses risk to neural or tissue damage,
cognitive function impairments, behavioral changes, and motor
deficits. A recent study longitudinally compared a pair of
monozygotic twin astronauts for 340-days, where one of the
twins experienced the spaceflight environment on ISS, and
simultaneously the other twin endures Earth environment
(Mhatre et al., 2022). The results indicatesspaceflight specific
effects such as altered circulating immune cytokines and
metabolites levels, changes in telomere length, gene regulation at
epigenetic as well as transcriptional levels, DNA damage,
microbiome alterations, and attenuated cognitive performance
(Garrett-Bakelman et al., 2019). In the present study, tail
suspension was used (with animals angled 30° head-down), as it
is the internationally recognized means of simulating weightlessness,
and two types of cognitive-behavioral tests, each representing a
different form of cognitive function, were conducted. Firstly, the
MWM test was conducted to assess long-term spatial memory (Lu
et al., 2018). Our results showed that HLS exposure generated severe
neurocognitive deficits in spatial learning and memory, as indicated
by the increase in escape latency during the acquisition phase and
the decrease in numbers of crossings during the probing session

FIGURE 4
The effects of ginsenosides Rg1 and Rb1 on mitochondrial
function of hindlimb suspension (HLS) rats. (A–F) Protein bands and
relative expression levels of CV/GAPDH, CIII/GAPDH, CIV/GAPDH,
C-II/GAPDH, and CV/GAPDH in the prefrontal cortex. (G–J)
Protein bands and relative expression levels of MFN2 and Drp1. Data
represent means ± SEM; N = 4 rats per group. #p < 0.05, ##p < 0.01,
significantly different from control; *p < 0.05, **p < 0.01, significantly
different from HLS group.
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(Zhang et al., 2018). Rg1 and Rb1 treatments enhanced MWM
performance over that of the HLS model group, indicating that these
ginsenosides improved spatial memory. The study found that
Rb1 improved escape latency in the acquisition phase faster than
Rg1 and that Rb1 therapy increased the number of crossings in the
probing test. After 2 weeks of Rb1 and Rg1 treatment, Rb1 was
found to have improved spatial memory more than Rg1 in HLS
model rats. ROCR is a vital tool for identifying behavioral
adaptation, as it allows for fast behavioral changes in response to
changing conditions, offering a survival advantage (Dayan and
Balleine, 2002; Shi et al., 2013). By pressing a lever, the animal
receives a reward while performing the activity, making learning fun
and reinforcing the activity. Two systems control instrumental
behavior: the goal-directed process and the stimulus-response
(S-R) habit mechanism (Balleine and Dickinson, 1998). In the
current work, rats in the Rb1 and Rg1 low-dose groups could
complete the task in the LP training course after 4 weeks of HLS
treatment, while the former took longer. However, the other groups
could not complete the task on the first day after modeling. The
completion time and operation latency were higher in the model
group compared to the control group, while the LP and NP values
and the LP/NP ratio were decreased. These findings suggested that
model rats’ exploration times, executive ability, and lever pressing
efficiency were reduced, and model rats could not focus on the fixed
ratio response test, necessitating a longer time to adjust even to a
familiar setting. Rb1 administration reduced these operational
delays and improved the focus of the animals, whereas
Rg1 administration reversed the changes in the five indices
described above and increased the interest in exploration,
attentiveness, and operational ability. A significant difference was
observed in comparison with the same dose of Rb1, indicating a
better improvement effect. The findings of these two behavioral tests
provided evidence for Rb1 and Rg1-mediated amelioration of HLS-

induced learning and memory impairment. Thus, this treatment not
only resulted in a significant improvement in spatial memory but
also in associative learning and memory. This manuscript is the first
study of ginsenosides for cognitive impairment induced by
simulated microgravity.

Chronic stress-induced memory loss has been linked to
oxidative stress damage. The accumulation of excess ROS
overpowers the body’s antioxidant defense system, causing
permanent damage to membrane lipids, proteins, and nucleic
acids, intracellular damage accumulation, cognitive impairment,
and cell death (Majdi et al., 2016; Ballard and Towarnicki, 2020).
SOD, CAT, and GSH-Px are antioxidant enzymes that protect
antioxidant systems. A recent study linked HLS-induced memory
loss to increased oxidative stress (Wang et al., 2021). In agreement
with these findings, HLS increased oxidative stress measured by
MDA and H2O2 levels and decreased SOD and GSH-Px activity in
the PFC. The ability of Rg1 and Rb1 to scavenge oxygen free radicals
and thus enhance antioxidant functions may contribute to their
protective effects against HLS-induced cognitive loss.

Mitochondrial dysfunction is a widely accepted primary cause
for the development of cognitive impairment, particularly the
pathogenesis of most neurodegenerative disorders, such as AD
(Li J. et al., 2019). The primary purpose of mitochondria, in
conjunction with cellular respiration, is to produce ATP through
oxidative phosphorylation. These systems include the NADH
succinic acid, CoQ reductase (complex I), and the mitochondrial
respiratory chain composed of five enzyme complexes, namely, CoQ
reductase (complex II), CoQcytochrome C reductase (complex III),
cytochrome C oxidase (complex IV), and ATP synthase (complex V)
(Stock et al., 2000). The mitochondrial complex I is the most critical
of the five enzyme complexes in the respiratory chain, affecting both
the respiratory chain and ATP anabolism. The Drp1 protein
possesses GTPase activity and promotes fission by a chain

FIGURE 5
Ginsenosides Rg1 and Rb1 influence the expression of BDNF signaling pathway-related proteins in hindlimb suspension (HLS) rats. (A–F) Protein
bands and relative expression levels of p- Akt/AKT, TrkB, BDNF, PSD-95, and SYN in the PFC. Data represent means ± SEM;N= 4 rats per group. #p < 0.05,
##p < 0.01, significantly different from control; *p < 0.05, **p < 0.01, significantly different from HLS group.

Frontiers in Pharmacology frontiersin.org07

Jiang et al. 10.3389/fphar.2023.1167398

39

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1167398


formation in the mitochondrial outer membrane, which further
promotes mitochondrial fission. OPA-1, Mfn1, and Mfn2, on the
other hand, mediate fusion (Chan, 2020). In the current study, HLS
exposure resulted in a decrease in complex I activity andMfn2 protein
levels, and an increase in the Drp1 protein expression in the rat PFCs.
However, long-term Rg1 and Rb1 treatment reversed this, suggesting
that Rg1 and Rb1 significantly improved mitochondrial function in
HLS-exposed mice.

According to earlier research, aberrant mitochondrial dynamics
influence apoptosis, and the mitotic protein Drp1 promotes Bax

oligomerization and plays a role in apoptosis regulation.
Overexpression of the fusion proteins Mfn2 and OPA1 reduces
Bax activation while Mfn1 and Mfn2 promote sensitivity to
apoptosis in cells (Camperchioli et al., 2011). Cytochrome C is
an essential factor in mitochondria-mediated apoptotic pathways.
The release of cytochrome C is an important indicator of
mitochondrial damage. Bax and Bcl2 are members of the
Bcl2 family and regulate mitochondrial cytochrome C release,
caspase 3 activation, and apoptosis (Fuentealba et al., 2009; Jiang
et al., 2019a). Several studies have shown that increased apoptosis

FIGURE 6
The effects of ginsenosides Rg1 and Rb1 on apoptosis, levels of apoptosis-associated proteins, and neuronal cell loss in hindlimb suspension (HLS)
rats. (A–D) Protein bands and relative expression levels of Cyt C, Bcl-2/Bax, and cleaved-caspase 3 in the PFC. (E) The HLS rat hippocampal CA1, CA3, DG,
and PFC regions were stained with hematoxylin-eosin (at ×400magnification power). Data represent means ± SEM;N = 4 rats per group. #p < 0.05, ##p <
0.01, significantly different from control; *p < 0.05, **p < 0.01, significantly different from HLS group.
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occurs in various mammalian cell types in space and simulated
microgravity (SMG) (Lewis et al., 1998; Kumari et al., 2009). In
agreement with these findings, HLS exposure was found to enhance
the Bax/Bcl2 ratio and the expression of cleaved caspase 3 and
cytochrome C. Long-term administration of Rg1 and Rb1 in HLS
rats, on the other hand, significantly reversed these effects,
preventing neuronal death. Considering all of the evidence,
Rg1 and Rb1’s neuroprotective effects in HLS rats may be
partially a result of their capacity to inhibit apoptosis.

Mitochondrial insufficiency also leads to changes in synaptic
density, which in turn results in significant impairment of cognitive
function (D’Souza et al., 2015). SYN and PSD-95 are two key indicators
and regulators of dynamic synaptic plasticity (Janz et al., 1999). Previous
studies have reported that HLS exposure induced cognitive dysfunction
and synaptic plasticity deficits inmice (Xiang et al., 2019). In agreement,
our data showed that the expression of SYN and PSD-95 underwent a
significant decline in the HLS model group, which was reversed by
treatment with Rb1 and Rg1, indicating that both ginsenosides may
enhance synaptic plasticity in the HLS model. In addition, a
considerable amount of evidence suggests that a reduction in the
level of BDNF in the PFC (presumably including the hippocampus)
is strongly linked to cognitive impairment induced by simulated
microgravity (Wu et al., 2017; Zhai et al., 2020). BDNF is a
nutritional factor, which is known to play a major role in synaptic
plasticity and neuronal stress resistance (Zhang et al., 2021). It is closely
linked to various aspects of learning and memory processing (Yamada
et al., 2002). Tyrosine kinase receptor B (TrkB) is a high-affinity
receptor for BDNF and can trigger downstream intracellular PI3K/
Akt signaling. The PI3K/Akt pathway is strongly implicated in the
promotion of neuronal survival. It is also known to confer protection
against apoptosis (Jiang et al., 2019b). BDNF has been previously
reported to regulate the scaffolding protein PSD-95 via PI3K/Akt
signaling (Li M. et al., 2019).

In the present study, HLS exposure significantly reduced the
phosphorylation of TrkB, BDNF, and AKT in the PFC, together with
reduced SYN expression. However, long-term administration of
Rg1 and Rb1 to HLS-exposed rats significantly reversed these
effects. This finding also raises the possibility that Rg1 and
Rb1 treatment may affect BDNF-PI3K/Akt signaling in the PFC,
which controls the expression of SYN and PSD95 and thus synaptic
plasticity, thus reducing cognitive deficits in the rats.

5 Conclusion

In conclusion, the present study is the first to demonstrate that
treatment with ginsenosides Rg1 and Rb1 protected against HLS-
induced memory impairment. The underlying mechanism
responsible for this protective influence may originate from its
mitochondria-targeted antioxidant activity and regulation of the
BDNF-TrkB/PI3K-Akt signaling axis, involving inhibition of
apoptosis and an increase in synaptic plasticity. The present
study highlights the use of ginsenosides Rg1 and Rb1 as novel
candidate agents to counteract cognitive dysfunction induced by
long-term spaceflight.
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Fresh Gastrodia elata Blume
alleviates simulated
weightlessness-induced cognitive
impairment by regulating
inflammatory and
apoptosis-related pathways
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In aerospace medicine, the influence of microgravity on cognition has always
been a risk factor threatening astronauts’ health. The traditional medicinal plant
and food material Gastrodia elata Blume has been used as a therapeutic drug for
neurological diseases for a long time due to its unique neuroprotective effect. To
study the effect of fresh Gastrodia elata Blume (FG) on cognitive impairment
caused by microgravity, hindlimb unloading (HU) was used to stimulate
weightlessness in mice. The fresh Gastrodia elata Blume (0.5 g/kg or 1.0 g/kg)
was intragastrically administered daily to mice exposed to HU and behavioral tests
were conducted after four weeks to detect the cognitive status of animals. The
behavioral tests results showed that fresh Gastrodia elata Blume therapy
significantly improved the performance of mice in the object location
recognition test, Step-Down test, and Morris Water Maze test, including short-
term and long-term spatial memory. According to the biochemical test results,
freshGastrodia elata Blume administration not only reduced serum factor levels of
oxidative stress but also maintained the balance of pro-inflammatory and anti-
inflammatory factors in the hippocampus, reversing the abnormal increase of
NLRP3 and NF-κB. The apoptosis-related proteins were downregulated which
may be related to the activation of the PI3K/AKT/mTOR pathway by fresh
Gastrodia elata Blume therapy, and the abnormal changes of synapse-related
protein and glutamate neurotransmitter were corrected. These results identify the
improvement effect of fresh Gastrodia elata Blume as a new application form of
Gastrodia elata Blume on cognitive impairment caused by simulated
weightlessness and advance our understanding of the mechanism of fresh
Gastrodia elata Blume on the neuroprotective effect.
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Introduction

Astronauts’ cognitive impairment caused by weightlessness has
always been an urgent problem to be solved. Evidence has proved
that after experiencing the microgravity and confined environments

of spaceflight, astronauts are at an increased risk of memory
impairment, disorientation, and other symptoms (Casler and
Cook, 1999). The pressure of long-term space flight would lead
to the cognitive overload of astronauts, causing damage to the
completion of the mission (Bock et al., 2010; Lv et al., 2021).

FIGURE 1
The schematic diagram of the experiment and the effect of FG on LORT and STD. (A) The experimental protocol of this study. (B) Body weight
change during the HU procedure. (C) Schematic diagram of OLRT. (D) The discrimination index in the familiarization session of LORT. (E) The
discrimination index in the test session of LORT. (F) The latency SDT. (G) The error times of SDT. Data were expressed as mean ± SEM (n = 10–12 per
group). *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HU group. Note: Hindlimb
unloading, HU; Object location recognition test, OLRT; Step Down test, SDT; Morris Water Maze Test, WMWT.
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Especially, evidence showed that the operational tasks in space
missions are more challenging for humans compared with
ground missions (Fowler et al., 2000). In space experiments of
animals, it was found that long-term spaceflight affects the
principal regulatory factors of brain neuroplasticity and
neurotrophic factors in rodents (Popova et al., 2020). Combined
with these conditions, maintaining the health of astronauts in long-
term space flight has become one of the main concerns of aerospace
medicine. This decline in learning and memory abilities caused by
specific circumstances is a functional impairment, with no clear
lesion location and specific targets and no effective prevention and
treatment methods. Although in 1990, NASA launched the
“Neurolab Mission” hoping to find measures to protect
astronauts from cognitive decline caused by aerospace stress, the
progress has been slow so far (Homick et al., 1998). Finding safe and
effective protective measures to improve and increase the response
and decision-making abilities of astronauts in special aerospace
environments remain a challenge facing the international
aerospace medical community. To better study the effects of
microgravity on the human body, hindlimb unloading caused by
tail suspension is used as a classic modeling method to simulate
weightlessness in the present pharmacological research, which has
been proven to take risk of learning and memory impairment in
rodents (Globus and Morey-Holton, 2016).

Traditional Chinese Medicine (TCM) places more emphasis on
the holistic concept of diseases, and the concept of “treating diseases
before they occur” in TCM ismore suitable for preventing functional
injury. Gastrodia elata Blume, both as a traditional medicinal plant
and food material, is often used to treat dizziness, headache, and
cognitive impairment caused by Alzheimer’s disease, ischemic brain
injury, etc. (Mao et al., 2017; Fasina et al., 2022). In vivo and vitro
experiments, Gastrodia elata Blume shows protective effects on
neuronal cells from oxidative stress, apoptosis, and inflammatory
responses, thus, improving cognitive dysfunction induced by various
brain injury models (Ng et al., 2016; Zhou et al., 2018; Lin et al.,
2021). In this research, water extract of Fresh Gastrodia elata Blume
(FG) was used, which is a new and original form that maintains its
original nutritional value compared with the processed form and is
commonly used in herbal cuisine (Huang et al., 2021). Moreover,
our previous research has proved that FG has great benefits for
improving cognitive impairment caused by circadian rhythm
disorder and chronic restraint stress in mice, both of which are
problems faced by astronauts during spaceflight (Huang et al., 2021;
Huang et al., 2022). The present study was designed to investigate
the effect of FG on cognitive impairment induced by a simulated
weightlessness model to explore the potential application value of
FG in aerospace medicine.

Materials and methods

Animals

Male ICR mice, weighing 23–25 g, were obtained from Charles
River Laboratories, Beijing, China, with Qualified No. SCXK 2012-
0001. All mice were housed, with a maximum of five mice per cage
and a 12:12 h light/dark cycle (lights on at 8:00 a.m.). The room
temperature and humidity condition were maintained at 23°C ± 2°C

and 55% ± 10%. Before experiments, mice were adapted to the
environment for 7 days, and all the behavioral experiments were
conducted during the light phase. The animals were divided into two
batches for testing different behavioral experiments, respectively,
with twelve animals in each group. The protocol described in the
present study was approved by the committee for the Care and Use
of Laboratory Animals of the Institute of Medicinal Plant
Development, Beijing, China, (NO. 20161028).

Drugs

The fresh Gastrodia elata Blume tuber used in this experiment
was purchased from its authentic origin—Jinkouhe, Sichuan
Province, China, and identified as the tuber of Gastrodia elata
Blume by Guanghua Lu, professor at Chengdu University of
Traditional Chinese Medicine, Chengdu, China. The
manufacturing process of the FG sample is consistent with
previous literature and the content of GAS and HBA in FG has
been determined with the HPLC chromatogram of the reference
material published (Huang et al., 2021; Huang et al., 2022). After
being crushed by the high-speed blender, we collected the filtrate
and washed the filter residue with purified water to ensure complete
extraction. The collected liquid was freeze-dried and refrigerated
at −20°C for later use. Donepezil hydrochloride (DNP [Aricept],
Eisai Inc. [Ibaraki, Japan]) was used as a positive control.

Treatment

Animals were randomly divided into five groups, namely, the
control group, model group, positive drug group (Donepezil,
1.6 mg/kg), FG low-dose group (0.5 g/kg), and high-dose group
(1.0 g/kg). The dose of Donepezil was determined by previous
literature (Yang et al., 2020), and the doses of FG were according
to our preliminary experiments and literature reports (Huang
et al., 2021; Huang et al., 2022). Oral administration was at a
volume of 20 mL/kg and started at the same time as the
modeling. Drugs were formulated into corresponding
concentration liquids with distilled water according to the
above-mentioned dosages. The control group and model
group were given corresponding volumes of distilled water.
Modeling and drug administration continued until the end of
behavioral testing (Figure 1A).

Hindlimb unloading procedures (HU)

A simulated weightlessness apparatus was developed to keep the
hindlimb of mice off the ground with the body at a 25°–30° angle for
a long time, allowing free access to water and food (Chinese patent
No. 201310228949.2). Briefly, mice were placed in a 26 cm × 26 cm ×
30 cm black plexiglass box with their tails bound by medical
adhesive tape and hung with a small hook in a stainless chain
mounted at the top of the cage. Mice were isolated from each other
and allowed free access to water and food. The animals remained
tail-suspended for 28-day modeling except for daily drug
administration.
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Behavioral tests

Object location recognition test, OLRT
The animals were allowed to explore the experimental test box

(45 L × 45 W × 30 H cm) once a day (10 min for each session) for a
3-day adaptation period before familiarization period and testing
period were operated. Two identical objects were put in a

symmetrical position on one side of the chamber, allowing
animals to explore for 5 min. After a 30-min intersession
interval, one of the familiar objects was moved to the
contralateral position. To avoid biasing the experimental results
due to the animal’s position preference, the familiar position and the
new position were in balance during the test period. The memory
ability of animals is evaluated by the discrimination index (DI). The

FIGURE 2
The effect of FG on Morris Water Maze test. (A) Schematic diagrams of MWMT. (B) The escape latency and the ratio of time spent in the target
quadrant during the positioning navigation training session. (C) The swimming distance and the ratio of distance spent in the target quadrant during the
positioning navigation training session. (D) The crossing times in the space exploration session. (E) The escape latency in the working memory
experiment. Data were expressed as mean ± SEM (n = 10–12 per group). *p < 0.05 and **p < 0.01 versus the control group; #p < 0.05 and ##p <
0.01 versus the HU group.
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calculation formula is DI = (TN)/(TN + TF) × 100%. TN (new) and TF

(familiar) means the exploration time of an object in the new
position and the exploration time of an object in the familiar
position objects, respectively.

Step-down Test
Step-Down Test is a memory evaluation method based on the

punishment principle. On the first day of the acquisition
experiment, the animals acclimated for 3 min in the chamber
(20 L × 12 W cm), and then the electric grid at the bottom of the
chamber gave a continuous current of 0.3 mA for 5 min. Animals
can escape the shock by jumping onto an insulated platform located
on one side of the chamber. A retention test was conducted after
24 h lasting 5 min. Animals were placed on the insulated platform,
and the power grid was immediately energized. The latency and total
error times of the animals jumping off the platform were recorded.

Morris water maze test
The experiment is divided into three stages: the positioning

navigation training session, the space exploration session, and the
working memory experiment. In the 5-day positioning navigation
training, the animals were put into the pool (120 D × 40 H cm) from
different quadrants twice a day and the fixed platform was hidden
1.5 cm below the water surface. The space exploration test was
carried out on the sixth day, in which the platform was removed. In
the working memory experiment, the platform was placed and
moved into adjacent quadrants sequentially and carried out for
3 days to test the working memory of animals.

Biochemical Analysis

Preparation of serum and brain samples
All mice were sacrificed the day after the last behavioral tests to

collect the biological samples. Blood was collected from the
ophthalmic veins and stood at 4°C overnight to obtain the serum.
Three mice were randomly selected and transcardially perfused for

Nissl staining. The hippocampi were dissected on ice and stored
at −80°C until analysis.

Determination of biochemical parameters
The levels of SOD, MDA, and GSSG in the serum were detected

using commercial kits from Beyotime (Shanghai, China) according
to the manufacturer’s protocols. The levels of TNF-α, IFN-γ, IL-4,
IL-6, IL-10, and Arg-1 of the hippocampal were determined by
commercial enzyme-linked immunosorbent assay (ELISA) kits from
Dakewe Biotech (Shenzhen, China) according to the manufacturer’s
protocols.

Western blotting analysis
The hippocampus was homogenized in protein lysis buffer

(Solarbio, China) and fully lysed for 30 min. After centrifuging
(12 000 g, 4°C, and 30 min), the supernatant was taken. The
protein concentration was detected by BCA protein assay kits
(CWBIO, China) and was prepared to 5 μg/μL protein solution
with the lysate solution and SDS PAGE loading buffer (×5) for use.
Proteins were separated by SDS PAGE, transferred onto PVDF
membrane (Merck Millipore, Germany), and then blocked with 5%
non-fat milk with Tris Buffered Saline Tween (TBST) for 1.5 h at
room temperature. The membranes were incubated with primary
antibodies: NLRP3 (1:1,000, Abcam, United Kingdom, #ab263899),
NF-κB p65 (1:1,000, Abcam, United Kingdom, #ab19870), BAX (1:
1,000, Abcam, United Kingdom, #ab32503), Cyt C (1:1,000, Abcam,
United Kingdom, #ab133504), Drp 1, (1:1,000, Abcam,
United Kingdom, #ab184247), PI3K (1:1,000, ABclonal, CN,
#A19742), AKT (1:1,000, Cell Signaling, United States, #4685);
mTOR (1:1,000, Abcam, United Kingdom, #ab32028), SYP (1:
1,000, Abcam, United Kingdom, #ab32127), TrkB (1:1,000,
Abcam, United Kingdom, #ab187041), and GAPDH (1:1,000,
ABclonal, CN, #A19056) at 4°C overnight followed by incubation
with HRP-conjugated secondary antibody for 1.5 h at room
temperature. The protein bands were visualized by the BeyoECL
Moon kit (Beyotime, China). The gray values of band density were
analyzed using the Image J software.

FIGURE 3
The effect of FG on oxidative stress in the serum. (A) The level of SOD. (B) The level of MDA. (C) The level of GSSG. Data were expressed as mean ±
SEM (n = 8–9 per group). **p < 0.01 and ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HU group.
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Nissl’s staining
Three paraffin sections in each group were dewaxed in xylene

and rehydrated with graded ethanol (70, 95, and 100%), followed by
rehydration with distilled water. Staining was performed according
to the Nissl staining kit (Jiancheng Biology, China). The images were
obtained using a microscope slide scanner (Pannoramic 250, 3D
Histech Ltd., Hungary) and the quantification of integrated optical
density (IOD) of Nissl bodies in each group was analyzed with the
NIH Image J Pro software (Media Cybernetics, United States).

Neurotransmitter detection
The neurotransmitter analysis method was performed as

previously described but with minor modifications (Wang et al.,

2019). A measurement of 2 μL of the prepared sample was taken for
LC-MS/MS analysis. Glu and GABA in the hippocampus were
detected by prominence ultrafast liquid chromatography (UFLC)
(Shimadzu, Kyoto, Japan) coupled with a QTRAP 5500 mass
spectrometer (AB SCIEX, Framingham, MA, United States). The
metabolites were separated using the Restek Ultra Aqueous
C18 column (100 mm × 2.1 mm, 3 μm, Bellefonte, PA,
United States). Gradient elution was performed using 0.1%
formic acid and acetonitrile as flow at a rate of 0.4 mL per minute.

Statistical analysis
The experimental results were analyzed by the SPSS 21.0 software

and performed by the ImageJ and GraphPad Prism Software 5.0.

FIGURE 4
The effect of FG on inflammatory response in the hippocampus. (A–F) The levels of TNF-α, IL-6, INF-γ, Arg-1, IL-10, and IL-4 (n = 8–9). (G, H) The
protein expression of NLRP3 and NF-κB (n = 3). Data were expressed as mean ± SEM. *p < 0.05 and **p < 0.01 versus the control group; #p < .05, ##p <
0.01, and ###p < 0.001 versus the HU group.
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Differences among normally distributed values were analyzed by one-
way ANOVA, and LSD was used for the post-test. TheMann-Whitney
U test was performed to investigate whether the data unfollowed a
normal distribution. Data were expressed by mean ± SEM, and it was
considered to have a significant difference when p < 0.05.

Result

FG ameliorated the HS-induced weight loss
in mice

The animals were randomly divided into groups with similar weights
at the beginning of the experiment and the animals were weighed weekly
(Figure 1B). During the hindlimb suspension paradigm, themodel group
displayed a prominent weight loss (F (4,55) = 8.987, p < 0.001). Both the
low and high doses (0.5 g/kg and 1.0 g/kg) of FG groups showed
significant weight increase in the second week of HU modeling
compared with the model group, while DNP administration did not
showweight gain effect (F (4,55) = 4.113, p< 0.05, and p< 0.05 in FG low
and high dose group, respectively, p < 0.05 in DNP group).

FG improved the HU-induced position
discrimination impairment in the object
location recognition test

In the familiarization session, mice showed no preference for
any object, while in the test session, the model group showed a
significant decrease in the discrimination index compared with the
control group (Figures 1C–E) (F (4,50) = 5.615, p < 0.001),
indicating that the HU modeling-induced mice spent less time
exploring the object in the new position than in the old position.
DNP treatment increased the relative discrimination index with no
significance (p < 0.05). A high dose of FG treatment (1.0 g/kg)
showed significant improvement in ameliorating the impaired
memory ability (p < 0.01, p < 0.001).

FG improved the HU-induced memory
impairment in the step-down test

In the consolidation stage, compared with the control group, the
latency of the HU group was significantly shortened (p < 0.01). The
DNP group and the high dose (1.0 g/kg) of the FG group showed a
significant trend of prolonging the error latency (p < 0.05, p < 0.05).
In addition, compared with the control group, the times of errors in
the model group tended to increase, and the number of errors in the
administration group was less than that in the model group (Figures
1F, G).

FG improved the HU-induced spatial and
working learning memory impairment in the
Morris Water Maze test

In the positioning navigation training, the HU group had a
longer latency and swimming distance for seeking the platform, and

there was a significant difference on the fifth day compared with the
control group (F (4,54) = 2.332, p < 0.01; F(4,54) = 3.118, p < 0.05).
On the last day of training, both low and high doses (0.5 g/kg and
1.0 g/kg) of FG treatment shortened escape latency (p < 0.05 and p <
0.05) and swimming distance (p < 0.05 and p < 0.05). The DNP
group also showed a reverse effect but only significantly shortened
swimming distance (p < 0.05). In addition, the ratio of time and
swim distance spent in the target quadrant (where the platform is
located) in the HU group was significantly lower than that in the
control group (F (4,54) = 1.397, p < 0.05, and F (4,54) = 1.770 of the
ratio of time and distance, respectively, on the third day; F (4,53) =
1.385 of the ratio of the distance on the fourth day). This impairment
was ameliorated by DNP and FG treatment, and on the third day,
both low and high doses (0.5 g/kg and 1.0 g/kg) of FG groups
showed a significant improvement effect (p < 0.05, p < 0.05). In
the stage of the space exploration experiment, the number of
crossing times in the model group was significantly lower than
that in the control group (F (4,54) = 1.428, p < 0.05). The crossing
times in the DNP group and the low and high-dose FG groups
showed a higher trend than that in the HU group. During the
working memory experiment, the escape latency of the HU group
was significantly longer than that in the control group (F (4,52) =
2.117, p < 0.05 on the first day; F (4,52) = 1.576, p < 0.05 on the
second day; and F (4,53) = 2.278 on the last day). The latency of the
DNP group decreased significantly on the first day (p < 0.05) and the
latency of the FG low dose 0.5 g/kg) group decreased significantly on
both the first and last days (p < 0.05, p < 0.05). The others showed a
shorter escape latency with no significance (Figure 2).

FG alleviated oxidative stress in the serum
induced by HU

In the serum (Figure 3), the production of SOD decreased (F
(4,37) = 11.432, p < 0.001) andMDA andGSSG increased (F (4,36) =
3.665, p < 0.01 in MDA; F(4,35) = 7.312, p < 0.001 in GSSG) in HU
group. The administration of low-dose FG could significantly
reverse the abnormal changes (p < 0.05 in SOD, p < 0.01 in
MDA, and p < 0.001 in GSSG). DNP and the high dose FG
could also ameliorate the oxidative stress with significance (p <
0.05 in SOD and p < 0.01 in SOD of the DNP group and p < 0.05 in
the MDA of the high dose FG group).

FG reduced inflammatory response in the
hippocampus and reversed the upregulation
of NF-κB/NLRP3 pathways induced by HU

The expressions of three pro-inflammatory factors including
TNF-α, IL-6, and IFN-γ were significantly increased in the HU
group compared with the control group (F (4,36) = 3.184, p <
0.01; F(4,36) = 10.288, p < 0.001; F (4,37) = 4.825, p < 0.01). The
DNP administration significantly reversed the increase of IL-6
and IFN-γ (p < 0.05; p < 0.01). FG high-dose group showed a
significant decrease of TNF-α, IL-6, and IFN-γ (p < 0.01; p <
0.001; p < 0.01), while the low-dose FG group could decrease
them as well but only showed a significant difference in the level
of IFN-γ (p < 0.01) (Figures 4A-C).
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To better explore the effect of FG on the inflammatory response,
we measured the levels of anti-inflammatory factors in the
hippocampus (Figures 4D-F). The results showed that the levels
of Arg-1, IL-10, and IL-4 of the model group were significantly
reduced compared with the control group (F (4,37) = 3.707, p < 0.01;
F(4,37) = 2.250, p < 0.05; F (4,35) = 3.898, p < 0.01). The
administration of DNP significantly increased the levels of IL-10
and IL-4 in the hippocampus (p < 0.05; p < 0.01), and both low and
high doses of FG administration could significantly increase the
levels of Arg-1, IL-10, and IL-4 in the hippocampus of mice (p <
0.01, p < 0.05, and p < 0.05 of FG at low dose; p < 0.01, p < 0.05, and
p < 0.05 of FG at high dose).

Moreover, to determine the causes of inflammation, the protein
expressions of NLRP3 and NF-κB in the hippocampus were
measured (Figures 4G-H). The levels of NF-κB and NLRP3 in
the hippocampus increased significantly after HU (p < 0.05 and

p < 0.01) and both could be decreased by DNP (p < 0.05 in NF-κB)
and FG administration (p < 0.05 in NLRP3 and p < 0.01 in NF-κB).

FG prevents apoptosis in the hippocampus
induced by HU and upregulates the PI3K/
AKT signaling pathway

In the HU group, the levels of BAX, Cyt C, and Drp1 in the
hippocampus were significantly increased (Figures 5A–C; p < 0.001,
p < 0.01, and p < 0.05), while treatment with DNP decreased the level
of BAX (p < 0.001) and FG (0.5 g/kg and 1.0 g/kg) substantially
decressed these apoptosis-related proteins (p < 0.001, p < 0.001, and
p < 0.05). Figures 5D–F showed the reduced levels of AKT, PI3K,
and mTOR in the HU group (p < 0.05, p < 0.05, and p < 0.001), and
this reduction could be reversed to varying degrees by the

FIGURE 5
The effect of FG on the anti-apoptotic in the hippocampus. (A–F) The protein expression of BAX, Cyt C, Drp1 AKT, PI3K, andmTOR (n = 3). Data were
expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HU group.
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administration of DNP (p < 0.001 in mTOR), FG low dose (p <
0.05 in AKT; p < 0.001 in mTOR), and FG high dose (p < 0.05 in
PI3K, p < 0.05 in AKT, and p < 0.001 in mTOR).

FG improved the hippocampus neuron loss
induced by HU

Since the activation of inflammatory and apoptosis-related
factors affects the survival of neurons, neuronal damage was next
observed by Nissl’s staining. Figure 6 showed that in the CA1,
CA3, and DG subregions of the hippocampus, the Nissl bodies in
the control group were clearly stained, and the neurons were
abundant and orderly arranged. However, the HS group showed
obvious cell loss and loose cell arrangement (p < 0.01, p < 0.05,
and p < 0.001 in CA1, CA3, and DG, respectively). While the
administration of FG (both low and high doses) could alleviate
the neuron loss that occurred in the HU group (p < 0.05 and p <
0.05 of FG at a high dose in CA1 and DG; p < 0.05 of FG at low
dose in CA3).

FG improved synaptic plasticity and
maintained the imbalance of GABA/Glu in
the hippocampal induced by HU

Figure 7 showed that the expression of SYP and TrkB in the HU
group was significantly reduced (p < 0.01 and p < 0.001), while the
DNP and FG (both low and high dose) administration could
significantly reverse these reductions (p < 0.01 and p < 0.001).
The level of Glu in the HU group was significantly increased
(F(4,35) = 6.603, p < 0.01) and affected the balance of GABA/
GLU (F(4,35) = 9.749, p < 0.001). After administration of DNP and
FG (both low and high doses), the abnormal increase of Glu and the
GABA/Glu ratio was reversed (p < 0.001 and p < 0.05).

Discussion

In the present study, we identified the cognitive improvement effect
of the fresh Gastrodia elata Blume (FG), which alleviated hindlimb
unloading (HU) and induced spatial and working cognitive

FIGURE 6
The effect of GRe on the morphological damage to neurons in mice with HU-induced memory impairment. (A)The representative Nissl staining
photomicrographs of hippocampal CA1, CA3, and DG regions. (B–D) The histograms represent the relative IOD values of the Nissl bodies of hippocampal
CA1, CA3, and DG regions (n = 3). Data were expressed as mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 versus the control group; #p < 0.05 versus
the HU group.
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dysfunction in mice. Specifically, FG improved the performance of
mice in the object location recognition test (OLRT), Step-Down test
(SDT), and Morris Water Maze test (MWMT). In biochemical
experiments, we found that being given FG, the oxidative stress in
the serum and neuroinflammatory response in the hippocampus
induced by HU were suppressed. Meanwhile, the hippocampal
apoptosis-related proteins decreased with the administration of FG,
whichmay bemediated by the upregulation of the PI3K/AKT signaling
pathway. In addition, it is also found that FG played a role in improving
synaptic plasticity and neurotransmitter transmission.

Gastrodia elata Blume belongs to the genus Gastrodia in the
orchid family. In modern pharmacological research, it is known as a
popular traditional medicine for the treatment of neurological diseases
including headache, dizziness, Alzheimer’s disease and Parkinson’s
disease, and so on, and for its distinguished neuroprotective effect (Lu
et al., 2022). The application of fresh Gastrodia elata was first seen in
the Shennong Herbal Classic, which is also a common edible or
medicinal form for the public (Huang et al., 2022); whereas, the
main research form of Gastrodia elata Blume is generally processed
products, and the application of fresh Gastrodia elata Blume (FG) is
less. In this research, FG is obtained from the expressed juice of fresh
Gastrodia elata Blume and is filtered, freeze-dried, and stored as
powder until used. Our previous studies have proved the
remarkable effect of FG in improving cognitive impairment caused
by chronic stress, including circadian rhythm disorder and restraint

(Huang et al., 2021; Huang et al., 2022). Together with weightlessness,
all these are characteristic of the extreme environments that astronauts
are faced with during spaceflight. Therefore, it is of great meaning to
study the protective effect of FG on cognitive impairment caused by
stimulated weightlessness, which not only provides scientific evidence
for FG to ameliorate cognitive dysfunction in special space
environment but also enriches the application of Gastrodia elata
Blum as a health product.

HU is a classic animal model simulating microgravity on Earth to
study aerospace medicine. The present work shows that after 28 days of
HU modeling, the short-term and long-term memory of animals is
weakened. OLRT has been used extensively to detect short-term spatial
memory (Arbogast et al., 2019). The perception ability of mice to the
new place of the object declined, as evidenced by decreased
discrimination index. In SDT, animals would actively escape to the
insulated platform to avoid injuries after learning that electrical
stimulation continuously exists on the ground (Hiramatsu et al.,
1995). As evidenced by the decline in escape latency and error
times, the HU group showed a weakened short-term spatial
memory in passive conditions. In MWMT, a classic spatial learning
and memory testing method, animals can only rely on spatial reference
to find the location of the platform which is hidden in a fixed position
under the water surface (Morris, 1984). In the positioning navigation
training, mice in the HU group escaping from the aversive water
displayed increased escape latency, swimming distance, and the ratio of

FIGURE 7
The effect of FG on the anti-apoptotic effect and maintaining the stability of neurotransmitters in the hippocampus. (A) The protein expression of
SYP and (B)TrkB (n = 3). (C) The levels of Glu and (D)GABA. (E) The ratio of Glu/GABA (n = 8–9). Data were expressed asmean ± SEM. **p < 0.01 and ***p <
0.001 versus the control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 versus the HU group.
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both time and distance spent in the target quadrant, indicating that an
impairment occurred to themice in their learning andmemory abilities.
At the stage of the space exploration experiment, the platform originally
fixed in the target quadrant was removed, and the trained animals were
expected to pass through the positions where the platform originally
existed. Similarly, the cognitive impairment in the HU group was
verified by the reduction of crossing times. In the working memory
experiment, the platform originally fixed in the first quadrant was
moved into the adjacent quadrant to detect the working memory of
mice, and the prolonged escape latency showed that the working ability
ofmice was damaged byHUmodeling. The above results suggested that
HU could cause cognitive impairment in mice, which were consistent
with the results reported in previous studies (Sun et al., 2009; Zhang
et al., 2018; Li et al., 2021). The behavior deficits were corrected by the
administration of FG (both 0.5 g/kg and 1.0 kg/kg), which indicated
FG’s beneficial effects on HU-induced cognitive impairment of mice.

Oxidative stress injury occurs when people suffered from
exogenous acute or chronic stress, leading to cell dysfunction and
apoptosis (Rohleder, 2019; Forman and Zhang, 2021; Xue et al., 2022).
The level of oxidative stress-related markers in the serum is found to be
altered in the serum of patients with memory impairment (Du et al.,
2019; Torres et al., 2021). Studies have proved that the indicators related
to oxidative stress were changed in the serum of astronauts including
the peroxide oxidation of lipids (POL), oxidized low-density lipoprotein
(ox-LDL), and so on (Markin et al., 1997; Lee et al., 2020). In rodent
experiments in space and on earth, antioxidant defense genes such as
Ehd2 and oxidative stress-related biomarkers such as superoxide
dismutase (SOD) and malondialdehyde (MDA) changed
significantly (Mao et al., 2014; Moustafa, 2021). SOD is the most
important enzyme that protects against the damage of reactive
oxygen species or free radicals in organisms (Ma et al., 2021). MDA
is one of the main products of cell membrane oxidation, which is used
as a biomarker of peroxidation (An et al., 2022). The present study
found that the HU procedure could reduce the level of antioxidant
substances SOD while increasing the level of oxidant substances
including MDA and glutathione disulfide (GSSG) in mice serum.
GSSG, the oxidized form of glutathione, is a tripeptide thiol
antioxidant and plays an important role in cell oxidation and signal
transduction (Rahman et al., 2006). The results are consistent with the
previous research results, suggesting the reliability of HU modeling,
while FG administration reversed these oxidative stress products and
thus played an antioxidant role.

Neuroinflammation is closely associated with cognitive
impairment in many pathological conditions. Studies have shown
that stimulated weightlessness caused neuroinflammation in the
brain and led to spatial memory disorder in mice (Qiong et al.,
2016). When the body gets injured, microglia rapidly proliferate and
activate, releasing a variety of pro-inflammatory factors including
TNF- α, IL-6, and INF- γ, etc. (Muhammad et al., 2019), while anti-
inflammatory factors such as Arg-1, IL-10, and IL-4 can antagonize
inflammatory reactions and inhibit astrocyte activation (Zhang and
Wei, 2020; Descalzi, 2021). Astrocytes can release nuclear factor-κB
(NF-κB) triggered by inflammatory mediators, which is known as an
important transcription factor in inflammation, releasing various
pro-inflammatory factors and leading to neuroinflammation in its
over-activation situation (Dresselhaus and Meffert, 2019; Gao et al.,
2021; Peng et al., 2021). According to our result, FG therapy had the
function of maintaining the balance of pro-inflammation and anti-

inflammation in the hippocampus by regulating the abnormal
changes of the above oxidative stress-related factors. In addition,
the expressions of NF-κB and NOD-like receptor protein 3
(NLRP3), both of which are essential drivers of inflammation,
were inhibited by FG administration. NLRP3 inflammasome
belongs to the NLR family and is the representative component
of the innate immune system, which can be activated by NF-κB.
Being over-activated, NLRP3 can release inflammatory factors and
mediate downstream inflammatory reactions (Jiang et al., 2022).
Many studies have shown that the activation of NLRP3 has a close
association with cognitive dysfunction that can be attenuated by
inhibiting NLRP3 (Ye et al., 2018; Garaschuk, 2021). Inhibiting the
NLRP3/NF-κB pathway plays an important role in blocking the
occurrence of neuroinflammation caused by stress injury. Therefore,
we suggest that FGmay play an anti-inflammatory role by inhibiting
the activation of NLRP3/NF-κB pathway, thereby reducing HU-
induced cognitive impairment.

A notable increase in the level of apoptosis-related proteins in
the hippocampus was caused by the hindlimb unloading procedure
in the present study. Previous research has proved that apoptosis in
the brain occurs after long-term simulated weightlessness and is
accompanied by mitochondrial metabolic abnormalities (Nguyen
et al., 2021). During cellular stress, the pro-apoptotic protein Bax
transfers from the cytoplasm to the membrane of the mitochondria
through translocation, thus improving the permeability of the outer
membrane of the mitochondria (Spitz et al., 2021). As induced by
Bax, Cytochrome C (Cyt C) gets released into the cytoplasm,
activating the apoptosis-related cascade reaction and finally
leading to programmed cell death (Kulikov et al., 2012).
Mitochondria are the main place for providing energy for cells.
The abnormal elevation of dynamin-related protein 1 (Drp1), which
is an important protein to maintain the balance of mitochondrial
fusion and division, was found in neurological diseases, leading to
neuronal injury (Feng et al., 2020). Besides, it was found that
preventing mitochondrial dysfunction by inhibiting Drp1 could
protect neurons from damage caused by oxidative stress (Oliver
and Reddy, 2019). This study found that FG can downregulate the
levels of Cyt C, Bax, and Drp1 in the hippocampus increased by HU
modeling, thus, inhibiting the apoptosis of nerve cells. Moreover, the
results showed that HU caused an increase in the levels of
phosphatidylinositol3-kinase (PI3K), protein kinase B (AKT), and
mammalian target of rapamycin (mTOR) in the hippocampus, and
according to the Nissl staining’s results, FG therapy improved the
arrangement and loss of neurons. PI3K/AKT as a classic signaling
pathway plays an essential role in affecting various biological
activities including the regulation of cell survival, metabolism and
apoptosis, and so on due to its downstream protein participating in
the transcription of a large number of genes and protein expression
(Ediriweera et al., 2019). When the body receives external
stimulation, PI3K phosphorylation is activated and acts on
downstream targets, of which AKT is the prominent downstream
effector. The activation of this PI3K/AKT pathway brings the
increase of apoptosis-related proteins such as Bcl-2, Bax, etc.,
thus, causing programmed cell death (Wang et al., 2020). Its
downstream signal molecule mTOR is considered an important
protein in regulating the survival, differentiation, and maturation of
neurons, and the upregulation of mTOR is proven to be beneficial to
AD pathologies (Van Skike et al., 2020; Shi et al., 2022). In addition,
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cell apoptosis can be induced via inhibiting the PI3K/Akt/mTOR
pathway (Yang et al., 2018; Chang X. et al., 2021). Taken together,
our results demonstrated that the cognitive improvement effect of
FGmay be achieved through the activation of the PI3K/AKT/mTOR
pathway, thus, inhibiting the release of apoptotic proteins and
ultimately protecting nerve cells.

An increasing number of studies have proved the connection
between synaptic plasticity and cognition (Raven et al., 2018;
Santello et al., 2019). Long-term space microgravity environment
can affect the main mediators related to brain plasticities such as 5-
HT and BDNF (Popova et al., 2020). Synaptophysin (SYP) as a major
membrane protein regulates the endocytosis of synaptic vesicles and has
an obvious influence on the change of synaptic transmission efficiency
(Chang C.-W. et al., 2021). Research has found that SYP decreased and
pro-inflammatory factors increased in mice with Alzheimer’s disease,
and increasing the expression of SYP can ameliorate the impairment of
the synaptic transmission effect in cognitive impairment (Liu et al.,
2020; Jiang et al., 2021). Tyrosine Kinase receptor B (TrkB) is located in
the postsynaptic membrane and is a functional receptor of brain-
derived neurotrophic factor (BDNF) (Chen et al., 2021). BDNF
needs to be combined with TrkB to activate the intracellular signal
transduction pathway, thus, producing corresponding molecules to
protect neurons and promote regeneration (Mitre et al., 2022). The
present results showed that FG therapy significantly increased the
expression of SYP and TrkB. In addition, the abnormal increase of
Glu in the hippocampus was suppressed by FG, thus, maintaining the
balance of glutamate/GABA. Glutamate and GABA are the main
excitatory and inhibitory neurotransmitters, respectively, in the
brain, and maintaining their balance assists in the smooth operation
of the nervous system (Sood et al., 2021). Previous studies have proved
that the abnormal increase of glutamate and the imbalance of
glutamate/GABA occurred in the hippocampus of chronic simulated
microgravity rats, and this procedure was mediated by presynaptic
proteins, which is consistent with our results (Wang et al., 2015).
Therefore, we suggest that FG has beneficial effects on improving
synaptic plasticity and alleviating the excitatory toxicity of glutamate.

Conclusion

The present study provides evidence for the first time that FG
can effectively improve HU-induced cognitive impairment in mice.
The cognitive-enhancing effect of FG may be related to the
inhibition of NF-κB and NLRP3 to reduce neuroinflammation
and the improvement of the PI3K/Akt/mTOR pathway to
alleviate neuronal apoptosis. The above results indicate that FG,
as a health food, has great therapeutic potential in protecting against
cognitive impairment caused by special space environments.
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Medial septum glutamatergic
neurons modulate nociception in
chronic neuropathic pain via
projections to lateral
hypothalamus

Bing-Qian Fan†, Jun-Ming Xia†, Dan-Dan Chen†, Li-Li Feng,
Jia-Hui Ding, Shuang-Shuang Li, Wen-Xian Li* and Yuan Han*

Department of Anesthesiology, The Eye and ENT Hospital of Fudan University, Shanghai, China

The medial septum (MS) contributes in pain processing and regulation, especially
concerning persistent nociception. However, the role of MS glutamatergic
neurons in pain and the underlying neural circuit mechanisms in pain remain
poorly understood. In this study, chronic constrictive injury of the sciatic nerve
(CCI) surgery was performed to induce thermal and mechanical hyperalgesia in
mice. The chemogenetic activation of MS glutamatergic neurons decreased pain
thresholds in naïve mice. In contrast, inhibition or ablation of these neurons has
improved nociception thresholds in naïve mice and relieved thermal and
mechanical hyperalgesia in CCI mice. Anterograde viral tracing revealed that
MS glutamatergic neurons had projections to the lateral hypothalamus (LH)
and supramammillary nucleus (SuM). We further demonstrated that MS
glutamatergic neurons regulate pain thresholds by projecting to LH but not
SuM, because the inhibition of MS-LH glutamatergic projections suppressed
pain thresholds in CCI and naïve mice, yet, optogenetic activation or inhibition
of MS-SuM glutamatergic projections had no effect on pain thresholds in naïve
mice. In conclusion, our results reveal that MS glutamatergic neurons play a
significant role in regulating pain perception and decipher that MS glutamatergic
neurons modulate nociception via projections to LH.

KEYWORDS

glutamatergic, lateral hypothalamus, medial septum, neuropathic pain, hyperalgesia,
supramammillary nucleus

Introduction

As a leading cause of years lost to disability, chronic pain imposes a massive personal and
economic burden on more than 30% of people worldwide (Murray et al., 2013; Cohen et al.,
2021). Neuropathic pain is chronic pain caused by primary lesions or nervous system
dysfunction associated with sensory abnormalities (Baron, 2006; Lu et al., 2017; Cohen et al.,
2021). Although multiple pharmacological and non-pharmacological therapies proposed a
solution for reducing neuropathic pain, treating this condition remains challenging for
physicians cause a sufficient number of patients failed to experience satisfactory pain relief
after treatment (Baron et al., 2010; Culp et al., 2020; Fitzcharles et al., 2021; Jiang et al., 2022).
Thus, exploring the neural mechanism of neuropathic pain may lead to discovering novel
pharmacological therapeutic targets.
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The medial septum (MS), mainly composed of cholinergic,
glutamatergic, and GABAergic neurons, is implicated in a variety
of functions such as sensorimotor integration, affect-motivation and
cognition (Freund, 1989; Kiss et al., 1990; Dutar et al., 1995; Colom
et al., 2005; Hasselmo, 2006; McNaughton et al., 2006; Calandreau
et al., 2007; Braida et al., 2014; Ang et al., 2017; Danisman et al.,
2022). Studies of deep brain stimulation have shown that medial
septal stimulation immediately relieves chronic pain in patients
(Gol, 1967; Schvarcz, 1993). Besides, MS lesion attenuated
formalin-induced theta activation and pyramidal cell suppression
in dorsal hippocampus field CA1, while muscimol or zolpidem
microinjection into MS suppressed formalin-induced nociceptive
behavior (Zheng & Khanna, 2001; Lee et al., 2011). Moreover,
another study reported that muscimol microinjection into the
MS reversed peripheral hypersensitivity evoked by chronic
constriction injury (CCI) (Ariffin et al., 2018). These findings
indicate a potential link between MS and chronic neuropathic
pain providing a critical neurophysiologic basis of chronic
neuropathic pain responsible for the manifestations of neuronal
plasticity changes (Xia et al., 2016). Ionotropic glutamate receptors,
especially N-methyl-D-aspartate receptors expressed on
postsynaptic membranes and related to neuronal plasticity, are
involved in pain-related processes (Hansen et al., 2014; Xia et al.,
2016; Li et al., 2019). Furthermore, nonselective and selective
N-methyl-D-aspartate receptor antagonists have been shown to
mitigate neuropathic pain (Collins et al., 2010; Rondon et al.,
2010). In line with all the evidence, we hypothesize that MS
glutamatergic neurons might be involved in regulating
neuropathic pain sensitization.

The current study aimed to investigate the cellular level
mechanisms of MS glutamatergic neurons in regulating
neuropathic pain sensitization. First, using c-Fos staining, we
identified the activity changes of MS glutamatergic neurons in
CCI animals. Moreover, chemogenetic manipulations
demonstrated that MS glutamatergic neurons contribute in
regulating pain sensitization of naïve and CCI animals. Hence,
optogenetic investigations revealed that MS glutamatergic
neurons regulate pain sensitization by projecting to the LH but
not SuM. All this evidence was sufficient to provide and demonstrate
a novel neuronal and neural circuit mechanism that modulates the
perception of chronic neuropathic pain.

Materials and methods

Animals

The Vglut2-Cre mice (Vglut2, vesicular glutamate transporter 2;
#028863) were obtained from Jackson Laboratory. Adult male mice
(2–6 months old) were group-housed (≤ 5 per cage) on a 12 h light/
dark cycle with food and water available ad libitum. These mice were
randomly assigned to the nominated groups described in the
following experiments. All procedures were performed under
international guidelines on the ethical use of animals and
approved by the Animal Care and Use Committee of Fudan
University (Approval No. SYXK20200032). Efforts were taken to
minimize animal suffering and the testing procedure adheres to
principles of animal ethics and the 3Rs.

Chronic constriction injury (CCI) model

To establish a neuropathic pain model, CCI surgery (Chronic
constriction injury of the sciatic nerve) was performed as described
previously (Bennett and Xie, 1988;Wang et al., 2021a). In brief, mice
were anesthetized with sodium pentobarbital (50 mg kg−1 i.p.). The
left sciatic nerve was exposed at the mid-thigh level by blunt
dissection. Three nonabsorbable 4–0 silks were loosely tied
around the sciatic nerve at ~1.0 mm intervals. Sham procedures
(sciatic nerve exposure without ligation) were performed as controls.
After suturing, erythromycin ointment was applied locally to keep
the wound from infection. Finally, mice were placed in a clean and
warm cage to recover from the anesthesia.

AAV vectors

In this study, adenovirus-associated virus (AAV) vectors were
utilized, including AAV2/9-EF1α-DIO-EGFP (PT-0795; Brain
VTA, China), AAV2/9-EF1α-DIO-mCherry (PT-0013; Brain
VTA, China), AAV2/9-EF1α-DIO-hM3Dq-mCherry (PT-0042;
Brain VTA, China), AAV2/9-EF1α-DIO-hM4Di-mCherry (PT-
0043; Brain VTA, China), AAV2/9-flex-taCasp3-TEVp (PT-0206;
Brain VTA, China), AAV2/9-hSyn-DIO-mGFP-T2A-
Synaptophysin-mRuby (PT-1244; Brain VTA, China), AAV2/9-
EF1α-DIO-hChR2(H134R)-mCherry (PT-0002; Brain VTA,
China), and AAV2/9-EF1α-DIO-NpHR3.0-mCherry (PT-0007;
Brain VTA, China). The titer of all AAV vectors ranged from
1 to 5 × 10̂12 genomic copies per milliliter.

Stereotaxic surgery and microinjection

Male mice (2–3 months old, 22–28 g) were anesthetized and
stabilized in a stereotaxic frame (RWD Life Technology Co., Ltd.,
Shenzhen, China). The eyes were protected with erythromycin
ointment. After exposing the skull’s cranium, 3% hydrogen
peroxide was applied to remove the periosteum, and the residual
was washed off by normal saline. For the microinjection, the AAV
vectors (~100 nL) were injected into MS (AP = +0.88 mm; ML =
+0.55 mm; DV = −3.7 mm, 8° angle) at a rate of 1 nL sec-1 via a glass
pipette connected to a programmable auto-nanoliter Injector
(Nanoject III, Drummond, United States), followed by a 10-min
pause to minimize backflow. The optic fibers were implanted above
the LH (AP = −1.35 mm; ML = ±1.05 mm; DV = −5.10 mm) or SuM
(AP = −2.70 mm;ML = +0.25 mm; DV = −4.50 mm) through dental
cement. Mice were kept in their home cages after fully awake. After
experiments, histological analysis was performed to verify the
locations of viral transduction and optical fibers. Data were
excluded for analysis if viral transduction extended beyond the
MS brain regions or the locations of optical fibers were out of
LH or SuM.

Chemogenetic manipulation

After mCherry, hM3Dq-mCherry or hM4Di-mCherry
expression in MS for 3 weeks, saline or clozapine N-oxide
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(CNO) (Brain VTA, China) 1 mg kg-1 were intraperitoneally
injected at least 30 min (Tang et al., 2021) before behavioral
tests. Experimenters were blind to saline or CNO administered
during behavioral tests.

Optogenetic stimulation

Optical fibers in LH or SuM were connected to a blue (473 nm)
or yellow (589 nm) laser generator (Newdoon, Hangzhou, China)
through optical cables (Aoguan, Nanjing, China). A blue laser with
5 ms width (473 nm, 3–5 mW, 10 Hz) was synchronized for
optogenetic activation during behavioral measurements. For
optogenetic inhibition, a constant yellow laser (589 nm,
5–7 mW, 8s-on/2s-off) was applied synchronized during
behavioral measures.

Behavioral tests

50% Paw withdraw threshold (50% PWT)
A simplified up-down method with von Frey filaments was

used to estimate the mechanical hyperalgesia of mice. Briefly,
mice were placed in polyethylene cages separately on an elevated
metallic wire mesh platform in a quiet environment. Before
testing, mice were allowed to acclimatize to the environment for
1–2 h. The test started with the midrange filament of 0.16 g
strength. Subsequent filaments were proceeded according to the
up-down method, and 5 consecutive touches were applied at
5 min intervals for rest. The filaments were pressed against the
plantar surface and held for 3 s. Positive responses were noted
when mice withdrew their hind paws during this time. Finally,
50% PWTs were calculated as described previously (Bonin et al.,
2014). Behavioral tests were carried out in a blinded manner.
Detailed timelines for each experiment are presented in Figures.

Paw withdrawal latency
To assess thermal nociception, paw withdrawal latencies

(PWLs) were measured using the Hargreaves test (Hargreaves
et al., 1988) with an IITC plantar analgesia meter (IITC Life
Science). Room temperature was controlled at 23°C ± 2°C. Mice
were individually placed in polyethylene cages on a glass platform
and allowed to accommodate the apparatus for 1–2 h. A radiant
heat source beneath the glass was used to stimulate the plantar
surface of the hind paw. In advance, heat intensity was adjusted to
produce a baseline of 10–15 s. To prevent tissue damage, the cutoff
time was set to 20 s. Flinching, flicking, and trembling were
considered as positive responses. The measurements were
triplicated at 10 min intervals, and the mean was calculated as
the PWL.

Immunohistology and confocal imaging

The mice were deeply anesthetized using pentobarbital sodium
(60 mg kg−1, i.p.) and perfused transcardially with 20 mL of
phosphate-buffered saline (PBS), followed by 20 mL 4%
paraformaldehyde (PFA) (G1101, Servicebio, China). The brains

were carefully extracted from the skull and postfixed in 4% PFA for
6 h and then dehydrated with 30% sucrose at 4°C until the brain
tissue sank to the bottom of the solution. Then 30-μm-thick
coronal sections were prepared by a frozen microtome (CM
1950; Leica Microsystems, Germany). Free-floating sections
were washed three times with PBS for 10 min each and blocked
in PBS with 1% bovine serum albumin (V900933, Sigma–Aldrich,
United States of America) and 0.2% Triton X-100 (T109027,
Aladdin, China) for 45 min. Sections were incubated with
primary antibody diluted in PBS and 0.2% Triton X-100 at 4°C
in a shaker overnight. The primary antibodies used were rabbit
anti-immediate early gene expression of proteins (c-Fos) (1:1,000;
Cell Signaling Technology, United States). Incubated sections were
washed thrice in PBS for 10 min and incubated for 2 h with a
secondary antibody in PBS. The secondary antibodies used were
Alexa Fluor 594 donkey anti-rabbit (1:400; Invitrogen,
United States) or Alexa Fluor 488 donkey anti-rabbit (1:400;
Invitrogen, United States). The samples were subsequently
washed four times with PBS for 10 min each (all at room
temperature). Confocal images were acquired using an
automated slide scanner system (VS. 120, Olympus, Japan) and
further observed and counted using OlyVIA 3.2.1 software
(Olympus).

Statistical analysis

Statistical analyses were conducted with GraphPad Prism
9.0 software (GraphPad Software). All data were presented as
mean ± SEM. Unpaired t-tests were performed to compare the
differences between the two groups, andWelch’s correction was used
when the variance was not equal. Two-way ANOVAwas followed by
Bonferroni, Tukey, or Šídák post-tests calculate p values (treatment
with different virus as the between-subject factors and different
drugs as the within-subjects factor). Detailed descriptions can be
found in the figure legends. Statistical significance was defined as
p < 0.05.

Results

MS glutamatergic neurons are
hyperactivated in CCI mice

To study MS glutamatergic neuron activity in CCI mice, we
measured the co-expression of c-Fos, a marker of neuronal
activation (Dragunow and Faull, 1989) and Vglut2, a marker
of glutamatergic neurons (Fremeau et al., 2004) in MS. First, CCI
was performed to establish a neuropathic pain model. To ensure
the stability of hyperalgesia in this pain model, we evaluated the
pain behaviors of the injured hind paw at multiple time points
following the sham or CCI surgery (Figure 1A). Compared with
shammice, CCI mice showed a long-lasting decreased 50% PWTs
and PWLs (Figures 1B, C). Since both 50% PWTs and PWLs
tended to be stable 14 days after the CCI surgery, we chose this
time point in the experiments. Next, we labeled MS glutamatergic
neurons by injecting an AAV vector (AAV-EF1α-DIO-EGFP)
into MS of Vglut2-Cre mice (Figure 1D). After CCI surgery, pain
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FIGURE 1
Vglut2 neurons inMS are hyperactivated on chronic neuropathic pain induced by CCI. (A) Schematic of CCI surgery and experimental timeline. PWTs
and PWLs of the hind paws in mice were tested at day 0 before, and at days 3, 7, 14, 21, and 28 after the sham or CCI surgery. (B,C) The quantitative
comparison of 50% PWTs (B) and PWLs (C) between the two groups. Compared with the sham mice, CCI mice exhibited a decrease in 50% PWTs and
PWLs in the injured paw at days 7, 14, 21, and 28 after the CCI surgery. n = 8mice/group. 50% PWT: sham versus CCI, 7 days p < 0.0001, 14 days p <
0.0001, 21 days p < 0.0001, 28 days p < 0.0001; PWL: sham versus CCI, 7 days p = 0.0076, 14 days p < 0.0001, 21 days p = 0.0076, 28 days p = 0.0018.
Two-way ANOVA with Bonferroni post-tests. BL: baseline. (D) Experimental timeline and schematic of virus injection. Mice were injected with AAV-
vectors into the MS at day 7 before the CCI surgery. 50% PWTs and PWLs were tested from day 14 after the CCI surgery. (E,F) Statistics demonstrated that,
the CCI mice exhibited mechanical allodynia (E) and thermal hyperalgesia (F). 50% PWT: Sham, 0.73 ± 0.04; CCI, 0.12 ± 0.04, p = 0.0002; PWL: Sham,
12.78 ± 1.19; CCI, 6.43 ± 0.40, p = 0.0036. Unpaired t-test: mean ± SEM. (G) Representative images showing Vglut2 neurons (Green) in MS of mice were
co-labeled with c-Fos-positive cells (Red) at day 14 following the CCI surgery. Arrowheads indicate co-labeled neurons. Scale bar: 10 μm. (H)
Quantification indicating that the Vglut2 neurons are hyperactivated in CCI mice. Sham: 26.71 ± 1.29, n = 6 slices from 3 mice; CCI: 56.70 ± 0.78, n =
6 slices from 3 mice, p < 0.0001. Unpaired t-test with welch correction. **p < 0.01. Error bars indicate SEM.
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FIGURE 2
Chemogenetic activation of Vglut2 neurons in MS induces mechanical allodynia and thermal hyperalgesia, whereas inhibition or ablation of these
neurons elevates mechanical and thermal pain thresholds in Naïve mice. (A) Schematic of virus injection. AAV-vectors were injected into the MS of
Vglut2-Cre mice. (B) Coronal fluorescence images showing the expression of hM3Dq-mCherry in the MS Vglut2 neurons (Red). Scale bar: 1 mm.
Magnified image on the top right shows the boxed area: the Vglut2 and c-Fos (Green) co-labeling neurons (Yellow) in MS in mCherry + CNO and
hM3Dq + CNO groups. Scale bar: 50 μm. (C) Statistics showing that, the Vglut2 neurons in MS were significantly activated in hM3Dq + CNO group. n =
3 mice/group. Saline: 13.86 ± 0.69; CNO: 93.02 ± 0.58, p < 0.0001. Unpaired t-test: mean ± SEM. (D,E) Summary results showing that, compared with
their control counterparts, the hM3Dq + CNO mice exhibited a decrease in 50% PWTs (D) and PWLs (E). n = 10 mice/group. 50% PWT: mCherry versus

(Continued )
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behavioral tests were performed on day 14. As expected, 50%
PWTs and PWLs of CCI mice declined significantly (Figures 1E,
F). Then, c-Fos immunofluorescence staining was performed in
MS sections of Vglut2-Cre mice to determine the neuronal
activity in response to chronic neuropathic pain (Figure 1G).
The staining results showed that, compared with their sham
counterparts, CCI surgery induced a significant increase of
c-Fos expression in MS glutamatergic neurons (Figure 1H),
suggesting that these neurons were activated in CCI mice.
This data indicates that the MS glutamatergic neurons are
involved in chronic neuropathic pain.

Chemogenetic activation of the
Vglut2 neurons in MS induces mechanical
allodynia and thermal hyperalgesia, whereas
inhibition or ablation of these neurons
elevates mechanical and thermal pain
thresholds in naïve mice

To further explore whether the activation of MS
glutamatergic neurons leads to hyperalgesia, we applied
chemogenetic stimulations to activate MS glutamatergic
neurons specifically and assessed the pain thresholds in mice.

FIGURE 2 (Continued)
hM3Dq, CNO, p < 0.0001; Saline versus CNO, hM3Dq, p = 0.0002. PWL: mCherry versus hM3Dq, CNO, p < 0.0001; Saline versus CNO, hM3Dq, p <
0.0001. Two-way ANOVA with Tukey post-tests. (F) Schematic of virus injection. (G) Coronal fluorescence images showing the expression of hM4Di-
mCherry in the MS Vglut2 neurons (Red). Scale bar: 1 mm. Magnified image on the top right shows the boxed area: the Vglut2 and c-Fos (Green) co-
labeling neurons (Yellow) in MS inmCherry + CNO and hM4Di + CNO groups. Scale bar: 50 μm. (H) Statistics showing that, the Vglut2 neurons were
inhibited in hM4Di + CNO group. n = 3 mice/group. Saline: 27.23 ± 1.38; CNO: 10.87 ± 0.58, p = 0.0002. Unpaired t-test: mean ± SEM. (I,J) Summary
results showing that, compared with their control counterparts, the hM4Di + CNOmice exhibited an increase in 50% PWTs (I) and PWLs (J). n = 8 mice/
group. 50%PWT:mCherry versus hM4Di, CNO, p < 0.0001; Saline versusCNO, hM4Di, p=0.0005. PWL: Saline versusCNO, hM4Di, p=0.0226. Two-way
ANOVAwith Tukey post-tests. (K) Schematic of virus injection. (L) Representative confocal images of genetic ablation of the Vglut2 neurons in MS (Red).
Scale bar: 1 mm. Magnified image on the top right shows the boxed area. The mCherry and taCasp3 typical confocal image indicating the efficacy of
taCasp3. Scale bar: 50 μm. (M) Summary results showing that, compared with mCherry group, the mice with taCasp3 expression exhibited an increase in
50% PWTs and PWLs. n = 8/6. 50% PWTs: mCherry, 0.62 ± 0.1; taCasp3, 1.02 ± 0.05, p < 0.0001. PWL: mCherry, 11.49 ± 1.09; taCasp3, 15.76 ± 1.27, p =
0.0125. Unpaired t-test: mean ± SEM. *p < 0.05, **p < 0.01. Error bars indicate SEM.

FIGURE 3
Chemogenetic inhibition of the Vglut2 neurons in MS relieves chronic neuropathic pain induced by CCI. (A) The diagram of virus injection and
experimental timeline. (B) Example confocal images of hM4Di-mCherry expression in the MS Vglut2 neurons (Red). (C,D) Summary results showing that,
compared with their control counterparts, the hM4Di + CCI + CNO mice exhibited an increase in 50% PWTs (C) and PWLs (D). n = 8 mice/group. 50%
PWT: Saline versusCNO, hM4Di + CCI, p < 0.0001. PWL: Saline versusCNO, hM4Di + CCI, p < 0.0001. Two-way ANOVAwith Bonferroni post-tests.
**p < 0.01. Error bars indicate SEM.
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AAV-EF1α-DIO-hM3Dq-mCherry (an AAV vector that
expresses mCherry and hM3Dq dependence on Cre) or AAV-
EF1α-DIO-mCherry (as control) was injected into the MS of
Vglut2-Cre mice. 50% PWTs and PWLs were performed on day
21 (Figure 2A). Mice were injected intraperitoneally with saline
(1 mg kg-1). Then the first determination of 50% PWTs and PWLs
was considered as the baseline for the pain sensitivity. At least 1 h
later, mice were subjected to an intraperitoneal injection of CNO
(1 mg kg-1). After 30 min, 50% PWTs or PWLs were examined
again. To verify the efficacy of the chemogenetics strategy, the
mice were sacrificed for c-Fos immunofluorescence staining of
MS sections after behavioral tests. Compared to the controls, >
90% of mCherry-positive neurons were co-labeled by c-Fos in
hM3Dq group mice (Figures 2B, C), suggesting that CNO does
activate these glutamatergic neurons. After CNO injection, the
mice injected with AAV-EF1α-DIO-hM3Dq-mCherry exhibited
a decrease in 50% PWTs and PWLs (Figures 2D, E). These data
indicate that chemogenetic activation of MS glutamatergic
neurons induces mechanical allodynia and thermal
hyperalgesia in naïve mice.

Chemogenetic inhibition or selective lesion
of MS glutamatergic neurons elevates
mechanical and thermal pain thresholds in
naïve mice

We further wanted to investigate whether inhibition or lesion of
MS glutamatergic neurons can improve pain thresholds. For
specifical inhibition of MS glutamatergic neurons, AAV-EF1α-
DIO-hM4Di-mCherry or AAV-EF1α-DIO-mCherry (as control)
was injected into the MS of Vglut2-Cre mice and the pain
behavioral tests were determined on day 21 (Figure 2F). The
expression of chemogenetics virus was also confirmed by c-Fos
immunofluorescence staining. A few Vglut2 neurons were co-
labeled by c-Fos (Figures 2G, H). After CNO injection, the mice
injected with hM4Di-mCherry exhibited the increased 50% PWTs
and PWLs (Figures 2I, J), indicating that chemogenetic inhibition of
MS glutamatergic neurons elevates mechanical and thermal pain
thresholds in naïve mice.

In addition, we selectively lesioned the MS glutamatergic
neurons by injecting the mixture of AAV-EF1α-DIO-mCherry

FIGURE 4
LH and SuM receive direct projections from MS Vglut2 neurons. (A) Schematic of AAV-hSyn-DIO-mGFP-T2A-Synaptophysin-mRuby injection into
MS of Vglut2-Cre mice. (B) Fluorescence image of mGFP-mRuby expression in MS. Scale bar: 1 mm. The magnified image on the top right shows the
expression of mGFP-mRuby (Green-Red) in situ. Scale bar: 50 μm. (C,D) Example confocal images of mGFP-mRuby expression in LH (C) and SuM (D).
Scale bar: 200 μm.
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and AAV-flex-taCasp3-TEVp. The controls only were injected with
AAV-EF1α-DIO-mCherry (Figure 2K). We confirmed cell death by
confocal fluorescent imaging. Compared to the controls, less
number of mCherry neurons were presented on MS with AAV-
flex-taCasp3-TEVp injection (Figure 2L). 50% PWTs and PWLs
were tested on day 21. Similarly, mice injected with AAV-flex-
taCasp3-TEVp exhibited an increase in 50% PWTs and PWLs
(Figure 2M), demonstrating that selective lesion of MS
glutamatergic neurons improves mechanical and thermal pain
thresholds in naïve mice.

Chemogenetic inhibition of MS
glutamatergic neurons relieves chronic
neuropathic pain induced by CCI

Next, we investigated the pain-relieving effect of MS
glutamatergic neurons in the CCI-induced neuropathic pain
model mice. We targeted MS glutamatergic neurons by injecting
AAV-EF1α-DIO-hM4Di-mCherry or AAV-EF1α-DIO-mCherry
(as control) into the MS of Vglut2-Cre mice. Subsequent sham
or CCI surgery was performed, respectively. 50% PWTs and PWLs
were measured 14 days after surgery (Figure 3A). MS sections were
prepared to verify the expression of hM4Di-mCherry (Figure 3B).
The results showed that the pain thresholds in CCI mice injected
with AAV-EF1α-DIO-hM4Di-mCherry and CNO did not decline as
much as those of CCI control mice (Figures 3C, D). These findings
suggest that chemogenetic inhibition of the MS glutamatergic
neurons relieves chronic neuropathic pain induced by CCI.

LH and SuM receive direct projections from
MS glutamatergic neurons

We next investigated how MS glutamatergic neurons are
involved in pain regulation. In this part, we explored the MS
glutamatergic downstream pathways mediating neuropathic pain.
We used an anterograde, viral tracing method (Knowland et al.,
2017) to examine the brain regions receiving direct projections from
MS glutamatergic neurons. AAV-hSyn-DIO-mGFP-T2A-
Synaptophysin-mRuby was injected into the MS of Vglut2-Cre
mice (Figures 4A, B). Synaptophysin-mRuby is a fusion protein
of mRuby and Synaptophysin. Synaptophysin proteins are located
on synaptic vesicles and are used to mark the location of synapses
(Tsetsenis et al., 2021). Although mGFP-positive fibers are present
in some brain regions, this does not meanMS glutamatergic neurons
form synapses in these nuclei but only cross these pathways.
Therefore, the co-existence of mGFP and synaptophysin-mRuby
in LH and SuM suggests a direct projection relationship betweenMS
and these two nuclei (Figures 4C, D).

MS Vglut2-LH projections bilaterally
regulate mechanical and thermal pain
thresholds in naïve mice

We have determined the MS glutamatergic neurons mainly
project to LH and SuM. Next, we planned to confirm the

functional role of these projections in mediating pain sensitivity.
Here, through optogenetics, we observe the real-time effects of MS
Vglut2-LH projections intervention on pain behaviors. For
optogenetic activation of MS Vglut2-LH projections, AAV-EF1α-
DIO-hChR2 (H134R)-mCherry or AAV-EF1α-DIO-mCherry (as
controls) was injected into MS, and optical fibers were implanted
above LH of Vglut2-Cre mice (Figures 5A–C). According to the
previous study (An et al., 2021), to activate MS glutamatergic
neurons, we randomly applied 10 Hz blue laser stimulations. 50%
PWTs and PWLs were examined when the mice have subjected to
the blue laser (470 nm) stimulation by optical fiber coupled with a
laser generator. The data showed that the mice injected with hChR2
(H134R)-mCherry and received laser stimulation had lower 50%
PWTs and PWLs than the controls (Figures 5D, E), suggesting that
optogenetic activation of MS glutamatergic neurons promotes pain
sensitivity. For optogenetic inhibition of MS Vglut2-LH projections,
AAV-EF1α-DIO-NpHR3.0-mCherry or AAV-EF1α-DIO-mCherry
(as controls) was injected into MS, and optical fibers were implanted
above LH of Vglut2-Cre mice (Figures 5F–H). After 21 days, yellow
light (589 nm) was delivered to LH by optical fiber connected to a
laser generator. The result showed that, compared to the controls,
mice injected with NpHR3.0-mCherry and received laser
stimulation had an increase in 50% PWTs and PWLs (Figures 5I,
J). Together, we demonstrated that MS Vglut2-LH projections
bilaterally regulate pain sensitivity.

MS Vglut2-SuM projections have no effect
on pain thresholds in naïve mice

According to the same procedures, we activatedMS Vglut2-SuM
projections by optogenetics (Figures 6A–C). Surprisingly, we found
no significant difference between baseline and laser-on groups in the
50% PWTs and PWLs (Figures 6D, E). Similarly, optogenetic
inhibition of MS Vglut2-SuM projections (Figures 6F–H) did not
influence 50% PWTs or PWLs (Figures 6I, J). Hence, revealing that
MS Vglut2-LH, but not MS Vglut2-SuM projections regulate
mechanical and thermal pain thresholds in naïve mice.

Optogenetic inhibition of MS Vglut2-LH
projections relieves chronic neuropathic
pain induced by CCI

Since inhibition of MS Vglut2-LH projections elevated pain
thresholds in naïve mice, we inferred that these projections also
relieve chronic neuropathic pain induced by CCI. To test this
hypothesis, we utilized optogenetic tools to inhibit MS Vglut2-LH
projections in CCI mice. The mice were injected with AAV-EF1α-
DIO-NpHR3.0-mCherry or AAV-EF1α-DIO-mCherry (as
controls) 7 days before sham or CCI surgery. Twenty-one days
after the AAV injection, 50% PWTs, and PWLs were checked
(Figures 7A–C). Statistics showed that there were no differences in
mCherry group mice. Compared to the laser-off mice, 50% PWTs
and PWL increased in the NpHR3.0-mCherry mice with laser-on
(Figures 7D, E). The results suggested that inhibition of MS
Vglut2-LH projections relieves chronic neuropathic pain
induced by CCI.
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FIGURE 5
MS Vglut2-LH projections bilaterally regulatemechanical and thermal pain thresholds in naïvemice. (A,F) Schematic drawing of virus injection. (B,G)
Typical confocal images of ChR2-mCherry andNpHR-mCherry expression inMS Vglut2 neurons, respectively. Scale bar: 200 μm. (C,H) Sample confocal
images showing the terminals of MS Vglut2 neurons in LH and the tips of optical fibers above LH. Scale bar: 50 μm. (D,E) Statistics showing that, the
ChR2mice exhibited a decrease in 50% PWTs (D) and PWLs (E) by optogenetic activation of MS Vglut2-LH projections, n = 8mice/group. 50% PWT:
Baseline versus Laser-ON, ChR2, p=0.0005. PWL: Baseline versus Laser-ON, ChR2, p= 0.0006. (I,J) Statistics showing that, optogenetic inhibition of MS
Vglut2-LH projections increase mechanical (I) and thermal pain thresholds (J) in naïve mice. n = 8 mice/group. 50% PWT: Baseline versus Laser-ON,
NpHR, p = 0.0114. PWL: Baseline versus Laser-ON, NpHR, p < 0.0001. Two-way ANOVA with Šídák post-tests. **p < 0.01. Error bars indicate SEM.
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FIGURE 6
MSVglut2-SuMprojections have no effect on pain thresholds in naïvemice. (A,F) Schematic drawing of virus injection. (B,G) Typical confocal images
of ChR2-mCherry and NpHR-mCherry expression in MS Vglut2 neurons, respectively. Scale bar: 200 μm. (C,H) Sample confocal images showing the
terminals of MS Vglut2 neurons in SuM and the tips of optical fibers above SuM. Scale bar: 200 μm. (D,E,I,J) Statistics showing that, neither optogenetics
activation (D,E) nor inhibition (I,J) of the MS Vglut2-SuM projections caused statical differences for 50% PWTs and PWLs in naïve mice, compared to
their counterparts. Two-way ANOVA with Šídák post-tests. Error bars indicate SEM.
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Discussion

Evidence from rodent studies suggests that MS is implicated in
processing and regulation pain (Ang et al., 2017). Studies have
shown that MS neurons can be activated by both acute or chronic
nociceptive stimulation (Dutar et al., 1985; Burstein et al., 1987;
Jiang et al., 2018a). The results of pharmacological tests
demonstrated that inhibition of the MS reduced experimental
neuropathic pain in mice and inhibited formalin-induced licking
and flinching in rats (Lee et al., 2011; Ariffin et al., 2018). Besides, the
analgesic effects of general anesthesia are prolonged by lesion or
inactivation of MS (Ma et al., 2002; Leung et al., 2013). These results
prove that MS is essential in the regulation of nociception. However,
how the individual neuronal populations of MS regulate pain
perception remains a questionable phenomenon. The MS consists
of three major neuronal populations: cholinergic (about 47%),
glutamatergic (about 25%), and GABAergic neurons (about 28%)
(Griffith & Matthews, 1986; Markram & Segal, 1990; Dutar et al.,
1995; Colom et al., 2005; Yu et al., 2022). Previous findings (Jiang
et al., 2018a; Jiang, et al., 2018b) suggest that cholinergic neurons in
MS are involved in encoding hyperalgesia and anxiety-like behaviors

in mice with chronic pain induced by the complete Freund’s
adjuvant (CFA). Intraplantar injection of CFA increased the
number of c-Fos-positive neurons in MS cholinergic neurons
(Jiang et al., 2018a). Chemogenetic inhibition of MS cholinergic
neurons attenuated perceptual (Jiang, et al., 2018b) and anxiety-like
(Jiang et al., 2018a) behaviors of chronic pain induced by CFA
injection in mice. Interestingly, another study (Ang et al., 2015)
found that selective lesions of MS GABAergic neurons did not affect
the abnormal pain-perceptual behavior but attenuated the
conditioned place aversion induced by formalin injection.
However, we found that chronic neuropathic pain caused by CCI
activates MS glutamatergic neurons, and inhibition of MS
glutamatergic neurons reverses nociceptive sensitization induced
by CCI. Our results demonstrate that MS glutamatergic neurons
play a critical role in perceiving and regulating nociceptive
sensitization in chronic neuropathic pain.

MS is a part of the pain system in the brain (Takeuchi et al.,
2021). On the one hand, the MS receives afferents from the
nociceptive system, and peripheral nociceptive stimuli activate
MS neurons (Dutar et al., 1985; Burstein et al., 1987; Jiang, et al.,
2018b) and receives neural afferents from a cluster of nuclei that

FIGURE 7
Optogenetic inhibition of MS Vglut2-LH projections relieves chronic neuropathic pain induced by CCI. (A) The diagram of virus injection. (B)
Confocal image showing ChR2-mCherry expression in MS Vglut2 neurons. Scale bar: 200 μm. (C) Confocal images showing the terminals of MS
Vglut2 neurons in LH and the tips of optical fibers above LH. Scale bar: 200 μm. (D,E) Summary results showing that, the NpHR+ Laser-ONmice exhibited
increased 50% PWTs and PWLs, compared with their control counterparts. n = 6mice/group. 50% PWT: Baseline versus Laser-ON, NpHR +CCI, p <
0.0001. PWL: Baseline versus Laser-ON, NpHR + CCI, p < 0.0001. Two-way ANOVA with Šídák post-tests. **p < 0.01. Error bars indicate SEM.
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have been shown to be involved in pain regulation (Ang et al., 2017),
including LH (Fakhoury et al., 2020), the lateral septal nucleus (LS)
(Wang et al., 2023), and the ventral tegmental area (VTA) (Zhang
et al., 2017). On the other hand, the MS receives afferents from the
nociceptive system, and peripheral nociceptive stimuli activate MS
neurons. MS regulates pain by directly or indirectly innervating
regions of the nociceptive system (Ang et al., 2017). Neurons in MS
are known to send neural efferences to nuclei involved in sensory
information transmission, including the anterior cingulate cortex
(ACC), raphe nucleus (RN), LH, and SuM (Takeuchi et al., 2021).
Furthermore, inhibition of the MS-rACC cholinergic pathway
suppresses rACC pyramidal neuronal activities and relieves CFA-
induced inflammatory pain (Jiang, et al., 2018b). Interestingly, in
anesthetized animals, electrical stimulation of the MS inhibited the
firing rate of wide dynamic range neurons in the spinal cord dorsal
horn evoked by the peripheral noxious stimuli (Carstens et al., 1982;
Hagains et al., 2011). This implies that MS might modulate pain by
acting on the descending pain inhibitory system. Indeed, the
evidence above suggests that MS may be a critical hub for the
reception and processing of nociceptive stimulus signals. The
current study demonstrates that chronic neuropathic pain
increases the activity of MS glutamatergic neurons and MS
glutamatergic neural population modulates the hyperalgesia of
chronic neuropathic pain via their projections to LH.

LH is a heterogeneous brain region composed mainly of
orexinergic, glutamatergic, GABAergic, and various
neuropeptide-expressing neurons (Fakhoury et al., 2020).The
LH regulates many processes, including feeding, sleep, arousal,
and pain (Fakhoury et al., 2020; An et al., 2021; Xiang et al., 2022;
Wang et al., 2023) and electrical stimulation of the LH region
induces analgesic effects (Fakhoury et al., 2020). It has been
confirmed that orexinergic neurons and parvalbumin (PV)-
positive neurons of the LH play an essential role in the process
of pain regulation (Inutsuka et al., 2016; Siemian et al., 2021).
Specifically, activation of LH orexinergic or PV-positive neuronal
population attenuated formalin-induced pain-related behaviors in
mice. However, little is known about the role of other types of
neurons in the LH in pain regulation. Interestingly, an in vivo study
showed that optogenetic inhibition of MS-LH pathway neurons
attenuated the firing frequency of LH glutamatergic neurons in
wake-state mice (An et al., 2021). Therefore, we hypothesized that
the MS-LH glutamatergic pathway might regulate pain by acting
on LH glutamatergic neurons. Although it has been confirmed that
the activation of LH glutamatergic neurons can cause aversion,
arousal, promote-recovery from general anesthesia, escape
behavior, and defensive behavior (Nieh et al., 2016; Li et al.,
2018; de Jong et al., 2019; Chen et al., 2020; Wang et al., 2021b;
Zhao et al., 2021). But there is still a lack of reliable evidence to
confirm the regulatory role of LH glutamatergic neurons on pain,
which may become a direction for future research. Furthermore,
the synaptic terminals of orexinergic neurons exhibit co-
localization with Vglut2 markers, indicating they are capable of
rapid, synaptic glutamate release (Rosin et al., 2003; Henny et al.,
2010; Bonnavion et al., 2016). Therefore, further confirmation is
required to determine whether the MS-LH glutamatergic pathway
targets LH orexinergic neurons.

Previous studies have found that the SuM plays a role in
modulating arousal, locomotion, and feeding processes (Pedersen

et al., 2017; Farrell et al., 2021; Chen et al., 2022). Besides, studies also
indicate that the SuM is involved in the processing of nociceptive
information (Borhegyi & Freund, 1998; Ma & Leung, 2006; Ariffin
et al., 2010; Ang et al., 2017). Microinjection of nicotinic antagonists
into the SuM selectively attenuated the hippocampal responses
elicited by formalin-induced nociceptive stimuli (Ariffin et al.,
2010), and inactivation of the SuM prolongs the duration of
antinociceptive function of general anesthetics (Ma & Leung,
2006). The present study shows that MS glutamatergic neurons
export numerous neuronal terminals to the SuM. Nevertheless, our
results found that activation or inactivation of the MS-SuM
glutamatergic pathway did not alter responses to noxious
stimulation in naive mice. However, activation of the MS-LH
glutamatergic pathway enhanced the sensitivity to nociceptive
stimulation in naive mice. In contrast, inhibition of the MS-LH
glutamatergic pathway attenuated the sensitivity to nociceptive
stimulation in naive mice and reversed the hyperalgesia in CCI
mice. Our results confirms that the modulation of nociception by
MS glutamatergic neurons depends on their specific downstream
projection target region.

Although, few researchers have made progress in studying the
circuit mechanism of chronic neuropathic pain (Zhang et al., 2017;
Wang et al., 2021c). But the neural circuit mechanism of MS
regulating chronic neuropathic pain has been rarely reported. In
the present study, we have identified an important role of MS
glutamatergic neurons in regulating chronic neuropathic pain,
and these MS glutamatergic neurons regulate nociception
through the MS-LH pathway but not the MS-SUM pathway. Our
study identifies novel cellular and neural circuit mechanisms that
regulate chronic neuropathic pain, which may provide valuable
therapeutic targets for chronic pain.
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dorsolateral prefrontal cortex to
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disease: a TMS-EEG study
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Objective: The combined use of transcranial magnetic stimulation and
electroencephalography (TMS-EEG), as a powerful technique that can non-
invasively probe the state of the brain, can be used as a method to study
neurophysiological markers in the field of psychiatric disorders and discover
potential diagnostic predictors. This study used TMS-evoked potentials (TEPs)
to study the cortical activity of patients with major depressive disorder depression
(MDD) and the correlation with clinical symptoms to provide an
electrophysiological basis for the clinical diagnosis.

Methods: A total of 41 patients and 42 healthy controls were recruited to study.
Using TMS-EEG techniques to measure the left dorsolateral prefrontal cortex
(DLPFC) ‘s TEP index and evaluate the clinical symptoms ofMDDpatients using the
Hamilton Depression Scale-24 (HAMD-24).

Results: MDD subjects performing TMS-EEG on the DLPFC showed lower
cortical excitability P60 index levels than healthy controls. Further analysis
revealed that the degree of P60 excitability within the DLPFC of MDD
patients was significantly negatively correlated with the severity of
depression.

Conclusion: The low levels of P60 exhibited in DLPFC reflect low excitability in
MDD; the P60 component can be used as a biomarker for MDD in clinical
assessment tools.

KEYWORDS

tmseeg, depression, psychology, DLPFC (dorsolateral prefrontal cortex), TEPS, HAMD,
hamilton depression rating scale

1 Introduction

Depression is a mood disorder characterized by persistent depression and varying
degrees of cognitive and behavioral changes (McCarron et al., 2021). Its high prevalence,
high recurrence rate, high suicide rate, low recognition rate, and low cure rate have caused a
severe burden to the patients themselves, their families, and society (Touloumis, 2021).
Seeking potential biomarkers of depression patients can provide new strategies for early
recognition and intervention of depression.
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The dorsolateral prefrontal cortex (DLPFC) is considered the
control center of emotion and cognition (Segal and Elkana, 2023).
Patients with depression are believed to have functional and
structural abnormalities in DLPFC, such as reduced volume,
abnormal activity patterns, or abnormal available connection
networks (Koenigs and Grafman, 2009). Repetitive transcranial
magnetic stimulation (rTMS) is widely used to treat depression.
The stimulation site is also selected for the left DLPFC, which is
believed to effectively improve patients’ clinical symptoms with
depression (Kan et al., 2023). In most depression patients, the
left DLPFC has shown low activity and low metabolism in
functional neuroimaging studies, leading to the disturbance of
neurotransmitter levels, such as glutamate and γ- Aminobutyric
acid (Duman et al., 2019). Therefore, studying the EEG signals of left
DLPFC has important significance for depression.

TMS generates a transient time-varying magnetic field,
producing a transient electric field in the brain through
electromagnetic conduction to depolarize or polarize neurons
(Klomjai et al., 2015). TMS-EEG, which is formed by the
combination of synchronous TMS and electroencephalography
(EEG), has become a powerful tool for the non-invasive
detection of human brain circuits, thus evaluating several cortical
characteristics such as excitability and connectivity (Cao et al.,
2021). Sun used TMS-EEG to assess whether baseline cortical
inhibition in depression patients can predict the effect of
treatment on suicidal ideation. Voneskos used TMS-EEG to
compare the difference between DLPFC inhibition and excitation
in depression and healthy controls (Sun et al., 2018; Voineskos et al.,
2019). This technology has been applied to different clinical

populations in recent years (C. T. Li et al., 2022; Strafella et al.,
2023). Disease-related predictors can be found through this
technology, providing markers for the pathophysiology of brain
diseases.

As far as we know, few previous studies have used TMS-EEG to
study depression, and the sample size is small. We want to find TEP
in DLPFC induced by TMS-EEG as a potential biomarker to
distinguish depression from healthy controls, and further clarify
the relationship between this marker and the severity of depression,
providing the theoretical basis for the clinical diagnosis and
treatment of depression.

2 Materials and methods

2.1 Subject and assessment

The project recruited a total of 41 depression patients
(9 male/32 female) in Ningbo Kangning Hospital from
November 2021 to October 2022. Two psychiatrists evaluated
all patients as assessed by the Structured Clinical Interview for
the Diagnostic and Statistical Manual of Mental Disorders (DSM-
V). Additional inclusion criteria were: 1) Age 16–65 years, 2)
Hamilton Depression Scale-24 score (HAMD-24) ≥ 20 points; 3)
All patients or guardians know the purpose of the experiment and
sign an informed consent form.

Exclusion criteria: 1) Patients with severe somatic diseases,
infectious diseases, and immune system diseases; 2) Accompany
with other mental illnesses or severe neurological diseases.

FIGURE 1
Schematic diagram of the experimental process and TMS-EEG data processing framework.
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At the same time, we recruited 42 healthy controls in the
community and matched them with MDD patients in terms of
gender and age. We also excluded people with other mental diseases,
basic diseases (such as stroke, diabetes, etc.), or alcohol disorders.
The flow is shown in Figure 1.

The ethics committee of Ningbo Kangning Hospital
approved the project, and all experimental procedures were
conducted in accordance with the guidelines for human medical
research (Helsinki Declaration). Before enrollment, the
research protocol was registered at Chictr.org.cn
(ChiCTR2100052007).

2.2 Assessment

The HAMD-24 items evaluated the depressive symptoms. The
participants participated in the evaluation training of the scale
before the study and re-evaluated each month to ensure that
their correlation coefficient (ICC) remained above 0.8 to keep
their scores consistent and reliable. The scores of HAMD-24 ≥
20 points are classified as a depression group. The HAMD-24 scale
can better reflect the severity of the condition. The more severe the
condition, the higher the total score. Demographic information is a
form of information collected through self-designed demographic
statistics. Structured clinical interviews are used to process medical
history.

2.3 TMS-EEG testing

TMS-EEG research collects data from TMS (Magstim Ltd,
Oxford, United Kingdom) and TMS-compatible 64-channel EEG
(Easycap, Germany). The figure-of-eight coil (Coil—D70-air film
coil, Magstim) was placed over the F3 (roughly used to represent the
left DLPFC brain region). The splay lock is tangent to the scalp and
the handle points rearward at a 45° angle. Before TMS-EEG
recording, all patients underwent a resting motion threshold
(RMT) test to determine the stimulation intensity. RMT uses the
necessary minimum stimulus intensity to determine the apparent

motor response of the right abductor pollicis brevis (APB).
Generally, at least five of the ten stimuli have an amplitude of ≥
50 mV.

FCz and AFz are used as recording reference and ground
electrodes, respectively. Use BrainVision Recorder software
(BrainProducts, Germany) to record the EEG signal at a
sampling rate of 25 kHz during the acquisition process. During
the experiment, ensure the electrode impedance is kept below 5 kΩ.
During TMS-EEG recording, 100 single TMS pulse stimuli were
performed at F3 using a 100% RMT intensity. The interval between
the individual stimuli was randomly generated over 5 s, and the
patient kept their eyes open during the recording period. We also
put earplugs on patients to prevent related auditory evoked
potentials from being generated during stimulation.

2.4 TMS-EEG analysis

TMS-EEG data were analyzed offline using Matlab R2016b
(MathWorks, United States) and in combination with the
EEGLAB (Delorme and Makeig, 2004) and ARTIST (Wu et al.,
2018) toolboxes. The preprocessing code was adapted from the
fully automated artifact suppression algorithm for monopulse
TMS-EEG (spTMS-EG), which consists of the following steps.
The time window containing TMS pulse artifacts was first removed
and replaced with an interpolation (−5–15 ms). Then the EEG data
were downsampled to 1 kHz to reduce the file size. After data
segmentation of TMS pulses (−2000–2000 ms), large fading
artifacts are automatically removed using the first ICA based on
thresholding. Band-pass filtering (1–100 Hz) is performed for slow
drift and high-frequency noise. 50 Hz Alternating Current line
noise artifacts are removed by a trap filter (48–52 Hz). Bad trials
with signal amplitudes exceeding 3 standard deviations from the
test mean are rejected. Bad channels were identified and
interpolated by adjacent trials. Remaining artifacts, such as
scalp muscle artifacts and eye artifacts, were automatically
removed using a second ICA. Clean EEG data were then re-
referenced to the common mean and corrected to the pre-TMS
pulse baseline (−550 ms–−50 ms).

TABLE 1 Demographic and clinical information of the HC and MDD group.

HCa (n = 42) MDDb (n = 41) t (χ2) p

M(SE) M(SE)

Gender 0.21 0.65

male 11 9

female 31 32

Age 31.48 (1.35) 29.29 (2.51) 0.77 0.44

Education (years) 15.67 (0.53) 10.95 (0.51) 6.42 <0.001***

HAMD-24 5.02 (0.31) 24.49 (0.10) −20.22 <0.001***

HAMA-14 4.02 (0.30) 17.27 (1.02) −12.46 <0.001***
aHC, healthy controls.
bMDD, individuals with major depressive disorder.

HDRS-24, Hamilton Depression Rating Scale-24; HAMA-14, Hamilton Anxiety Scale-14.
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2.5 Statistical analysis

All of the data analyses used the Statistical Package for the
Social Sciences (SPSS version 23, IBM). All data are expressed as
mean ± SD; The data were tested for normality using
Kolmogorov–Smirnov. For continuous variables, two-sample
t-tests were used when comparing baseline (i.e., HC vs.
MDD), but the Wilcoxon signed-rank test was used if the
normality assumption was not satisfied. For categorical
variables, chi-square tests were used. Analysis of covariance
was used where necessary to control for the effect of
covariates on the results.

In MDD patients, the Pearson correlation was used to analyze
the correlation between the TEP index and the severity of
depression. In addition, a linear logistic regression analysis was
conducted to determine the factors related to depression. The
statistically significant difference was set to p < 0.05; all tests
were two-tailed.

3 Results

3.1 Demographic and clinical assessments

The demographic and clinical information of the participants is
listed in Table 1. There was no significant difference between the
MDD and HC groups in age and gender (all p > 0.05) except
educational attainment (p < 0.001). Moreover, MDD exhibited
higher depression and anxiety scores than healthy controls (all
p < 0.001).

3.2 TEP differences between MDD and HC
control in DLPFC

We investigated the potentials evoked by TMS pulses at the
stimulation target, i.e., F3 (see Figure 2A). The P60 amplitude in
individuals with MDD was significantly lower than that of the

FIGURE 2
Waveform diagram at F3 electrode and comparison of each component. (A): TEPs induced by stimulation of F3 electrodes. (B–F): Comparison of
P30, N45, P60, N100 and P180 components between HC and MDD respectively.
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healthy controls (F = 7.44, p = 0.008**. see Figure 2D). The
amplitudes of the other components did not reach significant
differences between the two groups (for P30 amplitude, F = 0.40,
p = 0.53; for N45 amplitude, F = 1.91, p = 0.17; for N100 amplitude,
F = 0.05, p = 0.83; for P180 amplitude, F = 0.66, p = 0.42) see Figures
2B, C, E, F. Covariates in the RM MANOVA analysis included
educational attainment.

3.3 Association between depressive
symptoms and P60

We performed a Pearson correlation analysis to investigate
further the role of P60 abnormalities in the neuropathology of
MDD. The results indicated that the amplitude of the
P60 component was significantly and negatively correlated with
the severity of depression (r = −0.41, p = 0.008**. See Figure 3).

3.4 Regression analysis

To investigate whether P60 could be used as a biomarker to
examine depressive symptoms, we created a regression model of
depression severity. Considering the mismatch in education
attainment between the individuals with MDD and HC, it was
necessary to control for educational attainment as a covariate. The
results indicated that the P60 could significantly predict depressive
symptoms (B = −1.5, CI -2.61—−0.40, t = −2.75, p = 0.009**).

4 Discussion

Compared to previous studies using TMS-EEG techniques to
assess cortical inhibition. This study provides evidence for abnormal
DLPFC excitability inMDDpatients compared with healthy control.
The results showed that the cortical excitability index (P60)
measured by TMS-EEG was lower in MDD. More importantly,
this decreased cortical excitability in DLPFC correlates with the

severity of depressive symptoms. Taken together, the P60 index
induced by TMS may be of great significance for the diagnosis of
depression.

Abnormal DLPFC excitability is an important neural
mechanism of depression. Previous experiments have reportedly
typically used TMS-evoked motor potentials (MEPs) to study
abnormal cortical excitability and inhibition in MDD patients
(Oliveira-Maia et al., 2017; Khedr et al., 2020; Castricum et al.,
2022; Li et al., 2023). However. the non-motor cortex has been less
studied (mostly using TMS-evoked potentials (TEPs), and previous
studies have mostly been based on global mean field amplitudes used
to reveal changes in cortical excitability at the whole brain level (Cao
et al., 2021). Furthermore, TEPs are more sensitive than MEPs in
studying cortical excitability. this can be recorded in local and distal
electrodes, allowing the study of the spread of activation in cortical
areas. And TEPs are evoked only after stimulation of intact
functional areas of the cortex, providing direct evidence that
TEPs reflect cortical activity rather than electrical or
physiological artifacts (Jannati et al., 2023). The DLPFC is
particularly important in the neuropathology of MDD, and TMS-
EEG allows direct assessment of its excitatory and inhibitory
properties, with hypoexcitability of the DLPFC associated with
impaired emotion regulation and cognitive control, thereby
increasing the risk of undesirable behaviors in response to
negative stimuli (Koenigs and Grafman, 2009). Previous studies
have identified abnormal expression of DLPFC in MDD patients,
mainly in the form of low activity and hypometabolism of DLPFC in
neuroimaging studies (Ma, 2015; Zhang et al., 2021). Moreover,
improved clinical symptoms in depressed patients after treatment
with antidepressants are associated with increased activity of the left
DLPFC (George and Post, 2011). Our findings are consistent with
the above conclusion that depressed patients with DLPFC exhibit
hypoactivation, i.e., low amplitude of p60, which is thought to
correlate with excitability and inhibition.

Some evidence suggests that the balance of inhibition and
excitation in the DLPFC is altered in patients with major
depression. Animal models of major depression show a decrease
in GABAergic interneurons, mainly in the DLPFC region, while
human imaging studies using magnetic resonance spectroscopy
have also shown altered GABA levels in the DLPFC (Rajkowska
et al., 2007; Godfrey et al., 2018). These studies support that
prefrontal inhibition is an important feature of major depression,
but little has been done to link altered prefrontal excitability to the
neuropathological mechanisms of MDD. Previous studies have
shown that P60 reflects cortical excitatory mechanisms involving
NMDA and glutamatergic-mediated neurotransmission processes
(Gordon et al., 2023). Noda et al. found a correlation between
P60 and N100 in healthy individuals induced using a short-interval
intracortical inhibition paradigm. This correlation was suggested to
be explained by a correlation with glutamate and GABA receptor-
mediated excitation-inhibition balance (Cash et al., 2017).
Belardinelli et al. investigated the effects of anti-glutamatergic
drugs on TMS-evoked potentials and showed that the effects of
AMPA receptor antagonists on TMS-evoked potentials reduced the
amplitude of P60, reflecting that P60 may be associated with AMPA
receptor activation-mediated glutamatergic signal propagation. It is
further suggested that P60 may reflect glutamatergic-mediated
cortical excitability (Belardinelli et al., 2021). Glutamate is a

FIGURE 3
Correlation of P60 component with depression severity.
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central factor in mood disorders. It has been found that the
excitatory neurotransmitter glutamate levels are generally reduced
in MDD, especially in the prefrontal cortex (Abdallah et al., 2014;
Henter et al., 2021; Kantrowitz et al., 2021). Also, glutamate receptor
antagonists are more effective in combination with transcranial
magnetic therapy for MDD (Best et al., 2019; Elkrief et al., 2022).
In the present study, we found that the amplitude of P60 in
depressed patients was positively correlated with the severity of
depressive symptoms. This suggests a possible significant intrinsic
association of P60 with clinical depressive symptoms. This study
suggests that there may be a significant intrinsic association between
prefrontal cortex excitability and clinical depressive symptoms. And
based on previous studies, this cortical excitability is associated with
glutamatergic activity. Therefore, we hypothesize that restoring
glutamate-related cortical excitability in DLPFC may be one of
the potential neural mechanisms for treating depression, and
further research is necessary to verify this in the future. The
above findings may help clinicians objectively measure patients’
conditions, facilitate the implementation of individualized treatment
plans and improve the treatment success rate.

There are several limitations to this study. Firstly, the small
sample size makes our sample more susceptible to random
factors. Therefore, increasing the sample size would have
produced more stable results. Secondly, it can be due to the
nature of the cross-sectional study design that the present study
could not confirm whether P60 amplitude recovers with
symptom improvement, and furthermore, a causal relationship
between DLPFC excitability and depression severity could not be
obtained. Future longitudinal studies are needed to explore this
aspect more. Thirdly, each patient was taking antidepressants
during the clinical trial and we cannot exclude that medication
may have an effect on TEPs, which is not conducive to exploring
the true predictive effect of P60. In the future, further studies are
needed to verify whether group differences in P60 persist in the
absence of antidepressants. In addition, this study used the
F3 electrode point location of the EEG cap to refer to the
DLPFC, which was not accurate for every participant.
Therefore, it is necessary to use MRI-based neuronavigation
systems to identify precise targets in future studies.

Finally, the study lacked serum or cerebrospinal fluid
examinations to identify potential molecular biomarkers (such as
BDNF levels) and to explain the relationship between
neurotransmitters, and the TMS-EEG indicators may have new
findings.

In summary, this report applied TMS-EEG to confirm that
prefrontal cortex excitability is decreased in patients with major
depressive disorder and that there is a correlation between this
diminished DLPFC excitability and the severity of depressive
symptoms. TMS-EEG objectively and directly assesses the
excitatory properties of the cortex without relying on the
subjective involvement of the participant and has excellent retest
reliability. This study provides evidence for an association between
P60 and depression severity, which is expected to be integrated into
clinical assessment tools in the future.
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Effect of transdermal drug delivery 
therapy on anxiety symptoms in 
schizophrenic patients
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1 Shanghai Mental Health Center, Shanghai Jiao Tong University School of Medicine, Shanghai, China, 
2 Shanghai Institute of Traditional Chinese Medicine for Mental Health, Shanghai, China

Objective: To evaluate the efficacy and safety of transdermal drug delivery therapy 
for schizophrenia with anxiety symptoms.

Methods: A total of 80 schizophrenic patients (34 males and 56 females) with 
comorbid anxiety disorders were randomly assigned to the treatment group 
(n = 40) and the control group (n = 40) with 6 weeks of follow-up. The patients in 
the treatment group received the standard antipsychotic drug treatment along 
with transdermal drug delivery therapy. The evaluation of the patients included 
the Hamilton Anxiety Scale (HAMA), Hamilton Depression Scale (HAMD-17), and 
treatment emergent symptom scale (TESS) at baseline, 3 weeks, and 6 weeks after 
transdermal drug delivery therapy. The Positive and Negative Symptom Scale 
(PANSS) was assessed at baseline and after 6 weeks of treatment.

Results: After 3 and 6 weeks of treatment, the HAMA scale scores in the treatment 
group were lower than those in the control group (p < 0.001). However, there were 
no significant differences in the HAMD-17 scale scores, PANSS total scores, and 
subscale scores between the two groups (p > 0.05). Additionally, no significant 
differences in adverse effects were observed between the two groups during the 
intervention period (p > 0.05). After 6 weeks of penetration therapy, there was a 
low negative correlation between total disease duration and the change in HAMA 
scale score (pretreatment-posttreatment) in the treatment group.

Conclusion: Combined traditional Chinese medicine directed penetration 
therapy can improve the anxiety symptoms of patients with schizophrenia and 
has a safe profile.

KEYWORDS

schizophrenia, anxiety disorder, transdermal drug delivery therapy, efficacy, psychiatry

Introduction

The importance of anxiety in schizophrenia has been recognized for a long time, and up to 
65% of schizophrenic patients experience anxiety symptoms (Temmingh and Stein, 2015; 
Buonocore et al., 2017). Meta-analyzes and systematic reviews have demonstrated a considerable 
prevalence of social phobia, obsessive–compulsive disorder, posttraumatic stress disorder, panic 
attacks, and generalized anxiety disorder in schizophrenic patients (Achim et al., 2011; Braga 
et al., 2013); meanwhile, anxiety symptoms may be associated with depression, suicide, and 
cognitive impairment in patients and lead to increased consumption of healthcare resources 
(Temmingh and Stein, 2015). Sigmund Freud identified the emergence of psychotic symptoms 
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as a defense against a potentially heightened state of anxiety, while 
Bluler similarly emphasized the role of affective disorders in the basic 
symptoms of schizophrenia. A growing body of research has 
highlighted the important role of anxiety in the development and 
recurrence of psychosis (Gomes et al., 2019) and emphasized that 
interventions for anxiety and emotional symptoms can play a role in 
the primary and secondary prevention of psychiatric disorders (Hall, 
2017; Xi et  al., 2021). A recent meta-analysis showed that in 
schizophrenic patients, the combination of antidepressants and 
antipsychotic medication was beneficial not only regarding affective 
symptoms but also psychotic symptoms (Helfer et al., 2016).

Clinical treatment of schizophrenia with anxiety disorders is still 
dominated by antidepressant medications, anxiolytics, and 
benzodiazepines (Emsley et al., 1999; Temmingh and Stein, 2015). 
Meta-analysis showed that second-generation antidepressants had a 
higher incidence of gastrointestinal adverse effects than placebo, 
including nausea/vomiting, diarrhoea, constipation, abdominal pain, 
indigestion, anorexia, increased appetite, and xerostomia (Oliva et al., 
2021), and headache adverse reactions may occur with the 
antidepressant bupropion (Telang et al., 2018). An online investigation 
of the responses of 1,431 adult patients in 38 countries showed that 
61% of patients reported the presence of adverse effects after using 
antidepressants, including drowsiness (63%) and sexual dysfunction 
(66%) (Read and Williams, 2018). Thus, the rate of adverse effects of 
antidepressants is much higher than we  previously appreciated, 
severely affecting the quality of life of patients and often explaining 
their withdrawal from treatment. As a 5-hydroxytryptamine 1A 
receptor partial agonist, buspirone is also known to cause many 
adverse effects, including dizziness, nausea, fatigue, tremors, and 
insomnia (Strawn et al., 2018). Benzodiazepines are associated with 
the adverse effects of dizziness, fatigue, decreased concentration, and 
even addiction (Ashton, 1994; O'Brien, 2005). Neurostimulation 
techniques are an alternative to medication or adjunct to medication 
to enhance the therapeutic effect for psychiatric disorders (Gault et al., 
2018; Hyde et  al., 2022). Among them, transcranial magnetic 
stimulation (TMS) and theta burst stimulation (TBS) are noninvasive 
neurostimulation techniques, while deep brain stimulation (DBS) is 
an invasive treatment method in which stimulation electrodes are 
implanted in certain brain areas to send electrical stimulation (Ashton, 
1994; O'Brien, 2005). A preliminary study found that TMS and TBS 
were effective for anxiety treatment (Chung et al., 2015). Even with the 
noninvasive TMS treatment method, due to the direct action on local 
regions, adverse effects such as the increased risk of epilepsy, headache, 
dizziness, and facial muscle twitching may occur, with an overall 
incidence of 16.7% (Stultz et al., 2020; Rossi et al., 2021). Epilepsy was 
the most serious complication, with an incidence of 0.16% (3/1815) 
(Muller et al., 2012). These factors also affect the patient’s compliance 
with treatment, and concerns about brain stimulation influence 
patients’ choice of treatment. Therefore, clinical treatments that can 
improve anxiety symptoms without significant adverse effects are 
urgently needed to improve the accompanying anxiety symptoms in 
schizophrenic patients.

The vine stem of polygonum multiflorum thunb has the functions 
of nourishing blood and calming the mind, dispelling wind, and 
promoting blood circulation. With the addition and subtraction of 
other drugs, many Chinese herbal formulas can be formed, which are 
boiled in water and taken orally. It can be used to treat insomnia, 
blood deficiency, body pain, rheumatism, and can also be boiled in 

water and applied to the affected area to treat skin itching (Liu et al., 
2004). Studies have found that its effective components include 
stilbenes, anthraquinones, flavonoids, lecithin, tannic acid, and 
various trace elements (Lin et  al., 2015), which have multiple 
pharmacological effects, including regulating the nervous system, 
antioxidant, immune modulation, lowering blood sugar, and reducing 
blood lipids (Lin et al., 2015). The main components of vine stem of 
polygonum multiflorum thunb are metabolized by the liver and kidney. 
Long-term use can cause a heavy burden on the liver and affect its 
detoxification function. Some patients may experience drug-induced 
liver damage (Dong et al., 2014). Transdermal drug delivery therapy 
is a method of external treatment in traditional Chinese medicine. 
Transdermal drug delivery therapy is an external Chinese medicine 
treatment method that uses body electrodes containing the volatile oil 
of the vine stem of Polygonum multiflorum Thunb as a substrate for 
drug penetration by selecting appropriate acupoints under the 
guidance of meridian doctrine. By means of skin administration, it 
avoids both the irritation of oral drugs to the gastrointestinal tract and 
the side effects of hepatic and renal injury and is painless and free of 
toxic side effects.

Materials and methods

Participation

Patients with schizophrenia were recruited from the inpatient 
department of Shanghai Mental Health Center from September 2021 
to January 2022 and were randomly divided into treatment and 
control groups, with 40 cases in each group (with 36 male and 64 
female patients, see Table 1). The inclusion criteria were as follows: (1) 
meeting the diagnostic criteria of ICD-10 schizophrenia and 
generalized anxiety disorder, (2) both patient groups received the 
second-generation antipsychotic medication, Olanzapine, at a dose of 
10-25 mg, for 2 weeks and the dosage remained unchanged throughout 
the intervention period, (3) PANSS scale total score > 60, anxiety 
symptoms remained stable for more than 2 weeks after treatment, 
medication regimen remained unchanged during the intervention 

TABLE 1 Comparison of general characteristics.

Treatment 
group

Control 
group

t/x2 p value

Gender

  Male 18 16 0.205 0.651

  Female 22 24

Marital status

  Married 25 21 1.035 0.793

  Single 12 14

  Divorced 2 3

  Widowed 1 2

Mean age 50.80 ± 10.99 48.90 ± 11.84 0.744 0.459

Education 10.73 ± 2.89 10.95 ± 2.855 −0.350 0.727

Course of 

disease
26.38 ± 10.272 25.65 ± 8.123 0.350 0.727
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period, 14 points < HAMA ≤21 points, (4) 18–70 years old; (5) have 
more than 5 years of education; (6) determined to be free of severe 
physical or mental disasters, history of alcohol or drug abuse, or recent 
major psychological stress; and (7) signed a written informed consent 
form before participating in this study.

Study design

Based on the original second-generation antipsychotic medication 
and routine care, patients in the treatment group were treated with 
transdermal drug delivery therapy (Directional drug delivery 
instrument: Nanjing Ding Shi Medical Equipment Co. No. DS-MF2B, 
Figure 1). Each session is performed at the ST36 (Zusanli) and SP6 
(Sanyinjiao) acupuncture points, and a body electrode containing 
volatile oil of the vine stem of Polygonum multiflorum Thunb is used 
to penetrate the herbal medicine and introduce it through the 
bioelectricity of the instrument. Twelve consecutive sessions were 
considered 1 course of treatment, with a 3-day interval between each 

course, for a total of 3 courses of treatment, and the entire intervention 
was 6 weeks. Patients in the control group were administered the 
original second-generation antipsychotic medication regimen and 
given routine care. The study was approved by the Ethics Committee 
of Shanghai Mental Health Center (ethical approval number: 2017-
35). All patients signed an informed consent form to participate in 
the study.

Treatmental index

The Hamilton Anxiety Inventory (HAMA), Hamilton Depression 
Inventory (HAMD-17 items), and TESS were assessed at baseline and 
at 3 weeks and 6 weeks of treatment. The PANSS scale consists of 7 
items on the positive scale, 7 items on the negative scale, and 16 items 
on the general psychopathology scale to assess the severity of 
psychiatric symptoms. The PANSS score was assessed at baseline and 
6 weeks. The TESS scale consists of 3 parts, including symptom 
severity, relationship with medication, and management measures, 

FIGURE 1

Schematic diagram of transdermal drug delivery therapy. Two acupuncture points were administered on one side of the body for 20 min; this was 
repeated on the other side the next day to prevent skin damage.
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and the frequency of symptoms observed in this study. The HAMA 
scale was developed by Hamilton in 1959; it is one of the most 
commonly used scales in psychiatric practice and consists of 14 items, 
with all options rated on a 5-point scale from 0 to 4. The HAMD-17 
was developed by Hamilton in 1960 and is the most commonly used 
scale to assess depressive states in clinical treatment. A total score of 
≤7 is normal; a total score of 8–17 indicates mild depression; a total 
score of 18–24 indicates moderate depression; and a total score of ≥25 
indicates major depression.

Data statistics

SPSS 23.0 statistical software was applied for descriptive analysis 
and general statistics of the data. Descriptive analysis was performed 
for each efficacy indicator at each follow-up time point. The 
measurement data are expressed as the mean ± standard deviation, 
and the count data are expressed as percentages. The general 
demographic data of patients in both groups at baseline were 
statistically analysed by chi-square and t-tests, and the patients’ 
HAMA and HAMD scale scores were analysed by repeated-measures 
ANOVA at baseline and at weeks 3 and 6 after enrolment. The t test 
was used for comparison between groups, and the chi-square test was 
used for comparison of the incidence of adverse reactions between the 
two groups. Differences were considered statistically significant for 
values of p < 0.05.

Results

General statistics

In this study, we included 80 patients who were randomly divided 
into the treatment group and the control group. The treatment group 
was comprised of 18 male and 22 female patients, who were aged from 
30 to 69 years, with 6–15 years of education and a total disease course 
lasting 5–49 years; additionally, 25 of the patients were married, 12 
were unmarried, 2 were divorced, and 1 was widowed. The control 
group was comprised of 16 male and 24 female patients, who were 
aged 30–69 years, with 6–15 years of education and a total disease 
course lasting 12–39 years; additionally, 21 of the patients were 
married, 14 were unmarried, 3 were divorced, and 2 were widowed. 
No significant differences were found between the two groups in 
terms of age, education, total duration of illness, marital status or sex 
composition ratio (p > 0.05) (see Table 1).

Comparison of HAMA scale scores 
between the two groups

At baseline, the difference between the two groups was not 
statistically significant (p > 0.05). By repeated-measures ANOVA, 
there was a significant difference between the group main effect 
(F = 9.270, p = 0.003) and a statistically significant time main effect 
(F = 61.365, p < 0.001) between the two groups, and there was an 
interaction effect (F = 40.957, p < 0.001), so simple effects analysis 
was used. A two-sample t-test was performed at each time point, 

and the HAMA scale scores of the study group were considerably 
lower than those of the control group after 3 weeks and 6 weeks of 
transdermal drug treatment (all p < 0.001); repeated-measures 
ANOVA was performed at different time points for each group with 
fixed grouping factors, and the statistical results showed a significant 
decrease in HAMA scores after treatment in the study group (all 
p < 0.05), as shown in Table 2.

Comparison of HAMD-17 scale scores 
between the two groups

At baseline, the difference in HAMD-17 scale scores between the 
treatment and control groups was not statistically significant (p > 0.05). 
By repeated-measures ANOVA, the group main effect was not 
significantly different between the transdermal permeation treatment 
and control groups (F = 0.310, p = 0.579), and the main effect of time 
was significantly different (F = 7.583, P < =0.005), with no interaction 
(F = 1.083, p = 0.311), see Table 3.

The HAMA scale has 14 factors; items 7–13 represent somatic 
anxiety, while items 1–6 and 14 represent psychogenic anxiety. The 
change in each factor of the HAMA scale can be calculated by the 
change from the scores at baseline and after treatment. The changes in 
HAMA scores did not conform to normal distribution, so a 
nonparametric test (Mann–Whitney) was applied. Statistical results 
showed that psychogenic anxiety behaviors (tension, insomnia, 
behavioral manifestations during talks) and somatic anxiety behaviors 
(muscular system symptoms and genitourinary system symptoms) 
were significantly alleviated after the intervention (Z = −3.617, −5.925, 
−3.342, −3.087, −2.961; p < 0.01), see Table 4.

Comparison of PANSS between the two 
groups

At baseline, no statistically significant differences were seen 
between the two groups in the PANSS scale total score and each 
subscale score (p > 0.05), while the comparison did not show 
statistically significant differences between the groups after being 
treated for 6 weeks (p > 0.05) (see Table 5).

We also evaluated the factors affecting the effectiveness of Chinese 
medicine targeted penetration therapy. As shown in Figure 2, after 
6 weeks of penetration therapy, there was a low negative correlation 
between total disease duration and the change in HAMA scale score 
(pretreatment-posttreatment) in the treatment group (R = -0.512, 
p = 0.001, Figure  2A). Additionally, a low positive correlation was 
found between the baseline HAMA scale score and the change in 
HAMA scale score in the treatment group (R = 0.483, p = 0.002, 
Figure 2B).

Comparison of side effect incidence 
between the two groups

There was no significant difference in the incidence of adverse 
effects within the TESS scale between the two groups (p > 0.05) (see 
Table 6).
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Discussion

The present research investigated the efficacy of external Chinese 
medicine treatment methods for patients with schizophrenia with 
anxiety disorders. The results of this study showed that 1. At baseline, 
there were no significant differences in demographic and clinical 
parameters between the observation group and the control group 
(p > 0.05). 2. At the end of the 3rd and 6th week of intervention, 
patients treated with transdermal drug delivery therapy had lower 
HAMA scale scores compared to the control group (p < 0.001), 
indicating that transdermal drug delivery therapy can improve anxiety 
symptoms in patients. 3. There were no significant differences in the 
occurrence and frequency of adverse reactions between the two 
groups after intervention (p > 0.05), suggesting that transdermal drug 
delivery therapy has a high level of safety. 4. There were no significant 
differences between the two groups in the PANSS total score, subscale 
scores, and HAMD-17 scores before and after the intervention 
(p > 0.05), indicating that the 6-week transdermal drug delivery 
therapy had no impact on psychotic symptoms and depressive 
symptoms. The results of this study suggest that transdermal drug 
delivery therapy can improve anxiety symptoms in patients with 
schizophrenia and has a high level of safety.

Regarding mild anxiety disorders, psychotherapy, exercise therapy 
and internal and external Chinese medicine can be considered as first-
line treatment to relieve anxiety while ensuring sufficient sleep and 
consumption of vegetables and fruits, performing more aerobic 
exercises, etc. For moderate and severe anxiety disorders, a 
combination of Chinese and Western medicinal regimens can be used 
to decrease drug onset time and achieve better clinical efficacy with a 
lower dose of drugs and fewer adverse effects. In this study, we selected 
Chinese medicine targeted transdermal therapy as the intervention 
method, which is a method of physically enhancing the delivery of 
topical drugs (Raphael et al., 2015) using heat therapy, bionic massage 
and bioelectric conduction. In the past 20 years, this technology has 
displayed promising performance in physiotherapy and transdermal 

drug delivery; for instance, its therapeutic effects have been 
demonstrated in dysmenorrhea, uterine cold and gynecological 
inflammation in obstetrics and gynecology; enlarged prostate and 
urinary frequency and urgency in males; adjuvant treatment in 
diabetes; stomach pain, diarrhoea, insomnia and other diseases. Thus, 
traditional Chinese targeted transdermal therapy can be used as a 
supplementary treatment for various ailments. In recent years, several 
studies have shown that Chinese medicine targeted transdermal 
therapy can improve the therapeutic effect of insomnia (Chen et al., 
2017; Xie et al., 2019); furthermore, it has been shown that in the 
clinical treatment of depression, the combination of traditional 
Chinese targeted transdermal therapy with pharmacotherapy is highly 
effective and safe in improving patients’ anxiety symptoms with high 
efficiency and safety (Su and Huang, 2019). A study by Zhuang 
concluded that Chinese medicine-targeted transdermal therapy could 
improve anxiety in patients with somatization disorder (Zhuang, 
2019). Shang et  al. showed that psychological care could alleviate 
patients’ anxiety and improve their quality of life (Shang and Jiang, 
2016). Similar results were obtained in the present study. After 3 weeks 
of intervention using Chinese medicine-directed transdermal therapy, 
the patients’ HAMA scale scores were significantly lower than those 
of the control group (p < 0.001), and no significant difference was 
observed in the frequency of adverse effects (p > 0.05), suggesting that 
this therapy can improve the anxiety symptoms of patients with 
schizophrenia and has a good safety profile. There was no significant 
difference between the PANSS scale total score and subscale subgroups 
of the two groups before and after the intervention, which suggests 
that Chinese medicine-directed transdermal treatment has no effect 
on psychiatric symptoms.

Chinese medicine classifies anxiety disorders into three types: 
heart deficiency and timidity, phlegm-heat disturbing the mind, and 
liver and kidney yin deficiency. The heart deficiency and timidity 
disorders may manifest as restlessness, frequent dreaming and waking 
up, palpitations and less food, and aversion to hearing sounds. By 
nourishing the heart, tranquilizing the mind, dispelling wind, and 

TABLE 2 Comparison of HAMA scale scores (x±s).

Cases Baseline 3 weeks 6 weeks F value (p value)

Group 
Main 
Effect

Time 
Main 
Effect

Interaction 
Effect

Simple 
Effects

Treatment 

group
40 17.80 ± 1.539 16.10 ± 1.676 15.38 ± 1.764

9.270 (0.003)
61.365 

(0.000)
40.957 (0.000) 54.901 (0.000)

Control group 40 17.58 ± 1.615 17.58 ± 1.615 17.28 ± 1.797 11.323 (0.002)

t 0.638 −4.007 −4.772

P 0.526 0.000 0.000

TABLE 3 Comparison of HAMD-17 scale scores (x±s).

Cases Baseline 3 weeks 6 weeks F value (p value)

Group 
main 
effect

Time main 
effect

Interaction 
effect

Treatment group 40 10.05 ± 1.037 9.93 ± 0.917 9.88 ± 0.883
0.310 (0.579) 7.583 (0.005) 1.083 (0.311)

Control group 40 10.13 ± 1.137 10.05 ± 1.061 10.05 ± 1.061
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clearing ligaments, the vine stem of Polygonum multiflorum Thunb, as 
the active ingredient of transdermal drug delivery therapy can 
improve symptoms such as fatigue, insomnia and dreaminess and 
therefore can be used in the treatment of anxiety disorders. In 2020, 
meta-analysis researchers conducted a review of the literature on 
Chinese herbal medicine for insomnia with anxiety from 2000 to 
September 2017and concluded that the vine stem of Polygonum 
multiflorum Thunb was among the top  10 most frequently used 
prescribed medicines for the clinical treatment of insomnia with 
anxiety (Liu and Wang, 2018). For example, Danzhi Xiaoyao powder 
(Liu C. et al., 2021; Shi et al., 2021), which contains the vine stem of 
Polygonum multiflorum Thunb in its composition, has been shown to 
improve anxiety and insomnia symptoms in patients. It was also 
reported that extracts of the vine stem of Polygonum multiflorum 
Thunb depress the central nervous system and prolong sleep time in 
animals, suggesting that nightshade extracts may alleviate anxiety 
symptoms the next day by improving sleep quality (Sun and Wen, 
2008). The inflammatory response is a major mechanism of anxiety 
behaviors, and studies have found that patients with anxiety disorders 
have significantly elevated levels of proinflammatory cytokines 
compared to healthy individuals (Duivis et al., 2013), meanwhile, the 
stem of Polygonum multiflorum Thunb, which has been shown to have 
inhibitory activities against COX-1, COX-2, and 5-LO, indicating its 
anti-inflammatory benefits (Li et al., 2003).

In the present study, we selected the ST36 and SP6 acupoints exert 
anxiolytic effects and our results demonstrate that targeted penetration 
therapy significantly alleviates anxiety symptoms in schizophrenic 
patients. ST36 (Zusanli) is a very famous acupuncture point with 
excellent tonic effects for treating stomach pain, indigestion, gastric 
distension, and hypertension and is one of Sun Simiao’s Thirteen 
Ghost Acupuncture Points for treating neurological disorders such as 
depression, anxiety, and schizophrenia (Le et al., 2016). A study found 
that electroacupuncture at acupoint ST36 could moderate anxiety-like 
behaviors in a rat model of PTSD (Liu et al., 2019). SP6 (Sanyinjiao) 
is the meeting point of the Spleen Meridian of ZuTaiyin, Kidney 
Meridian of Zushaoyin and Liver Meridian of ZuJueyin. Targeting it 
clinically can treat a variety of diseases, such as genital and urinary 
disorders (diarrhoea, bloating, dysmenorrhea, enuresis), palpitation, 

insomnia, hypertension, etc. A study by Du et al. (2022) indicated that 
electroacupuncture of SP6 could improve insomnia, anxiety, and 
depression symptoms in patients. The mechanisms underlying this 
targeted penetration therapy are currently the subject of several 
ongoing studies. Xing Yushuang et  al. showed that acupuncture 
(ST36 + SP6) could alleviate anxiety in rats with alcohol withdrawal 
anxiety, and its anxiolytic mechanism of action was shown to 
be related to the regulation of cAMP-CRH interaction in hippocampal 
tissue in the rat brain (Xing et al., 2019). An acupuncture treatment 
acting on ST36 and SP6 acupoints attenuated anxiety-like behavior in 
rats by modulating the hippocampal inflammatory response and 
metabolic disorders as well as the HPA axis through effects on the gut 
microbiome (Zhou et al., 2022). Electroacupuncture stimulation of the 
ST36 acupuncture point to activate the vagal-adrenal axis to suppress 
systemic inflammation depends on NPY+ adrenal chromaffin cells 
and PROKR2Cre-marked sensory neurons (Liu et al., 2020; Liu S. et al., 
2021). The stem of Polygonum multiflorum Thunb extract has anti-
inflammatory activity, and stimulation of the ST36 and SP6 acupoints 
modulates the hippocampal inflammatory response and activates the 
vagus-adrenergic axis and the HPA axis; when used together, the two 
may jointly play an effective role in alleviating anxiety behavior in 
schizophrenic patients. In our subsequent studies, emphasis will 
be  placed on the biological mechanisms of traditional Chinese 
medicine permeation therapy to better facilitate its application in 
clinical treatment.

The current study conducted a correlation analysis of the potential 
factors influencing the effectiveness of targeted penetration therapy, 
revealing that the longer the duration of schizophrenia, the worse the 
treatment effect. In traditional Chinese medicine theory, the initial 
stage of anxiety disorder is mostly characterized by mental symptoms 
such as nervousness and insomnia, and as the disease progresses, 
somatic anxiety becomes the main symptom, manifesting as the 
muscular system and genitourinary system symptoms, which 
increases the difficulty of treatment. This is also consistent with the 
literature reports that a longer duration of untreated psychosis and 
relapses are modestly related to worse outcomes, and early 
antipsychotic treatment in the prodromal stage can achieve better 
results (Sarotar et al., 2008; Fountoulakis et al., 2020). This study also 

TABLE 4 The change in each factor of the HAMA scale [M (P25, P75)].

Cases Tension Insomnia Muscular 
system

Genitourinary 
system

Behavioral 
manifestations 

during talk

Treatment group 40 0 (0,1) 1 (0,1) 0 (0,1) 0 (0,1) 1 (0,1)

Control group 40 0 (0,0) 0 (0,0) 0 (0,0) 0 (0,0) 0 (0,0)

TABLE 5 Comparison of PANSS scale total score and each subscale score (x±s).

Groups Cases Positive scale score Negative scale score General 
psychopathological 

scales

PANSS total score

Baseline 6 weeks Baseline 6 weeks Baseline 6 weeks Baseline 6 weeks

Treatment 40 16.30 ± 1.757 15.93 ± 1.730 30.88 ± 2.151 30.18 ± 2.049 38.25 ± 4.174 37.98 ± 4.197 85.43 ± 5.022 84.40 ± 5.148

Control 40 16.20 ± 1.800 15.70 ± 1.522 31.48 ± 2.439 30.58 ± 2.218 39.00 ± 4.326 38.85 ± 4.246 86.68 ± 5.749 85.65 ± 5.596

t 0.251 0.617 −1.167 −0.838 −0.789 −0.927 −1.036 −1.04

P 0.802 0.539 0.247 0.405 0.432 0.357 0.304 0.302
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found that the higher the baseline HAMA scale (i.e., the more severe 
the underlying anxiety symptoms), the more obvious the improvement 
in anxiety after traditional Chinese Medicine treatment. In conclusion, 
our results suggest a correlation between the improvement effect of 
treatment on anxiety disorders in patients with schizophrenia and the 
duration of illness and baseline anxiety level, providing a theoretical 
basis for large-scale clinical implementation. Patients with 
schizophrenia with a short duration of disease and significant anxiety 
symptoms should be targeted for treatment.

In conclusion, transdermal drug delivery therapy, as a simple and 
convenient method of external Chinese medicine treatment, using 
vine stem of polygonum multiflorum thunb as the penetrant and 
acupoints of ST36 + SP6, significantly improves the anxiety symptoms 
of patients with schizophrenia, with minimal adverse effects and a 
good safety profile. However, this study had a small sample size and 
was conducted as a preliminary exploratory study. There was no 
testing of inflammatory factors, serotonin, dopamine, or other 
biomarkers that may be related to anxiety before and after intervention, 
nor was there a breakdown of the active ingredients in the vine stem 
of polygonum multiflorum thunb. These limitations are regrettable for 
identifying the effective components of the treatment and the 
biological markers. Nevertheless, our study provides a new approach 
to improving anxiety in patients with schizophrenia, and future 
studies need to be conducted on a larger scale in multiple centers with 

more comprehensive research designs, including a group treated with 
“body electrode with bioelectricity of the instrument” as a control and 
further clarification of the biological mechanisms of targeted 
transdermal drug delivery through animal experiments.
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FIGURE 2

Correlation between the change in HAMA scale score with disease duration and baseline score after the intervention in the treatment group. (A) The 
correlation between total disease duration and the change in HAMA scale score (pretreatment-posttreatment) in the treatment group (R = −0.512, 
p = 0.001). (B) The correlation between the baseline HAMA scale score and the change in HAMA scale score (R = 0.483, p = 0.002).

TABLE 6 Comparison of the incidence of side effects.

Cases Hypopraxia Insomnia Myotonia Tremor

Treatment group 40 2 (5.0) 3 (7.5) 2 (5.0) 3 (7.5)

Control group 40 3 (7.5) 5 (12.5) 3 (7.5) 4 (10.0)

X2 0.213 0.556 0.213 0.157

P 0.500 0.712 0.500 0.692

Cases Xerostomia Akathisia Diarrhoea Dizziness

Treatment group 40 4 (10.0) 4 (10.0) 1 (2.5) 1 (2.5)

Control group 40 4 (10.0) 6 (15.0) 2 (5.0) 0 (0)

X2 0.00 0.457 0.346 1.013

P 1.00 0737 1.000 1.000
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Melatonin-related dysfunction in
chronic restraint stress triggers
sleep disorders in mice
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Stress may trigger sleep disorders and are also risk factors for depression. The
study explored the melatonin-related mechanisms of stress-associated sleep
disorders on a mouse model of chronic stress by exploring the alteration in
sleep architecture, melatonin, and related small molecule levels, transcription and
expression of melatonin-related genes as well as proteins. Mice undergoing
chronic restraint stress modeling for 28 days showed body weight loss and
reduced locomotor activity. Sleep fragmentation, circadian rhythm disorders,
and insomnia exhibited in CRS-treated mice formed sleep disorders.
Tryptophan and 5-hydroxytryptamine levels were increased in the
hypothalamus, while melatonin level was decreased. The transcription and
expression of melatonin receptors were reduced, and circadian rhythm related
genes were altered. Expression of downstream effectors to melatonin receptors
was also affected. These results identified sleep disorders in a mice model of
chronic stress. The alteration of melatonin-related pathways was shown to trigger
sleep disorders.

KEYWORDS

chronic restraint stress, sleep disorders, melatonin, sleep fragmentation, circadian
rhythm, insomnia

1 Introduction

Sleep affects various physiological homeostasis and has a pivotal role in regulating the
central nervous system functions (Tononi and Cirelli, 2014; Cuddapah et al., 2019). Sleep
disorders are commonly associated with neurological pathogenesis and may indicate some
neurodegenerative processes (Musiek and Holtzman, 2016). Sleep disorders include
insomnia, narcolepsy, sleep apnea syndrome, circadian rhythm disorders, etc., affecting
up to 40.49% population during 2019–2021 and becoming a significant public health
concern (Jahrami et al., 2022). Insomnia, the most prevalent type of sleep disorder, is
characterized by difficulty in sleep initiation and maintenance (Riemann et al., 2020).
Circadian rhythm disorders include advanced or delayed sleep phase disorder and irregular
sleep-wake rhythm (Allega et al., 2018). Sleep disorders are tightly linked with functional
consequences like decreased attention and concentration, an increased risk of disease, lower
work productivity, etc (Battle, 2013). Sleep is sensitive and can easily be affected.
Predisposing factors for sleep disorders include age, sex, environment, stress, irregular
sleep-wake schedule, etc (Billings et al., 2020; Meyer et al., 2022). A study has indicated that
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poorer sleep is associated with elevated feelings of stress in both
individuals with sleep disorders and individuals from the general
population (Demichelis et al., 2022). Increased levels of stress at
night lead to decreases in slow wave sleep, sleep efficiency, and
general sleep quality (Kim and Dimsdale, 2007). Stressful life events,
related to work/school living, family, health, or indeterminate with
negative emotional valence, are the most frequent triggers of
insomnia (Bastien et al., 2004; Drake et al., 2014). In addition,
many neuropsychiatric disorders, especially depression, can lead to
sleep disorders. Sleep disorders are the most prominent symptom in
depressive patients (Fang et al., 2019).

Sleep is regulated by circadian and homeostatic processes (Saper
et al., 2005; Borbély, 2022). Melatonin (N-acetyl-5-
methoxytryptamine) is an endogenous hormone that interacts
with membrane melatonin receptors MT1 and MT2, two
different types of G-protein-coupled receptors expressed both in
brain regions and peripheral tissues (Pandi-Perumal et al., 2008;
Pohanka, 2022). Melatonin regulates the circadian rhythm and
affects sleep architecture. The central actions of melatonin on
circadian rhythms focus on the hypothalamus, especially the
suprachiasmatic nucleus (SCN) (Slominski et al., 2012).
Melatonin also functions on the cortex, cerebellum,
hippocampus, substantia nigra, and ventral tegument. Melatonin
provides feedback signals to the SCN, having two distinct actions on
the suprachiasmatic circadian clock, an acute inhibitory effect on
neuronal firing and a phase-shifting effect on rhythm to regulate
sleep (Liu et al., 1997; Cruz-Sanabria et al., 2023). The SCN neurons
exhibit spontaneous circadian rhythms by interacting with positive
and negative transcriptional-translational feedback loops (TTFLs),
which contain clock genes and proteins. The positive transcriptional
part of TTFLs consists of brain and muscle ARNT-like 1 (Bmal1)
and circadian locomotor output kaput (Clock). Bmal1/Clock
heterodimers bind to E-box components of the promoters of the
Period (Per1-3), Cryptochrome (Cry1, 2), and Reverb (Nr1d1,
Nr1d2) genes, whose proteins suppress the positive part of the
loop (Musiek and Holtzman, 2016). At the molecular level,
melatonin affects the circadian expression of clock genes. The
mRNA transcription patterns of Per1 and Bmal1 in the rat SCN
are phase shifted during the second night after 1 mg/kg melatonin
injection (Poirel et al., 2003).

The function of melatonin is related to its central and peripheral
concentrations. It has been proved that exogenous melatonin
administration during the daytime increases subjective sleepiness
(Lok et al., 2019). Melatonin synthesis and secretion occur in the
pineal gland (Klein and Moore, 1979). The synthesis of melatonin
involves several enzymes and small molecular compounds. Firstly,
tryptophan (Trp) is transported into the cell and forms serotonin (5-
hydroxytryptamine, 5-HT) by tryptophan-5-hydroxylase and 5-
hydroxytryptophan decarboxylase. Then, 5-HT is acetylated by
aralkylamine-N-acetyltransferase and methylated by
N-acetylserotonin-O-methyltransferase to form melatonin
(Acuña-Castroviejo et al., 2014).

It has been widely agreed that sleep disorders are linked to stress
(Åkerstedt et al., 2012; Veeramachaneni et al., 2019). In clinical
observations, chronic stress is one of the key risk factors for
depression (Cruz-Pereira et al., 2020). Sleep disorder is a
symptom of depression (Steiger and Pawlowski, 2019). The
potential mechanisms between depression and sleep disorders

have been associated with several pathways, including
inflammation, neurotransmitters, and circadian rhythm, but the
precise molecular mechanism of how depression induces sleep
disorders remained unclear (Fang et al., 2019). Therefore, to
elucidate the specific mechanism underlying the sleep disorders
caused by chronic stress, we used a chronic restraint stress (CRS)
mouse model to simulate chronic daily stress in humans.

Numerous studies have shown that CRS treatment can cause
physiological and psychological stress in rodents by restricting
movement in narrow spaces (Campos et al., 2013). CRS is a
commonly used model of depression, and 28 days of such treatment
causes depression in animals (Lin et al., 2021; Zhou et al., 2021). Some
articles have studied the effects of short-term (<2 weeks) restraint stress
on sleep in mice, but no long-term studies. (Meerlo et al., 2001; Koehl
et al., 2006; Tang et al., 2007; Xu et al., 2023). In the present study, we
built a mouse model by CRS 10 h each day for 28 days mimicking
chronic stress, long-term stress-associated sleep structure, and disrupted
circadian rhythm in patients.We then focused onmelatonin, a key sleep
regulator, including its content, synthesis, interaction with receptors,
and regulation of circadian rhythm genes and proteins. Our study aims
to provide a route for developing better treatment for sleep disorders.

2 Materials and methods

2.1 Animals modeling

Male ICR mice (4-week-old, weighing 20–22 g) were purchased
from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and randomly assigned into different groups by
weight to equalize the average weight in each group. Four mice were
housed per cage, maintained at a constant temperature (25°C ±
0.5°C) and humidity (50% ± 10%) under an automatically controlled
12 h light/dark cycle, with ad libitum access to food and water. The
light started at 9:00, defined as zeitgeber time (ZT) 0. All animal
procedures were approved by the Animal Ethics Committee of the
Institute of Medicinal Plant Development, Chinese Academy of
Medical Sciences (approved No. SLXD-20210826023) and
maintained adherence to the National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals.

After 3 days of acclimatization, the mice in the CRS-treated
group were individually placed into a plastic cylinder (width: 3 cm)
with holes at the bottom to allow free breathing (Wang et al., 2022),
for 10 h (9:00–19:00) per day, for 14, 21, or 28 consecutive days
(Figure 1A). The cylinder length was adjusted according to the
mouse size to ensure complete restraint. The control mice did not
receive food and water during the time the CRS-treated groups were
subjected to stress. After CRS completion, the mice were returned to
their cages with free access to food and water. The body weight (BW)
of the animals was recorded every 3–4 days (Figure 1A).

2.2 Open field test

The open field test (OFT) was conducted on day 29 after
modeling. The mice were placed individually in the center of
Plexiglas boxes (30 × 28 × 35 cm) to record locomotor behaviors
within 10 min after adapting to the new environment for 3 min.
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Locomotor activity was expressed as movement time (s) and
distance (cm) using a video-tracking and analysis system (KSYY-
OP-V4.0, Beijing, China).

2.3 Pentobarbital-induced sleep test

After the OFT, the pentobarbital-induced sleep test (PST) was
performed between ZT 4.0–8.0 on day 29. The mice were moved to
the testing room to adapt for 1 h, after which mice were injected
intraperitoneally with 40 mg/kg (subthreshold dose) pentobarbital
sodium to observe and record the number of mice falling asleep in
each group within 30 min (Zhong et al., 2021). When the mice lost
the righting reflex for about 1 min, they were considered
asleep. Other mice were treated with pentobarbital (65 mg/kg, i.
p.) to measure the sleep latency (time between pentobarbital
injection and sleep onset) and duration (time between righting
reflex loss and recovery) (Dong et al., 2021). The observers
scoring these variables were blinded to grouping.

2.4 Electrode implantation

Mice in the control (n = 6) and CRS 28 d (n = 6) groups were
anesthetized with 70 mg/kg pentobarbital and placed in a
stereotaxic frame (RWD Life science Co., Ltd, Shenzhen,
China). For electroencephalogram (EEG) monitoring, three
stainless steel recording screws were implanted epidurally
over the right frontal cortex (ML + 1.0 mm, AP + 1.5 mm
from lambda) and the right parietal cortex (ML + 2.0 mm,
AP—3.0 mm from lambda), and the cerebellum (ML 0.0 mm,
AP—2.0 mm from bregma) as a reference electrode. For
electromyography (EMG) monitoring, two flexible stainless-
steel wire electrodes were placed bilaterally into the neck
muscles to record postural tone. All screws were fixed on the
skull surface with a dental base acrylic resin by connecting to a
mini-connector to provide insulation and structural stability.
Mice were allowed to recover in their cage for ≥10–14 days
before EEG/EMG recordings. CRS-treated animals started with
restraint on the second day after surgery.

FIGURE 1
Effects of CRS on weight, locomotor activity, and sleep in mice (n = 10–12). (A) Experimental design of CRS-induced sleep disorders. Group CRS
(28 days) was restrained on day 1 while group CRS (21 days) and group CRS (14 days) were restrained on day 8 and 15, respectively. (B) Body weight. (C)
Movement distance of OFT. (D)Movement time of OFT. (E) Sleep latency. (F) Sleep duration. Data are presented as mean ± SEM. Compared with control
group, *p < 0.05, **p < 0.01, ***p < 0.001.
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2.5 EEG/EMG recording and analysis

Mice in the control (n = 6) and CRS 28 d (n = 6) groups were
recorded individually in each chamber for 24 h (starting at ZT 0 on
day 29) after acclimation. EEG/EMG signals were filtered (band
passes EEG 0.5–49 Hz, EMG 10–100 Hz) and digitized at a sampling
rate of 512 Hz using Sirenia Acquisition (Pinnacle Technology,
Michigan, United States). EEG and EMG signals were subjected
to spectral analysis by fast Fourier transformation using Sirenia
Sleep Pro (Pinnacle Technology, Michigan, United States). Vigilance
states were classified as wake, NREMS (non-rapid eye movement
sleep), and REMS (rapid eye movement sleep) for each 10 s epoch
according to EEG patterns of delta power (0.5–4 Hz), theta power
(4.0–8.0 Hz), and the integral of EMG signals as previously
described (Yasugaki et al., 2019). For each epoch, we first
determined the brain state using a threshold algorithm. The state
of wake included states with high EMG power or low delta power
without elevated EMG activity. A state was classified as NREM if the
delta power was larger than the delta threshold with low EMG
power. A state was assigned as REM if the delta power was lower
than the delta threshold with high theta power and low EMG power.
Then, we manually verified the automatic sorting to ensure that all
states were assigned correctly. Every epoch contained several states
(wake, NREMS, REMS), defined as the state that lasted the longest
time. The standard for one count of any state was ≥2 consecutive
epochs having the same state.

2.6 Transcriptomic analysis

Mice in the control (n = 4) and CRS 28 d (n = 4) groups were
anesthetized and sacrificed parallelly during ZT 2.0–3.0 on day 29.
Total RNA from the hypothalamus was by Trizol Reagent (Solarbio,
Beijing, China) and RNA-Seq analysis was performed. RNA quality
was measured using NanoDrop 2000and8000, Agilent
2100 Bioanalyzer, Agilent RNA 6000 Nano Kit, and RNA was
sequenced using Illumina NovaSeq 6000 platform. The per
kilobase of exon model per million mapped fragments of gene
expression for each sample was calculated using HTSeq. To
obtain and adjust the p-values between samples, a negative
binomial distribution test and false discovery rate estimation
were used. Differentially expressed genes (DEGs) were defined as
those having adjusted p-values <0.05.

2.7 Real-time quantitative PCR

Mice in the control (n = 6) and CRS 28 d (n = 6) groups were
anesthetized and sacrificed in parallel during ZT 2.0–5.0 on day 29.
Total RNA was extracted from the hypothalamus using Trizol
Reagent (CW0580A; CWBIO, Beijing, China) according to the
manufacturer’s protocol and cDNA was generated by reverse
transcription using the All-in-One First-Stand cDNA Synthesis
Kit (P31012, TransGen Biotech, Beijing, China) with 2 μg of
RNA as template. Real-time quantitative PCR (qRT-PCR) was
performed using the TransStart Top Green qPCR SuperMix Kit
(O21225, TransGen Biotech, Beijing, China). Each sample was
tested in triplicate, and the results of relative mRNA levels were

calculated using the 2−ΔΔCT method and normalized to the
expression of the housekeeping gene ß-actin. qPCR primers were
synthesized by Sango Biotech (Shanghai, China); sequences are
shown in Table 1.

2.8 Liquid chromatography-tandem mass
spectrometry analysis

The levels of Trp and γ-aminobutyric acid (GABA) in the
hypothalamus and cortex were measured by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) by using a Prominence LC
system (SHIMADZU, Kyoto, Japan) connected with a QTRAP
5500 mass spectrometer (AB SCIEX, Foster City, CA). A Restek
Ultra Aqueous C18 column (3 μm, 100 mm × 2.1 mm, Bellefonte,
PA, United States) was used for chromatographic separation.
Acetonitrile and water containing 0.1% formic acid constituted the
mobile phase at an eluting rate of 0.4 mL/min. The hypothalamus and
cortex samples were homogenized with 100 μL water and then the
50 μL homogenate was spiked with 20 μL 500 ng/mL acetaminol as
internal standard and 10 μL trifluoroacetic acid to precipitate the
protein. The mixture was blended and centrifuged at 4°C, 21,000 ×g
for 20 min. Then, the supernatant was collected and a 2 μL aliquot was
injected into the system.

2.9 Enzyme-linked immunosorbent assay
(ELISA)

5-HT concentrations in the hypothalamus and cortex were
detected using a Serotonin Assay Kit (H104-1-2, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The
melatonin concentration in the hypothalamus and serum was
measured with a Mouse Melatonin ELISA Kit (D721190, Sango
Biotech, Shanghai, China). The process was carried out according to
the manufacturer’s instructions.

2.10 Western blotting

Mice in the control (n = 6) and CRS 28 d (n = 6) groups were
anesthetized and sacrificed in parallel during ZT 2.0–6.0 on day 29.
Brain tissues were immediately removed on ice and frozen at −80°C
until homogenization. First, the hypothalamus and cortex tissues were
lysed in ice-cold RIPA buffer (Solarbio, Beijing, China) containing 1%
protease and phosphatase inhibitor cocktail (CWBIO, Beijing, China)
with a mechanical homogenizer (Sonics, Newton, United States).
Samples were then centrifuged for 20 min at 4°C and 15,000 g. Total
protein concentrations were measured using a BCA protein assay kit
(Solarbio, Beijing, China) and normalized on the basis. An equivalent of
30–50 µg protein was subjected to 10% tris-glycine SDS-PAGE and
transferred to nitrocellulose membranes (Pall Corporation, New York,
United States). The membranes were blocked with 5% BSA or non-fat
milk in TBST for 1 h at room temperature and incubated in specific
primary antibodies at 4°C overnight. After washing with TBST three
times, the membranes were incubated with HRP-labeled goat anti-
mouse or anti-rabbit IgG (1:5000 dilution, CWBIO, Beijing, China) for
2 h at room temperature. Protein bands were visualized using a gel
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imaging system (Bio-Rad, Hercules, United States) with an enhanced
ECL substrate (CWBIO, Beijing, China) and analyzed with ImageJ
software.

Antibodies used were as follows: ß-actin (1:2000, AC006,
ABclonal), Melatonin receptor 1A (1:100, SC-390328, Santa
Cruz), Melatonin receptor 1B (1:500, ab203346, Abcam), PKCα
(1:1,000, 2056T, Cell Signaling Technology), CREB (1:1,000,
ab32515, Abcam), Phospho-CREB (Ser133) (1:1,000, 9198S, Cell
Signaling Technology), CaMKII (1:1,000, #3362, Cell Signaling
Technology), Phospho-CaMKII (1:200, sc-32289, Santa Cruz),
Bmal1 (1:500, ET1705-5, HUABIO), Clock (1:500, T1704-82,
HUABIO), Cry1 (1:1,000, ab104736, Abcam), Cry2 (1:500,
13997-1-AP, Proteintech), Per1 (1:500, HA500097, HUABIO),
Per2 (1:1,000, 67513-1-Ig, Proteintech), and Per3 (1:500,
HA500072, HUABIO).

2.11 Statistical analysis

All results are represented as the mean ± standard error of
the mean (SEM) and analyzed using SPSS version 18.0 statistical
software (SPSS, Inc., Chicago, United States). The normality
and homogeneity were checked by Shapiro-Wilk test and
Levene’s test. Differences in multiple groups were statistically
analyzed with One-way ANOVA followed by least significant
difference or Dunnett’s T3 test. The data in the two groups were

compared using Student’s t-test. The Mann-Whitney test was
used for data following a non-parametric distribution.
Significance was expressed as *p < 0.05, **p < 0.01 or ***p <
0.001. Figures were created using GraphPad Prism version
7.0 software (San Diego, United States).

3 Results

3.1 Impacts of repeated CRS treatments on
mice behavior

To explore the effect of CRS treatment on weight, locomotor
activity, and sleep, as well as to determine the time required by
CRS treatment to cause sleep disorders in mice, the mouse body
weight was recorded every 3–4 days, and an OFT and
pentobarbital-induced sleep test were conducted on day 29
(Figure 1A). Compared with mice in the control group, the
weight of CRS-treated mice decreased significantly in the first
3–4 days of the restraint process (p < 0.001) (Figure 1B). The
movement distance and time decreased significantly, especially
in the mice treated with CRS for 21 and 28 days, indicating that
the locomotor activity was impaired (Figures 1C,D). The falling
asleep rate, sleep latency, and sleep duration in the CRS groups
were decreased in comparison with the controls. All these
indexes in the CRS 28 d group were significantly different

TABLE 1 Primer sequences for qRT-PCR.

Genes (mouse) Forward primer (5′-3′) Reverse primer (5′-3′)

Mtnr1a ACCGCAACAAGAAGCTCAGGAAC GATGTCAGCACCAAGGGATAAGGG

Mtnr1b TCCGCAGGGAGTACAAGAGG CACCTTCCTTGACAGGCACG

Clock AGACGGCGAGAACTTGGCATTG AACCTTTCCAGTGCTTCCTTGAGAC

Arntl GGACTTCGCCTCTACCTGTTCAAAG TCGTTGTCTGGCTCATTGTCTTCG

Per1 CTCCTCCTCCTACACTGCCTCTTC TTGCTGACGACGGATCTTTCTTGG

Per2 CTGCGGATGCTCGTGGAATCTTC GGTTGTGCTCTGCCTCTGTCATC

Per3 AAAGATCCTGACCTCGCCCTACG TTTGTGCTTCTGCCTCTCGCTTC

Cry1 GCCAGCAGACACCATCACATCAG CCAGGGAAGGAACGCCATATTTCTC

Cry2 TGGACAAGCACTTGGAACGGAAG GTAGAAGAGGCGGCAGGAGAGG

Nr1d1 CGTCATCCTCTTCATCCTCCTCCTC CTTGGTAATGTTGCTTGTGCCCTTG

Bhlhe40 CAGTACCTGGCGAAGCATGAGAAC TCCGAGACCACACGATGGAGATG

TABLE 2 The effect of CRS on the falling asleep rate of mice (n = 11–12).

Group Number of groups Number of mice falling asleep Falling asleep rate (%)

Control 12 7 58.33

CRS 14d 12 9 75.00

CRS 21d 12 3 25.00

CRS 28d 11 2 18.18*

Compared with the control group, *p < 0.05.
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from the control group (Table 2; Figures 1C–F). Particularly, the
sleep duration decreased to 85.5%, 86.3%, and 71.9% that of
control mice after CRS treatment for 14, 21, and 28 days,

respectively. Thus, CRS treatment for 28 days induced sleep
disorders in mice and was selected to study the underlying
mechanism.

FIGURE 2
Effect of CRS 28 d on the sleep/wake cycle in mice (n = 6). (A) Example experiment. The EEG power spectrogram, EEG and EMG amplitude, and
hypnogram of control mouse. (B) Example experiment. The EEG power spectrogram, EEG and EMG amplitude, and hypnogram of CRS mouse. (C) The
percentage of wake amount. (D) The percentage of NREMS amount. (E) The percentage of REMS amount. Data were presented as mean ± SEM.
Compared with control group, *p < 0.05.

Frontiers in Pharmacology frontiersin.org06

Xia et al. 10.3389/fphar.2023.1210393

93

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1210393


3.2 CRS treatment caused sleep disorders in
mice

The effect of CRS treatment on the sleep/wake architecture of the
mice was investigated by consecutive EEG/EMG recordings for 24 h
(started at ZT 0 on day 29). Brain states were classified from EEG and
EMG recordings, including wake, REMS, and NREMS. REMS was
observed at a high probability in CRS-treated mice. A tendency of
increased wake frequency was also displayed in the CRS group (Figures
2A,B). Wake and NREMS are complementary in proportional changes
in 24 h, the percentage of wakefulness was increased, especially during
the light (Figure 2C). The percentage of NREMS was decreased
significantly both in light and total. NREMS was mainly reduced in
ZT 2–8, while wakefulness was significantly increased in ZT 6–8
(Figures 2C,D). In contrast to NREMS, the REMS percentage was
increased significantly at ZT 14,18, and 22, mainly in the dark phase

(Figure 2E). The alternations of percentage in each phase demonstrated
disrupted circadian rhythm and insomnia in CRS-treated mice.

Brain states and sleep structures are varied during light and dark
phases (Figure 3). The mean duration of wake episodes was tended
to decrease, and the episode numbers were increased significantly in
the light phase (Figures 3A,B). Reversed episode duration changes
were shown in NREMS and REMS episodes. The duration of
NREMS was decreased significantly in the light phase, while
REMS duration was increased significantly in the dark phase
(Figures 3C,E). However, the number of NREMS and REMS
episodes was increased significantly in light (Figures 3D,F). No
alteration was found in the episode number of wake, NREMS, and
REMS in dark. The increase in episode number in each phase
explained that sleep in CRS-modeled mice was fragmented.

The REMS latency, i.e., duration of the NREMS episode
immediately preceding a REMS episode, was examined from all

FIGURE 3
Effect of CRS 28 d on the episode duration and number of sleep/wake cycle in mice (n = 6). (A) Episode duration of wake time in light and dark
phases. (B) Episode number of wake time in total and light phase. (C) Episode duration of NREMS time in light and dark phases. (D) Episode number of
NREMS time in total and light phase. (E) Episode duration of REMS time in light and dark phases. (F) Episode number of REMS time in total and light phase.
(G) Mean REMS latency in 24 h, light phase, and dark phase. Data were presented as mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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groups. Accordingly, the REMS latency decreased not only over 24 h
but also in the light phase (Figure G). Our EEG/EMG results
indicated sleep fragmentation, circadian rhythm disorders, and
insomnia in the CRS-treated mice.

3.3 Impacts of CRS treatment on
hypothalamic gene expression profile

Hypothalamic RNA sequencing was performed after 28 d-CRS
treatment to gain insights into the molecular mechanisms whereby
CRS treatment caused sleep disorders. We identified 225 DEGs
between the control and CRS 28 d groups, including 92 genes
significantly downregulated and 133 genes significantly
upregulated (Figure 4A). Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis showed the top
20 pathways of these DEGs (Figure 4C). In which, the pathways
involved in sleep regulation were GABAergic synapse and circadian
rhythm signaling pathways. The main alternation in GABAergic
synapses was neurotransmitter symporter activity as shown in
Figure 4D. GABA symporters were more relative to epilepsy and
other neurological disorders than sleep. Therefore, we focused on
circadian rhythm signaling pathways; the heatmap of circadian
rhythm genes was highly regulated by CRS treatment
(Figure 4B). GABA and circadian rhythms were both regulated
by melatonin. Therefore, our transcriptome results indicated that

melatonin was a key regulator in the sleep disorder caused by CRS
treatment, and the GABA and melatonin levels were probably
altered in the brain.

3.4 CRS treatment changed transcription
and expression of hypothalamic circadian
rhythm genes

To verify the transcriptome results, we detected the mRNA
transcription of the main circadian rhythm genes forming
TTFLs in the hypothalamus by qRT-PCR. The hypothalamic
tissues were sampled in parallel at ZT 6.0–7.0. The relative
mRNA level of Bmal1 was significantly decreased (p = 0.044)
while Clock only slightly decreased (Figures 5A,B). The results
revealed a significant main effect of CRS treatment on Per2,
Per3, and Cry2 mRNA levels, which were increased in the
hypothalamus (Figures 5D,E,G). The mRNA transcription of
Cry1 in CRS-treated mice was higher than in controls but not
significantly so (Figure 5F). Further analysis indicated that Per1
was unchanged (Figure 5C).

According to the results of the qRT-PCR, we then studied
the protein levels of the main genes in TTFLs. Given light’s
strong Zeitgeber, TTFL proteins were changed inconspicuously.
There was no significant increase in Bmal1 and Clock levels in
CRS-treated mice (Figures 5I,J). As described in Figure 5K–M,

FIGURE 4
Effect of CRS 28 d on gene expression profile in the mouse hypothalamus (n = 4). (A) Volcano map of transcriptome. (B) Heatmap of the circadian
rhythm signaling pathway-related DEG expression. (C) KEGG (Top 20 of the total pathway, p < 0.05). (D) Significantly enriched GO biological process,
cellular component, and molecular function for DEGs.
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in response to CRS treatment, Per1–3 had different alternations.
Per1 protein levels decreased significantly while those of
Per2 and Per3 increased. Additional quantification analysis
showed that treatment with CRS resulted in significant

Cry1 and Cry2 downregulation (Figures 5N,O). These results
indicated that CRS treatment influenced more the downstream
factors of TTFLs, Per1–3 and Cry1–2, so we focused on their
upstream regulator, melatonin.

FIGURE 5
Effect of CRS 28 d on mRNA and protein expression levels of circadian rhythm genes in the mouse hypothalamus (n = 5–6). mRNA levels of Clock
(A), Bmal1 (B), Per1 (C), Per2 (D), Per3 (E), Cry1 (F), Cry2 (G) circadian rhythm genes were examined by Real-time PCR (n = 5–6). (H) Immunoblotting of
Clock, Bmal1, Per1, Per2, Per3, Cry1 and Cry2 in the hypothalamus. Quantification of Bmal1 (I), Clock (J), Per1 (K), Per2 (L), Per3 (M), Cry1 (N), Cry2 (O)
protein abundance (n = 6). Data are presented as mean ± SEM, *p < 0.05, **p < 0.01.
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3.5 CRS treatment downregulates melatonin
concentration and melatonin related Trp, 5-
HT and GABA

As the circadian rhythm signaling pathway is regulated by
melatonin, we measured the levels of melatonin in the brain and
in the periphery. Melatonin levels were significantly lower in CRS-
treated mice than in controls both in the hypothalamus and sera
(Figures 6A,B). Since melatonin is synthesized from Trp and 5-HT,
their concentrations in the hypothalamus and cerebral cortex were
also detected. Many wake-sleep projections are sent to the cortex
through different neurons to regulate sleep (Saper et al., 2010). Trp
and 5-HT levels in the hypothalamus were significantly increased
but dramatically decreased in the cortex (Figures 6C,D,F,G).
Melatonin could increase GABA level after pinealectomy and

potentiate the GABA neuronal activity (Acuña-Castroviejo et al.,
1995). As described in Figures 6A,E,H significant reduction of
GABA levels was observed in both the hypothalamus and cortex.
These results suggest that both melatonin synthesis and
maintenance were altered by CRS treatment.

3.6 CRS treatment decreased the
transcription and expression of melatonin
receptors and altered melatonin receptors’
downstream effectors

We also investigated mRNA transcription and protein levels of the
melatonin receptors MT1 and MT2 in the hypothalamus. Both were
significantly downregulated by CRS treatment (Figures 7B–D). In the

FIGURE 6
Effect of CRS 28 d on the concentrations of melatonin, 5-HT, Trp, and GABA in mice. (A)Melatonin in the hypothalamus (n = 9). (B)Melatonin in the
serum (n = 10). (C) Trp in the hypothalamus (n = 10–12). (D) 5-HT in the hypothalamus (n = 8–9). (E)GABA in the hypothalamus (n = 10–11). (F) Trp in the
cortex (n = 10–11). (G) 5-HT in the cortex (n = 11). (H) GABA in the cortex (n = 11–12). Data are presented as mean ± SEM, *p < 0.05, **p < 0.01.
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cortex, MT1 andMT2 protein levels were also lower compared with the
control (Figures 7H–J). Further, the expression of MT downstream
proteins in the hypothalamus such as protein kinase C alpha type
(PKCα) and phosphorylated calcium/calmodulin-dependent protein
kinase II (p-CaMKII) was significantly decreased by CRS treatment but
the total CaMKII remained unaffected (Figures 7E,F). With respect to
the downstream signals of MT1 and MT2, CRS treatment upregulated
the phosphorylation level of cyclic adenosine monophosphate (cAMP)-
responsive element binding (p-CREB) protein but CREB levels
remained unchanged (Figure 7G). These data demonstrated that
CRS treatment affected the MT1 and MT2 signaling pathways and
that melatonin and its receptors are the major targets in the mice of
sleep disorders by CRS treatment.

4 Discussion

In the present study, we have simulated clinically observed chronic
physiological and psychological stress in mice and explored changes in
sleep architecture and molecular mechanisms underlying said sleep
disorders. With the increasing CRS-modeling period, the symptoms of
sleep disorders are gradually aggravated in mice. Although mice
modeled by CRS for 21 days showed reduced locomotor activity and
decrease in falling asleep rate and sleep duration in PST, at 28 days we
observed significant sleep disorders. To our knowledge, this is the first
study to examine the effects of chronic stress on mouse sleep by
applying CRS for up to 28 days. Not only did the stress alter sleep
architecture, but modeling for 10 h a day disrupted the mice’s circadian

FIGURE 7
Effect of CRS 28 d onmelatonin receptors and their related proteins inmice. (A) Immunoblotting ofmelatonin receptors and their related proteins in
the hypothalamus. (B)mRNA levels of melatonin receptors (n = 4–6). Quantification of MT1 (C), MT2 (D), PKCα (E), p-CAMKII/CAMKII (F), p-CREB/CREB
(G) protein abundance (n = 4–6) in the hypothalamus. (H) Immunoblotting of melatonin receptors in the cortex. Quantification of MT1 (I), MT2 (J) protein
abundance (n = 6) in the cortex. Data are presented as mean ± SEM, *p < 0.05, **p < 0.01.
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rhythms regulated by melatonin. Both the levels of melatonin and
melatonin receptors were decreased in CRS-treated mice. The
expression of melatonin-related receptors and circadian rhythm
genes was affected as well. The molecular target pathways of CRS-
induced sleep disorders are summarized in Figure 8.

In this study, we first found weight loss and decreased locomotor
activity in mice with CRS treatment, similar to previous reports
(Wang et al., 2021). The effect of CRS-treatment on sleep was
evaluated by PST which preliminarily revealed reduced falling
asleep rate, and shortened sleep latency and sleep duration
(Table 2; Figures 1E,F). With increased CRS-treated time, sleep
problems gradually intensified. Since 28 d-CRS mice showed the
most obvious changes in various indexes, we chose this modeling
intensity for the study of sleep architecture.

The corresponding polysomnographic of depressed patients is
usually marked by a deficit in total sleep and slow wave sleep,
shortened REM sleep onset latency, increased REM duration and
density, sleep continuity disruption, and early morning awakening
(Gillin et al., 1979; Pandi-Perumal et al., 2020). In our study,
compared with the control, the CRS-treated mice had increased
wakefulness in the light phase, especially during ZT 6–8 (Figure 2C).
Recently, prolonged (about 4 w) chronic sleep disorders induced by
psychophysiological stress have been shown to lead to increased arousal
in mice (Oishi et al., 2020). The higher episode numbers of wake and
NREM led to greater NREM sleep fragmentation during the light phase
(Figures 3B,D). It was also confirmed by shorter average duration of
NREM bouts in CRS-treated mice (Figure 3C). Correspondingly, the

percentage of NREMS declined significantly during the light (ZT 2, 6–8).
The alternation in these indexes indicated that CRS-treated mice had
obvious symptoms of insomnia. In contrast to NREMS, the percentage,
episode duration, and episode number of REMS dramatically increased
(Figure 2E; Figures 3E,F). The increase in REMS was most evident in
ZT14, 18–22 during the dark phase. Compared with the control mice,
model mice were found to have reduced NREMS in the light phase and
increased REMS in the dark phase, which demonstrated circadian
rhythm disorders in CRS-treated mice (Figures 2C–E). The REMS
amount and episode number also increased in the model of water
immersion and restraint (2 h/d) for 1 w, 2 w, and 3 w. However, the
model of water immersion and restraint showed increased wakefulness
and NREMS, which is not consistent with our results because of the
differences in stress factors, stimulating strength, and EEG/EMG
detection period (Yasugaki et al., 2019). Another study found that
9 weeks of unpredictable chronic mild stress caused increased REMS
variables inmice, which is the earliest marker of a stress response (Nollet
et al., 2019). In addition, shortened REM latency has been considered a
biological marker of depression in human (Palagini et al., 2013). In our
study, the REMS latency was reduced totally in CRS-treated mice but
more significantly during the dark phase (Figure 3G). The REMS latency
was also decreased in the mice under social defeat stress for 10 days
(Wells et al., 2017). In summary, CRS treatment caused sleep
fragmentation, circadian rhythm disorders, and insomnia in mice is
consistent with clinical observations from depressive patients and
demonstrated typical stress-associated sleep disorders (Crouse et al.,
2021).

FIGURE 8
Schematic diagram of the molecular target pathways involved in CRS-induced sleep disorders. CRS decreases the melatonin level and the mRNA
and protein levels of melatonin receptors, in turn reducing PKCα expression and p-CaMKII/CaMKII levels, increasing p-CREB/CREB levels, and changing
the mRNA transcription and protein expression of circadian rhythm genes.
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Melatonin inputs to sleep controlling neurons reduce the time to
sleep onset and increase sleep duration, also increasing NREMS
(Holmes and Sugden, 1982). Research demonstrated that melatonin
levels were significantly reduced at the peak of secretion in depression
patients (Ogłodek et al., 2016). In our results, melatonin levels were
reduced not only in the hypothalamus but also in the serum, indicating
an overall decrease in central and peripheralmelatonin levels. Trp and 5-
HT levels were increased in the hypothalamus but decreased in the
cortex, suggesting an issue with melatonin synthesis, which may be
related to the activity of aralkylamine-N-acetyltransferase and
N-acetylserotonin-O-methyltransferase enzymes. Studies over the
past three decades has shown that 5-HT functions predominantly to
promote wake (Monti, 2011). Increased hypothalamic 5-HT levels
explained the increased wakefulness in model mice. Cortical 5-HT
decline has been reported in CRS model (Geng et al., 2021; Sahoo et al.,
2021), but its association with sleep needs further investigation.
Melatonin increases GABA concentration by stimulating glutamic
acid decarboxylase (Rosenstein and Cardinali, 1990), the enzyme that
synthesizes GABA from glutamic acid. The ventrolateral preoptic nuclei
is the main sleep-promoting center and contains plenty of GABAergic
neurons, which inhibit the major wake-promoting centers in the
hypothalamus and brain stem by GABA to induce sleep (Riemann
et al., 2020). In our study, the significant decrease in GABA levels in the
hypothalamus and cortex, which affect sleep in CRS-treated mice, may
be related to the decreased melatonin levels in the brain.

ThemRNA transcription ofMT1 andMT2 is not only decreased in
the hypothalamus, but the protein expressions are also decreased in the
hypothalamus and cortex. In mice with genetic inactivation of both
MT1/MT2 (MT1−/−/MT2−/−) receptors, wakefulness time increased.
Mice with single inactivation of MT1 receptors showed a decrease in
REMS time whereas those with inactivated MT2 receptors displayed a
decrease inNREMS time (Comai et al., 2013). Therefore,MT1 receptors
aremainly involved in REM sleep regulationwhileMT2 receptors are in
NREM sleep (Gobbi and Comai, 2019). In our study, aside from the
lower NREMS time in CRS-treated mice, we found significantly lower
levels of bothMT1 andMT2 receptors. BetweenMT1−/−/MT2−/− and
wild-typemice, the total time of NREMS showed a downward trend but
no statistical difference (Comai et al., 2013). Therefore, our study found
a tendency that CRS treatment affected not only the expression of
MT1 and MT2 receptors but other factors regulating sleep.

Downstream effectors of MT receptors play important roles in
circadian rhythms and sleep regulation. In fact, melatonin receptors are
coupled to pertussis toxin-sensitive G proteins. Pertussis toxin blocked
melatonin-induced phase shifts in MT1 receptor-deficient mice (Liu
et al., 1997). Melatonin can selectively activate PKC in the SCN
inducing phase shift. For instance, 12-O-Tetradecanoylphorbol 13-
acetate, a specific and direct PKC activator, could mimic the effect
of melatonin, while a PKC inhibitor blocked this effect (McArthur et al.,
1997). In our study, the reduction of PKCα proteins in the
hypothalamus was decreased. Furthermore, the activation of
MT2 receptors increases intracellular calcium ion and CaMKII
expression and reduces CREB phosphorylation to recover the
delayed sleep phase (Wang et al., 2020). CRS-treated mice showed
decreased p-CaMKII levels and increased p-CREB levels. These results
indicated impairedmelatonin receptor function and downstream signal
transduction that eventually affects the circadian rhythm.

Melatonin, melatonin receptors, and downstream proteins affect
mRNA transcription and protein expression of circadian rhythm

genes. Dardente et al. demonstrated that Cry1 mRNA transcription
(with diminished Per1) was directly induced by melatonin in the
pars tuberalis (Dardente et al., 2003). Melatonin affects classical
receptor-mediated pathways, regulating the circadian rhythm
proteins via phosphorylation (Von Gall et al., 2002) and
proteasome pathway (Vriend and Reiter, 2015). In addition,
PKCα overexpression suppresses Bmal1-Clock transcriptional
activity (Robles et al., 2010). The expression of circadian factors
Bmal1, Clock, Per, and Cry is mainly regulated by the CaMK-CREB
signaling pathway in the SCN (Yokota et al., 2001). Melatonin
pretreatment can restore the circadian process by regulating
circadian factors expressions through the CaMK-CREB pathway
and post-translational modulation (Yin et al., 2022). With respect to
mRNA, the transcription of Per1–3 and Cry1–2 was increased. The
protein levels of Per1, Cry1, and Cry2 significantly decreased in the
hypothalamus whereas those of Per2 increased after CRS treatment.
Another research showed the relationship between melatonin and
the rhythmic pattern of clock genes and their proteins in the pars
tuberalis (Jilg et al., 2005). The mRNA transcriptions and protein
expressions of clock genes have their own rhythm, and there is no
clear expression correspondence. The changes in circadian rhythm
genes between the CRS-treated and control mice suggested that CRS
treatment induced circadian rhythm disorders, related to sleep
disorders.

In conclusion, our results indicate that chronic CRS treatment
induces typical stress-associated sleep disorders in mice which is
consistent with observations from patients. All observed sleep
disorders are related to impaired melatonin pathways and
manifested by decreased levels of ligands, receptors, and relative
downstream effectors. This study accessed the cause of stress-
associated sleep symptoms. This study will also help us better
understand the sleep characteristics and the pathogenesis of
insomnia in depressed patients and provide a firm basis for
future research. However, the changes in melatonin-related
pathways may not fully explain the cause of CRS-induced sleep
disorders; in the future, more targets need to be explored to dissect
the complete mechanisms.
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Attenuation of ferroptosis as a 
potential therapeutic target for 
neuropsychiatric manifestations of 
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Coronavirus disease-19 (COVID-19), caused by severe acute respiratory syndrome 
coronavirus type 2 (SARS-CoV-2), is associated with the persistence of pre-
existing or the emergence of new neurological and psychiatric manifestations as 
a part of a multi-system affection known collectively as “post-COVID syndrome.” 
Cognitive decline is the most prominent feature among these manifestations. 
The underlying neurobiological mechanisms remain under intense investigation. 
Ferroptosis is a form of cell death that results from the excessive accumulation of 
intracellular reactive iron, which mediates lipid peroxidation. The accumulation 
of lipid-based reactive oxygen species (ROS) and the impairment of glutathione 
peroxidase 4 (GPX4) activity trigger ferroptosis. The COVID-19-associated 
cytokine storm enhances the levels of circulating pro-inflammatory cytokines and 
causes immune-cell hyper-activation that is tightly linked to iron dysregulation. 
Severe COVID-19 presents with iron overload as one of the main features of 
its pathogenesis. Iron overload promotes a state of inflammation and immune 
dysfunction. This is well demonstrated by the strong association between 
COVID-19 severity and high levels of ferritin, which is a well-known inflammatory 
and iron overload biomarker. The dysregulation of iron, the high levels of lipid 
peroxidation biomarkers, and the inactivation of GPX4  in COVID-19 patients 
make a strong case for ferroptosis as a potential mechanism behind post-
COVID neuropsychiatric deficits. Therefore, here we  review the characteristics 
of iron and the attenuation of ferroptosis as a potential therapeutic target for 
neuropsychiatric post-COVID syndrome.

KEYWORDS

ferroptosis, post-COVID syndrome, SARS-CoV-2, therapeutic target, long COVID

Introduction

Ferroptosis is defined as a controlled form of cell death driven by excess intracellular labile 
iron and loss of the anti-oxidant enzyme glutathione peroxidase 4 (GPX4) activity, with 
consequent accumulation of lipid-based reactive oxygen species (ROS), especially lipid 
hydroperoxides (Yang and Stockwell, 2016). Interestingly, a knockout of GPX4 in mice led to 
lethality before embryonic day 9 (E9), which indicates a vital role for GPX4  in mouse 
development (Matsui, 1996; Yant et al., 2003). In the absence of GPX4, lipid peroxidation in vivo 
has a lethal nature,especially in neurons (Seiler et al., 2008). Alongside the unfavorable effect of 
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GPX4 activity loss, iron overload contributes to the pathogenesis  
of coronavirus disease-19 (COVID-19), inciting inflammation, 
hypercoagulation, and immune dysfunction. Iron overload fosters an 
environment with free, unbound reactive iron, which triggers ROS 
generation (Habib et al., 2021). Ferritin, an iron storage protein, is a 
well-known inflammatory and iron overload biomarker, and is 
considered a direct mediator of the immune system in COVID-19 
(Kappert et  al., 2020; Kaushal et  al., 2022; Lee et  al., 2022). Iron 
overload is strongly suggested to contribute to the development of 
post-COVID neurological deficits (Fratta Pasini et al., 2021; Pandey 
et al., 2021; Zhang et al., 2022).

The post-COVID progressive and intense neurological clinical 
deterioration seems to occur due to the cytokine storm in COVID-19 
patients (Para et al., 2022), which could create a vicious cycle with 
ferroptosis. Patients with COVID-19 presenting with high serum 
ferritin levels are usually in a severe condition (Abulseoud et al., 2022; 
Para et al., 2022). In addition, COVID-19 patients with comorbidities 
such as severe acute liver injury, diabetes, thrombotic complications, 
and cancer present with significantly higher levels of ferritin than 
those without (Cheng et al., 2020; Li et al., 2021).

A recent study analyzed COVID-19 effects over a 2-year 
retrospective cohort of 1,248,437 patients and revealed that cognitive 
decline, brain fog, and dementia are increasing over a 2-year follow-up 
period (Taquet et  al., 2022). Another recent study by Wang et  al. 
analyzed 6,245,282 older adults (over 65 years old), and the authors 
showed that older people infected by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) were at significantly higher 
risk for a new diagnosis of Alzheimer’s disease (Wang et al., 2022). 
Post-COVID neurological consequences are tightly linked to other 
systems, including changes in the cardiovascular and immune 
systems, as well as higher levels of stress, anxiety, and depression 
(Campos et al., 2019; Salari et al., 2020; Zubair et al., 2020; Improta-
Caria et al., 2021; Júnior et al., 2021; Sousa et al., 2021). The enigmatic 
nature of the post-COVID syndrome’s underlying mechanism 
necessitates intense investigation in order to achieve effective 
management strategy. Uncovering the role of iron as a potential 
therapeutic target is a critical step in pursuing better management of 
the post-COVID neurological consequences. Here, we  review the 
characteristics of iron, and the attenuation of ferroptosis as a potential 
therapeutic target for neurological post-COVID syndrome.

Iron chemistry

Iron is the 26th element in the periodic table and is located in the 
transition metals group. It can exist in different oxidation states and 
possess catalytic properties (Neyens and Baeyens, 2003). Ferrous 
(Fe+2) and ferric (Fe+3) irons are the two most common iron states in 
biological systems (Cabantchik, 2014). From an atomic orbital energy 
standpoint, a ferrous iron atom has a total of 26 electrons distributed 
in the following manner: two electrons in 1 s (the least energy orbit), 
2 electrons in 2 s, 6 electrons in 2p, 2 electrons in 3 s, 6 electrons in 3p, 
2 electrons in 4 s, and 6 electrons in the 4d orbit (Fe: 1s22s22p63s23p63
d64s2). The position energy in the 3rd orbit (3d) is slightly higher than 
the position energy in the 4th orbit (4 s). This means that electrons will 
fill the 4 s position first before filling the 3d position, and also that the 
4 s electrons will be  lost first before the 3d electrons (Sherry and 
Fürstner, 2008). That is why ferrous iron [(Fe2+): 1s22s22p63s23p63d6] 

has lost two electrons from the 4 s position, while ferric iron [(Fe3+): 
1s22s22p63s23p63d5] has lost a total of three electrons (two from the 4 s 
and one from the 3d position). As such, ferric iron (Fe3+) is relatively 
more stable than ferrous iron (Fe2+). Stability means the balance 
between positive and negative charges in the atom. Changing the 
number of electrons disturbs this balance. The atom holds electrons 
through electron binding energy, which is the minimum energy 
required to remove an electron from an atom. This energy is directly 
proportional to the atomic number (heavier atoms have more energy) 
and inversely proportional to the distance from the nucleus (electrons 
in outer orbits require less energy to be removed from the atom). As 
stated, ferrous iron has lost two electrons from 4 s, leaving six electrons 
in 3d, while ferric iron has lost two electrons from 4 s and one from 3d 
leaving five electrons in 3d. Electrons in partially filled orbits require 
more energy to remove from the orbit compared to electrons in fully 
filled orbits, which is why ferric iron is more stable compared to 
ferrous iron. The ability of ferric iron (Fe3+) to accept an electron and 
become ferrous iron (Fe2+) is called reduction, and the ability of 
ferrous iron (Fe2+) to donate an electron and become ferric iron (Fe3+) 
is called oxidation (Figure 1).

This reduction–oxidation or Redox, is what makes iron a catalyst 
for reactions that require electron transfer (Hosseinzadeh and Lu, 
2016). In the Fenton reaction, for example, iron catalyzes the 
decomposition of hydrogen peroxide (H2O2) to produce hydroxyl 
radicals (●OH) at an acidic PH with high oxidizing properties (Neyens 
and Baeyens, 2003) [see the reaction below. The unpaired electron of 
a free radical is represented with a dot (●)].

 
3 2

2 2 2H O Fe Fe H HO+ + ++ → + + •

 
2 3

2 2H O Fe Fe OH OH+ + −+ → + + •

Numerous key enzymes rely on iron redox properties such as the 
mitochondrial respiratory chain enzymes (Gille and Reichmann, 
2011), the aconitase enzyme in the tri-carboxylic acid cycle, which 
facilitates the conversion of citrate to iso-citrate via cis-aconitate 
(Kennedy et  al., 1983; Robbins and Stout, 1989), and tyrosine 
hydroxylase, which is the rate-limiting enzyme in catecholamine 
synthesis (Ramsey et al., 1996; Daubner et al., 2011). Moreover, the 
serotonergic system may require ferrous iron (Fe2+) for binding 
serotonin to serotonin-binding proteins (Tamir and Liu, 1982). As 
such, iron is beneficial in regulating energy production and 
neurotransmitter synthesis, such as glutamate (McGahan et al., 2005; 
Lall et al., 2008) and dopamine (Ramsey et al., 1996). However, the 
same inherent “pro-oxidant” ability of ferrous iron (Fe2+) to donate an 
electron and catalyze enzymatic reactions also causes hydrogen 
peroxide (H2O2) to breakdown into hydroxyl radicals (●OH) causing 
lipid peroxidation and oxidative damage to proteins, deoxyribonucleic 
acid (DNA), and ribonucleic acid (RNA) (Graham et al., 2007). For 
this reason, the oxidative property of ferrous iron (Fe2+) must 
be managed by transforming it into a more stable ferric iron (Fe3+) and 
shielding this ferric iron (Fe2+) from water by transporting ferric iron 
into protein transporters.

The liver is the major organ involved in iron homeostasis. The liver 
produces iron transporters, including transferrin and divalent metal 
transporter-1 (DMT1). Transferrin transports ferric iron in the 
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intestinal lumen and plasma, while DMT1 transports ferrous iron from 
the interior of the endosome to the cytosol. The liver also produces 
ferritin and hepcidin, which serve as the iron storage protein, and the 
only iron hormonal regulator, respectively. Furthermore, it produces 
transferrin receptor 1 (TfR1) and the iron responsive element binding 
proteins, which act as iron sensors and regulate the mRNA iron 
responsive element to enhance transferrin receptor translation and to 
down-regulate ferritin translation (Winterbourn, 1995). Moreover, the 
liver controls the oxidative state of iron by producing ferrireductase 
and ferroxidase enzymes. Ferrireductase reduces endosomal ferric 
iron, at low PH, within endocytosis vesicles into ferrous iron before it 
is released from the transferrin and reduces stored ferric iron into 
ferrous iron before release from ferritin, while ferroxidase oxidizes 
ferrous iron into ferric iron to be stored in ferritin (Graham et al., 2007).

Iron absorption and fate within the 
cell

Dietary ferric iron uptake by the intestinal mucosa depends on 
hepatic transferrin, Transferrin Receptor 1 (TfR1), and iron content 
within enterocytes. Transferrin is synthesized by hepatocytes and 
excreted through the biliary system into the intestinal lumen. 
Transferrin binds two atoms of iron per protein molecule and brings 
them into the cells by endocytosis (Bezkorovainy, 1989b). Duodenal 
and upper jejunal (low PH), but not ileal (Huebers et  al., 1983), 
enterocyte crypts express TfR1 at the basolateral border (Barisani and 

Conte, 2002). These cells uptake iron from plasma transferrin by 
receptor-mediated endocytosis (Morgan and Oates, 2002). TfR1 is 
involved in sensing body iron stores. TfR1 expression increases with 
iron deficiency and decreases with iron overload (Barisani and Conte, 
2002). Within endosomes, transferrin, TfR1, and ferric iron (Fe3+) are 
subject to low PH to separate ferric iron (Fe3+) from transferrin and 
TfR1. Transferrin and TfR1 are cycled back to the cell surface or 
plasma, while ferric iron (Fe3+) is reduced by the ferrireductase enzyme 
into ferrous iron (Fe2+). DMT1 transports ferrous iron (Fe2+) out of the 
endosome and into the cytoplasm, where it enters a transient pool of 
metabolically active iron known as the labile iron pool (LIP). LIP iron 
can be utilized for cellular processes such as DNA synthesis, repair, 
and cell cycling. Alternatively, excess LIP iron can be stored in ferritin 
(Paul et al., 2017) or exit the cell through ferroportin. Iron storage as 
ferric iron (Fe3+) within ferritin protein may occur (Ponka et al., 1998; 
Zandman-Goddard and Shoenfeld, 2007; Finazzi and Arosio, 2014). 
However, iron must be in the ferrous state (Fe2+) to enter and exit the 
ferritin molecule (Crichton, 1973; Bezkorovainy, 1989a; Hintze and 
Theil, 2006). The enzymes ferroxidase and ferrireductase change the 
state of iron back and forth between ferric (Fe3+) and ferrous (Fe2+). 
Ferritin synthesis is up regulated by several factors, including high 
toxic oxygen radical or cytokine concentrations, typically seen during 
infections. High ferritin production reduces the bioavailability of iron 
which leads to less reactive oxygen radical production (Koorts and 
Viljoen, 2007; Zandman-Goddard and Shoenfeld, 2007).

On the other hand, rapid degradation of ferritin could be toxic 
due to the uncontrolled release of free reactive iron. However, 

FIGURE 1

Iron and the two most common iron states in biological systems. It is called reduction when Fe3+ accepts an electron and becomes Fe2+, and it is called 
oxidation when Fe2+ donates an electron and becomes Fe3+. Schrodinger atom model is represented in the figures for ferrous and ferric iron.
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degradation within membrane-encapsulated “secondary lysosomes’ 
may avoid this problem through the formation of hemosiderin, which 
is another form of iron storage protein (Harrison and Arosio, 1996). 
Iron exit depends on the iron export channel ferroportin expression 
and the hepatic hormone hepcidin concentration. Ferroportin is an 
iron transporter on the surface of absorptive enterocytes, hepatocytes, 
and other cells. The main function of ferroportin is to export ferrous 
iron from iron-containing cells into plasma transferrin as ferric iron 
(Fe3+). The ferroxidase enzyme oxidizes ferrous iron into ferric iron 
(Nemeth et al., 2004; Ganz, 2005, 2006, 2007; Drakesmith et al., 2015). 
Hepcidin is an iron-regulatory hormone synthesized in hepatocytes. 
Hepcidin binds, internalizes, and degrades the cellular iron exporter 
ferroportin and thereby decreases iron efflux into plasma. Hepcidin 
synthesis is stimulated by high plasma iron and iron stores and 
inhibited by erythropoietic activity (Ganz, 2007). Hepcidin deficiency 
causes iron overload in hereditary hemochromatosis and ineffective 
erythropoiesis (Ganz and Nemeth, 2012; Ginzburg, 2019).

Brain iron uptake

Blood transferrin binds to transferrin receptors on epithelial cells 
of the choroid plexus and oligodendrocytes. Among glial cells, 
oligodendrocytes synthesize 90% of brain transferrin since iron plays 
a significant role in their development and in myelin formation 
(Todorich et al., 2009). Neurons and glial cells take up iron released 
into the brain interstitium, and apo-transferrin is recycled back to the 
blood (Bloch et al., 1987; Crowe and Morgan, 1992; Moos, 2002). This 
process increases during the period of rapid brain growth and iron 
deficiency and declines with age (Taylor and Morgan, 1990). It also 
can be reversed (from the brain interstitium back to the blood) during 
brain iron overload (Broadwell, 1989). Most iron entering the brain 
across the capillary endothelium finally leaves the system with the 
bulk outflow of the cerebrospinal fluid (CSF) through the arachnoid 
villi and other channels (Bradbury, 1997). Interestingly, approximately 
half of the transferrin in the CSF is derived from the choroid plexus, 
while the other half comes from the blood in the adult brain (Crowe 
and Morgan, 1992). Neuronal function is iron-dependent because of 
the high energy demand, oxidative metabolism, and cytochrome 
participation in the respiratory chain. The function of oligodendrocytes 
is also iron-dependent since iron is involved in lipid synthesis needed 
for myelin synthesis (Connor and Menzies, 1996). Microglial iron is 
essential for the inflammatory release of hydrolytic enzymes and free 
radicals via the oxidation of ferrous iron. Microglial iron also 
participates in the formation of nitric oxide, where iron acts as a 
co-factor for the nitric oxide synthase enzyme that catalyzes the 
formation of nitric oxide from the amino acid L-arginine (Moos, 
2002). Several iron-related molecular pathways have been reported to 
be involved in COVID-19 (Farahani et al., 2022).

Iron-related molecular mechanisms in 
COVID-19

Uncovering the molecular mechanisms involved in SARS-CoV-2 
infection is crucial for a better understanding and management of 
COVID-19’s consequences. The angiotensin converting enzyme 2 
(ACE2)/Angiotensin 1–7 Mas receptor pathway is an important part of 

the renin-angiotensin system (RAS), which converts angiotensin II into 
a heptapeptide (Angiotensin 1–7) and angiotensin I into a nonapeptide 
(Angiotensin 1–9). ACE2 works as a cell surface receptor through which 
SARS-CoV-2 can enter the cell (De Sousa et al., 2021; Farahani et al., 
2022). Viral brain invasion occurs through the olfactory nerve, infection 
of the vascular endothelium, or migrating leukocytes crossing the 
blood–brain barrier (Zubair et al., 2020). SARS-CoV-2 infection leads 
to higher levels of ROS that will cause harmful effects on proteins, lipids, 
and DNA, creating a similar state to cell necrosis (Kouhpayeh et al., 
2021). Ferroptosis is considered a novel type of cell death that shares 
some aspects with cell necrosis (Anthonymuthu et al., 2021). The excess 
of iron in the plasma and body organs is tightly related to COVID-19 
(Liu P. et al., 2020; Habib et al., 2021; Li et al., 2021; Zhang et al., 2022).

Among the COVID-19 related molecular pathways, there are 22 
pathways identified (RAS, NF-kappa B, mTOR, Notch, HIF-1, MAPK, 
JAK–STAT, TNF signaling pathway, autophagy, apoptosis, necroptosis, 
B cell receptor signaling pathway, chemokine signaling pathway, IL-17 
signaling pathway, natural killer cell mediated cytotoxicity, NOD-like 
receptor signaling pathway, T cell receptor signaling pathway, Th1 and 
Th2 cell differentiation, Th17 cell differentiation, toll-like receptor 
signaling pathway, complement and coagulation cascades, and 
cytokine-cytokine receptor interaction pathway) with non-cross-talk 
genes and cross-talk genes making up  561 genes. The cytokine-
cytokine receptor interaction pathway is the most significant pathway, 
presenting 197 crosstalk genes of the 561 total genes (Farahani et al., 
2022). ADAM17 is also identified as an important mediator of the 
major signaling pathways involved in the deleterious consequences of 
COVID-19 since it processes various substrates, like membrane-
anchored cytokines, growth factors, cell adhesion molecules, receptors, 
and other proteins. The reported damage to body organs and brain 
regions in COVID-19 results mainly from the cytokine storm, one of 
the main SARS-CoV-2 infection harmful consequences (Li et al., 2020).

Greater levels of inflammatory cytokines combined with a hypoxic 
state resulting from pulmonary dysfunction can lead to a reduction in 
blood flow and oxygen supply (Fratta Pasini et al., 2021). The cytokine 
storm is a prominent feature of the SARS-CoV-2 infection, instigating 
systemic flooding with pro-inflammatory cytokines such as interleukin-6 
(IL-6), IL-1β, IL-8, interferon-γ (IFN-γ), tumor necrosis factor-alpha 
(TNF-α), monocyte chemo-attractant protein-1 (MCP-1), and 
macrophage inflammatory protein-1A (MIP-1A) (Fara et  al., 2020; 
Kempuraj et al., 2020). Moreover, the cytokine storm co-exists with a 
massive increase in coagulopathies and acute phase reactants such as 
C-reactive protein (CRP) and serum ferritin which correlate with the 
severity of the disease (Cheng et al., 2020; Lino et al., 2021; Savla et al., 
2021). High levels of peripheral pro-inflammatory cytokines 
compromise the blood brain barrier (BBB) integrity, cross over to the 
brain vicinity, and activate its resident immune cells, causing microglial 
activation which in turn creates a medium of neuroinflammation 
(Almutairi et al., 2021). Interleukin-6 (IL-6) stimulates the synthesis of 
ferritin and hepcidin in a cytokine storm (Daher et al., 2017; Bessman 
et al., 2020). Hepcidin and hepcidin-like proteins bind to ferroportin, the 
cellular iron exporter, which prevents iron outflow and contributes to 
enhanced LIP, posing the risk of the Fenton reaction and ferroptosis 
when GPX4 does not eliminate the excess lipid ROS (Frazer and 
Anderson, 2014; Ganz, 2018). Hoarding iron into the cell as in cases of 
iron overload could be  detrimental since SARS-CoV-2 replication 
requires iron (Liu W. et al., 2020). Furthermore, SARS-CoV-2 attacks 
hemoglobin, leading to iron release into the circulation (Zhang et al., 
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2022). Therefore, the interaction between the cytokine storm and iron 
dysregulation, with potential subsequent ferroptosis in COVID-19, 
could activate molecular mechanisms that result in brain damage. In that 
case, brain damage could heavily rely on higher hepcidin levels, excessive 
iron influx through transferrin receptors, and the release of free iron into 
the circulation due to infection. In addition, during ferroptosis, 
mitochondria stop elongating, condense, and reduce in size and number. 
Microglia get activated, engulf synapses, and are polarized to a 
pro-inflammatory phenotype, flooding the brain with pro-inflammatory 
cytokines such as tumor necrosis factor alpha (TNF-α), leading to 
changes in cognition and behavior (Figure 2; Zhang et al., 2022).

Ferroptosis inhibition: a possible 
therapeutic target for neurological 
post-COVID syndrome

Ferroptosis can be classified as a new type of cell death that is 
dependent on lipid peroxidation and characterized by mitochondrial 
shrinkage (Liu P. et  al., 2020). Ferroptosis contributes to the 

development of several pathologic processes, including inflammation 
and neurodegenerative diseases (Zhang et  al., 2022). Multiple 
neurodegenerative diseases present with iron accumulation and lipid 
peroxidation in the brain (Farahani et al., 2022). Hambright et al. tested 
the efficacy of tamoxifen-induced deletion of forebrain neuronal GPx4 
gene (Gpx4BIKO mice) as a model of ferroptosis. Gpx4BIKO mice 
exhibited significant deficits in spatial learning and memory function 
associated with lipid peroxidation and hippocampal neurodegeneration. 
Treatment with the ferroptosis inhibitor liproxstatin-1 ameliorated 
neurodegeneration (Hambright et al., 2017). Recent studies have also 
documented the role of ferroptosis in mediating cognitive dysfunction 
in animal models of Alzheimer’s disease (AZ). Using the 5xFAD mouse 
model (has low GPx4 and cognitive impairment), Chen et al. generated 
a 5xFAD mice that overexpress Gpx4 (5xFAD/GPX4). These mice with 
overexpressed GPx4 performed significantly better in memory and 
learning tasks compared to the control 5xFAD mice and had reduced 
neurodegeneration (Chen et al., 2022). Bao et al. showed that selective 
genetic deletion of ferroportin 1 led to ferroptosis, hippocampal 
atrophy and memory deficits, while restoring ferroportin 1 ameliorated 
ferroptosis and memory impairment in the APPswe/PS1dE9 mouse 

FIGURE 2

Potential mechanisms of physiological and neurological ferroptosis-associated changes due to SARS-CoV-2 infection. SARS-CoV-2 virus enters the 
cells through the ACE2 receptor, and triggers cytokine storm, and ferroptosis, which together contributes to mitochondrial damage, and microglial 
activation. The activation of all these mechanisms together contribute to the enhancement of ADAM17, TNF-, IL-6, with simultaneous inhibition of 
GPX4, ferroportin, reduction of oxygen supply, and blood flow. These physiological and neurological changes will lead to behavioral disturbances, 
cognitive decline, and memory loss.
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model of AZ (Bao et al., 2021). Along the same lines, Hao et al. 
showed that cognitive dysfunction in the streptozotocin rat 
model of type 1 diabetes is related to hippocampal iron overload 
and ferroptosis mediated by down regulation of ferroportin 1 
gene (Hao et  al., 2021). A growing body of evidence suggests 
ferroptosis as a plausible mechanism behind the SARS-CoV-2-
associated neuropsychiatric symptoms, cognitive decline, and 
memory loss (Zhang et al., 2022). In an ischemic stroke model, 

Acyl-coenzyme A synthase long-chain family member 4  
(ACSL4), which is crucial to ferroptosis-related lipid 
peroxidation, promoted ferroptosis-induced brain injury and 
neuroinflammation with similar findings to neuro-COVID-19 
events, such as infarct size increase, reduced neurological 
function, microglial activation, and increased pro-inflammatory 
cytokines (Cui et al., 2021). In the context of COVID 19, we can 
see glimpses of potential iron perturbation along with 

TABLE 1 Ferroptosis inhibitors/ROS scavengers.

Ferroptosis 
inhibitors/ROS 
scavengers

Animal model Effect Reference

Liproxtatin-1 Tamoxifen-induced deletion 

of GPx4 gene (Gpx4BIKO 

mice), model of ferroptosis

Ameliorated spatial learning and memory function along with lipid peroxidation and 

hippocampal neurodegeneration.

Hambright et al. 

(2017)

Liproxtatin-1 Endovascular perforation 

model of sub arachnoid 

hemorrhage in Male C57BL/6 

mice.

Attenuated the neurological deficits and brain edema, reduced neuronal cell death, 

restored the redox equilibrium, and preserved GPX4. It also decreased the activation 

of microglia and the release of IL-6, IL-1β, and TNF-α.

Cao et al. (2021)

Liproxtatin-1 LPS-Induced Cognitive 

Impairment in male C57BL/6 

mice.

Ameliorated memory impairment induced by LPS. It decreased the microglial 

activation and the production of IL-6 and TNF-α, attenuated oxidative stress and 

lipid peroxidation, and alleviated mitochondrial injury and neuronal damage after 

LPS exposure. It decreased iron deposition and regulated the ferroptosis-related 

proteins; transferrin, heavy ferritin, mitochondrial ferritin and Gpx4.

Li et al. (2022)

Liproxtatin-1 Complete Freund’s adjuvant 

(CFA)-induced inflammatory 

pain in male adult Sprague–

Dawley (SD) rats

Intrathecal liproxstatin-1 improved mechanical and thermal hypersensitivities in 

CFA rats. It inhibited ferroptosis in the spinal cord and dorsal root ganglion tissues of 

CFA rats. It alleviated lipid peroxidation, disorders of anti-acyl-coenzyme A 

synthetase long-chain family member 4 (ACSL4) and GPX4.

Deng et al. (2023)

Liproxtatin-1 Type 2 diabetes (T2D)-

associated cognitive 

dysfunction in HFD-fed 

C57BL/6 mice injected with 

low-dose streptozotocin.

Attenuated iron accumulation and oxidative stress response, resulting in better 

cognitive function.

Xie et al. (2023)

Ferrostatin-1 Kainic-acid model of temporal 

lobe epilepsy in adult male 

Sprague–Dawley rats

It improved cognitive functions in epileptic rats by inhibiting P38 MAPK and in turn 

increasing the expression of synaptophysin (SYP) and postsynaptic density protein 95 

(PSD-95) in the hippocampus.

Ye et al. (2020)

Ferrostatin-1 Angiotensin II-induced 

inflammation in mouse 

primary cortical astrocytes 

isolated from CD-1 mice.

It suppressed the Ag II-induced increase of angiotensin 1 receptors, IL-6, IL-1β, and 

GFAP in the astrocytes. It upregulated the decreased GPx4, GSH, Nrf2, and HO-1 in 

the astrocytes induced by Ang II, denoting decreased inflammation and ROS 

production.

Li et al. (2021)

Ferrostatin-1 Amyloid beta (25–35)-injected 

Wistar rats model of 

Alzheimer’s disease

It reversed the Aβ-induced spatial learning and memory impairment and enhanced 

the neuropathological changes such as better cell survival and less intracellular Aβ 

deposits. Levels of GPX4 and SLC7A11 were improved.

Naderi et al. (2023)

Ferrostatin-1 Middle cerebral artery 

occlusion (MCAO) model of 

cerebral ischemia/reperfusion 

injury in male C57BL/6 mice

It reduced high iron levels demonstrated in the stroke model. It also decreased lipid 

peroxidation with lower levels of malondialdehyde. It increased the levels of GSH and 

the expression of SLC7A11 and GPX 4. It reduced the infarct size and improved the 

neurobehavioral outcomes.

Liu et al. (2023)

Ferrostatin-1 Bupivacaine (BUP)-Induced 

spinal neurotoxicity in 

Sprague–Dawley male rats

Intrathecal ferrostatin-1 improved rats functional recovery, histopathological 

outcomes, and neural survival. It reversed the e BUP-induced ferroptosis-related 

mitochondrial shrinkage. It decreased lipid peroxidation products such as 

malondialdehyde (MDA) and 4-hydroxynonenal (4HNE). It inhibited the ROS 

accumulation and restored normal levels of GPX4, GSH, and SLC7A11.

Zhao et al. (2023)

GPX4 5xFAD Alzheimer’s mouse 

model

Mice with overexpressed GPx4 performed significantly better in memory and 

learning tasks and had reduced neurodegeneration

Chen et al. (2022)
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neuroinflammation in several forms. High serum ferritin (Cheng 
et al., 2020) and hepcidin levels (Hortová-Kohoutková et al., 2023), 
low serum iron levels (Gaiatto et  al., 2023), and low transferrin 
saturation (Claise et al., 2022) have been significantly correlated with 
COVID-19 severity, hospitalization, and mortality (Zhou et al., 2020; 
Kaushal et al., 2022; Suriawinata and Mehta, 2022). In COVID-19 
patients, altered iron metabolism, depletion of glutathione (GSH) 
(Kumar et al., 2022), inactivation of GPX4 (Muhammad et al., 2021), 
and up regulation of lipid peroxidation biomarkers strongly propose 
ferroptosis as a plausible mechanism for COVID-19 multi-organ 
affection, including neuropsychiatric sequelae (Yang and Lai, 2020).

It is repeatedly reported that the use of multiple iron chelators 
such as deferoxamine prevents the formation of ROS by averting 
electron donation from iron to oxygen, which could minimize 
ferroptosis (Ren et al., 2020; Anthonymuthu et al., 2021). To prevent 
ferroptosis, ferrostatin-1 plays a role as a lipid ROS scavenger (Yang 
and Stockwell, 2016). Ferrostatin-1 alleviates angiotensin II-induced 
inflammation and ferroptosis by inhibiting the enhancement of ROS 
levels in astrocytes and the subsequent reactive gliosis (Li et al., 2021). 
Another recent study showed that ferrostatin-1 diminishes the levels 
of ROS and malondialdehyde and enhances superoxide dismutase 
activity in HT-22 cells, revealing a protective effect of this ferroptosis 
inhibitor (Chu et al., 2020). Curiously, a recent study reported that 
ferrostatin-1, in the presence of reduced iron levels, eliminates lipid 
hydroperoxides, presenting a similar effect as GPX4 (Miotto et al., 
2020). The use of deferoxamine as a ferroptosis inhibitor showed 
success in reducing inflammation and improving memory in different 
models of neurodegenerative diseases (Xue et al., 2016; Fine et al., 
2020; Lee et al., 2021). These results propose ferroptosis inhibition as 
a plausible approach to managing the post-COVID neurological 
disturbances (Table 1).

Conclusion

The attenuation of ferroptosis as a potential therapeutic target for 
neurological post-COVID syndrome is not yet fully established. 

However, inactivation of GPX4 and up regulation of lipid peroxidation 
and ROS are constitutive components of both SARS-CoV-2 infection 
and ferroptosis, suggesting a potentially major role for ferroptosis 
inhibitors. Identifying the possible beneficial molecular changes in the 
brain caused by these inhibitors in the context of COVID-19  
would provide a great insight into managing post-COVID 
neuropsychiatric manifestations.
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The emerging role of copper in 
depression
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Copper (Cu) is an essential trace element in the brain and serves as an important 
cofactor for numerous enzymes involved in a wide range of biochemical 
processes including neurobehavioral, mitochondrial respiration, and antioxidant 
effects. Recent studies have demonstrated that copper dyshomeostasis is tightly 
associated with the development of depression by inducing oxidative stress and 
inflammatory responses. However, these findings have remained controversial 
so far. Cumulative studies have shown a positive association, while some other 
studies showed no association and even a negative association between serum/
plasma copper level and depression. Based on these conflicted results, the 
association was speculated to be due to the clinical features of the population, 
stages of the disease, severity of copper excess, and types of specimens detected 
in these studies. In addition, there was an inverse association between dietary 
copper intake and depression. Furthermore, increasing copper intake could 
influence dietary zinc and iron intake to prevent and treat depression. Thus, 
copper supplementation may be  a good measure to manage depression. This 
review provided a deeper understanding of the potential applicability of copper in 
the prevention and treatment of depression.

KEYWORDS

copper, depression, homeostasis, oxidative stress, inflammatory response, dietary 
supplementation

1. Introduction

Depression is one of the leading mental disorders, and the number of people with depression 
has reached approximately 280 million worldwide from World Health Organization (WHO) 
statistics, making it a major contributor to the overall global burden of diseases (World Health 
Organization, 2023a,b). Given the deleterious effect of depression on human health, WHO’s 
Mental Health Gap Action Programme (mhGAP) has listed it as a priority condition in its 
Mental health action plan 2013–2030 (Institute of Health Metrics and Evaluation, 2023). There 
are many etiologies involved in depression including social, psychological, and biological factors 
(Ferrari et  al., 2016). It is characterized by several symptoms such as depressed mood, 
hopelessness about the future, and thoughts of dying or suicide (World Health Organization, 
2023a,b). Depression can be categorized as mild, moderate, and severe on the basis of the 
number and severity of symptoms, as well as the impact on the individual’s functioning. 
Depending on the severity and pattern of depressive episodes, different treatments are 
recommended, including psychological treatment and antidepressant medications (Shusharina 
et al., 2023), but a significant proportion of people who received treatment still fail to achieve 
remission (Mauskopf et al., 2009; Moriarty et al., 2020) and more than 75% of people in low and 
middle-income countries do not receive any treatment (Evans-Lacko et al., 2018). Hence, it is 
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imperative to look for new risk factors and effective treatments to 
prevent and treat depression.

Copper (Cu) is an essential trace element and the third most 
abundant trace metal after iron and zinc in the human body 
(Barceloux, 1999). It is almost entirely absorbed in the gastrointestinal 
tract, stored in the liver, and eliminated through biliary excretion 
(Halliwell and Gutteridge, 1984). It is a vital cofactor of numerous 
important enzymes, such as dopamine monooxygenase, cytochrome 
oxidase, and the free radical scavenger superoxide dismutase (Uauy 
et  al., 1998; Turnlund, 2000), and is involved in a wide range of 
biochemical processes including neurobehavioral, mitochondrial 
respiration, and antioxidant effects (Uriu-Adams and Keen, 2005). The 
roles of copper in mental diseases have attracted the attention of 
researchers due to its high levels in the brain (Rihel, 2018). An 
imbalance in copper levels in the brain has been reported to 
be associated with many neuropathic diseases, such as depression, 
Alzheimer’s disease, Menkes disease, and Wilson’s disease (An et al., 
2022). Several studies have explored the association between copper 
levels in the human body and depression, but their conclusions remain 
controversial. Cumulative studies have shown a positive association 
between serum/plasma copper levels and depression (Russo, 2011; 
Habibi et al., 2017; Islam et al., 2018; Ni et al., 2018; Ullas Kamath 
et al., 2019; Wu et al., 2022), while some other studies showed that 
there were no associations (Styczeń et al., 2016; Siwek et al., 2017) and 
even negative associations between serum/plasma copper level and 
depression (Styczeń et al., 2016; Li et al., 2018; Twayej et al., 2020; 
Ding and Zhang, 2022). Given these conflicting results, we focused on 
the role of copper in depression and its underlying mechanisms in this 
review, aiming to provide a better understanding of its potential 
applicability in preventing and treating depression.

2. Regulation of copper homeostasis

Copper homeostasis, namely, the dynamic balance in copper 
levels, is a tightly regulated process by various key molecules, 
including copper chaperones, transmembrane transporters, and 
transcriptional regulators (Chen et al., 2022, 2023). These molecules 
cooperatively regulate the import, intracellular distribution, and 
export of copper to maintain homeostasis. As shown in Figure 1, 
copper is a redox-active metal ion that exists in two oxidation states: 
Cu+ and Cu2+ (Ge et  al., 2022). Extracellular Cu2+ binding to 
ceruloplasmin is reduced by the metalloreductase six-transmembrane 
epithelial antigen of the prostate (SETAP) to Cu+, and copper 
transporter 1 (CTR1) (also known as solute carrier family 31 member 
1, SLC31A1) transports Cu+ into cells (Ohgami et al., 2006). Once it 
enters the cytoplasm, a part of Cu+ binds to glutathione (GSH) and is 
delivered to metallothionein 1/2 (MT1/2) to be restored, and other 
parts of Cu+ are either transferred to the nucleus or ATP7A/7B located 
in the trans-Golgi network (TGN) by the chaperone antioxidant-
1(ATOX1) to facilitate the synthesis of cuproenzymes (Lutsenko et al., 
2007) or delivered to superoxide dismutase 1 (SOD1) in the cytoplasm 
and mitochondrial intermembrane space by a copper chaperone for 
superoxide dismutase (CCS) to detoxify reactive oxygen species 
(ROS). In addition, Cu+ in the cytoplasm can be transported to the 
mitochondrial intermembrane space, in which Cu+ binds to chaperone 
cytochrome oxidase 17 (COX17) and is delivered to either the 
chaperone synthesis of cytochrome oxidase 1 (SCO1) or COX11, 

ultimately delivering to the cytochrome C oxidase (CCO) I (COX1) 
or II (COX2) subunits to involve them in the respiratory chain (Horng 
et al., 2004).

Because of the alteration of physiological or pathological 
conditions in the human body, the cellular copper content changes, 
resulting in the disturbance of copper homeostasis, namely, copper 
excess or copper deficiency. Based on the cellular copper status, the 
expression of some molecules involved in copper homeostasis is 
regulated. For example, CTR1 and CCS are down-regulated when 
intracellular copper overloads and up-regulated when intracellular 
copper is deficient (Bertinato and L'Abbé, 2003; Liang et al., 2012). 
Moreover, ATP7A and ATP7B, as the major transporters for exporting 
cellular copper, are commonly located in the TGN. However, when 
intracellular copper overloads, ATP7A and ATP7B translocate from 
the TGN to the plasma membrane to export copper. When 
intracellular copper recovers to the physiological condition, ATP7A 
and ATP7B return to the TGN (La Fontaine and Mercer, 2007). It is 
important to note that the expression of ATP7A and ATP7B is tissue-
specific. ATP7A is expressed in various tissues and organs, whereas 
ATP7B is predominantly expressed in the liver, suggesting that 
ATP7A, but not ATP7B, is primarily involved in the exporting of 
copper into the brain cell (Lutsenko et al., 2007).

3. The role of copper in oxidative 
stress and inflammation

Some of the molecular mechanisms underlying copper-induced 
depression included oxidative stress, neurotransmitter imbalance, and 
impaired synaptic plasticity. Among these mechanisms, oxidative 
stress is regarded as a mainstay because of its effect on other 
depression-associated mechanisms (Bhatt et al., 2020; Correia et al., 
2023). Oxidative stress is a biological process caused by a disturbance 
between production and accumulation of ROS in cells and tissues and 
is responsible for some diseases such as neuropathic diseases and 
cancer due to its deleterious effects (Pizzino et al., 2017). The redox 
activity of copper induces oxidative stress via redox and Fenton 
reactions (Pereira et al., 2016; Ruizs et al., 2021). A positive association 
was observed between copper level in the serum or brain and oxidative 
stress (Maes et al., 1997; Frey et al., 2007; Ozcelik and Uzun, 2009; 
Salustri et al., 2010; Lee et al., 2013; Bajpai et al., 2014; Liu et al., 2015; 
Kumar et al., 2019). Copper has been revealed as a key regulator in 
various cell signaling pathways such as membrane receptor-associated 
pathways and growth factor-associated pathways (Grubman and 
White, 2014). The signaling pathways associated with copper-induced 
oxidative stress have been explored mainly based on in vitro cell 
experiments and in vivo animal studies. These studies demonstrated 
that a large amount of copper intake can result in oxidative damage by 
activating the antioxidant protection signals mitogen-activated 
protein kinase 14 (MAPK14)/the nuclear factor erythroid 2-related 
factor 2 (Nrf2)/heme oxygenase-1 (HO-1)/NAD(P)H:quinone 
oxidoreductase 1 (NQO1) pathway, inhibiting cAMP-response 
element binding protein (CREB)/Brain-derived neurotrophic factor 
(BDNF) pathway or PI3K/AKT/mTOR pathway to induce apoptosis 
or autophagy (Figure  2; Filomeni et  al., 2011; Boilan et  al., 2013; 
Zhong et al., 2014; Wang Y. et al., 2018; Xie et al., 2020; Zou et al., 
2021; Li et al., 2022; Lu et al., 2022; Zhong et al., 2022). Kim et al. also 
found that the autophagy kinase ULK1 can induce the autophagic 
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degradation of mitochondria by phosphorylating the ser-73 and 
ser-254 residues of Sestrin 2 under copper-induced oxidative stress 
conditions (Kim et al., 2020). In addition, copper can destroy the 
antioxidant defense system by decreasing antioxidant enzyme 
activities (SOD, CAT, and GSH-Px) to induce toxicity (Lai et al., 1996; 
West and Prohaska, 2004; Sun et al., 2018; Jian et al., 2020).

In addition to oxidative stress, accumulating evidence suggested 
that copper can exert toxicity, resulting in depression by triggering an 
inflammatory process. A number of studies revealed that high serum 
copper levels were associated with decreased levels of anti-
inflammatory cytokines (IL4 and IL-10) and increased levels of 
pro-inflammatory cytokines (TNF-а, IL-6, IL-2, IL-8, and IL-1β) to 
trigger the pathogenesis of depression (Maes et al., 1995; Cattaneo 
et al., 2015; Habibi et al., 2017; Xu et al., 2021). Furthermore, there are 
various pathways that are involved in copper-regulated inflammation, 
including the nuclear factor kappa-B (NF-KB), MAPKs, JAK–STAT, 
and NLRP3 pathways (Deng et al., 2023). In addition, an alteration in 
the microbial richness and diversity of feces in Sprague–Dawley rats 
fed a high level of copper was associated with copper-regulated 
inflammatory responses (Zhang et al., 2017). Oxidative stress was 
deemed to be an important factor for the inflammatory response in 
the central nervous system (Ruiz et  al., 2022). Consistent with it, 
increasing evidence suggested that copper-induced oxidative stress 
contributed to cellular inflammatory responses (Yang et al., 2020; 
Kouadri et  al., 2021). Therefore, understanding copper-induced 

oxidative stress and inflammatory responses would be beneficial for 
the prevention and treatment of copper-related diseases.

4. Dysregulation of copper 
homeostasis and depression

Copper is abundant in the brain, especially in the cerebellum, 
hippocampus, basal ganglia, numerous synaptic membranes, cell 
bodies of cortical pyramidal, and cerebellar granular neurons 
(Desai and Kaler, 2008). It is regarded as an important cofactor for 
many enzymes that affect a variety of brain functions. Because the 
brain is a highly metabolizing organ, a small imbalance in copper 
levels may cause detrimental effects on the brain. Disturbance of 
copper homeostasis in the brain can cause copper excess or copper 
deficiency, leading to an array of diseases (Chakravarty and 
Chowdhury, 1984). This is because copper excess may result in 
injury, while copper deficiency may cause incomplete development 
(Sharma et al., 2014).

Copper excess has a higher incidence than copper deficiency in 
humans. It is toxic to many organs, especially the brain (Winge and 
Mehra, 1990). Multiple studies have suggested that copper levels in 
patients with depression were significantly higher than the control 
without depression (Narang et al., 1991; Butterworth, 2010; Russo, 
2011; Habibi et al., 2017; Islam et al., 2018; Ullas Kamath et al., 2019; 

FIGURE 1

The regulation process of copper homeostasis. SETAP, metalloreductase six-transmembrane epithelial antigen of the prostate; CTR1, copper 
transporter 1; SLC31A1, solute carrier family 31 member 1; GSH, glutathione; MT1/2, metallothionein 1/2; ATOX1, the chaperone antioxidant-1; CCS, 
copper chaperone for superoxide dismutase; SOD1, superoxide dismutase 1; COX17, chaperone cytochrome oxidase 17; SCO1, chaperone synthesis of 
cytochrome oxidase 1; CCO, cytochrome C oxidase; COX1, cytochrome C oxidase (CCO) I; COX2, cytochrome C oxidase (CCO) II.
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Wu et al., 2022). Additionally, copper content in the human body 
gradually increased in pregnant women, which may be related to the 
elevated levels of circulatory progesterone and estrogens; thus, it can 
easily cause depression (Gernand et  al., 2016). In a study of 574 
women aged 30–60 years with various mental and behavioral 
disorders, the serum copper levels were significantly higher in women 
with a history of post-partum depression (PPD) than in non-depressed 
women and depressed women without a history of PPD (Crayton and 
Walsh, 2007). This is consistent with a study showing that the mean 
level of copper in the serum was higher in pregnant Iranian 
adolescents with depression than in those without depression 
(Bahramy et al., 2020). As aforementioned, this may be because an 
elevated concentration of cellular copper can cause neuronal injury, 
resulting in depression by inducing oxidative stress and inflammatory 
responses. However, an inverse relationship was observed between 
copper serum level and depression (Styczeń et al., 2016; Li et al., 2018; 
Twayej et al., 2020; Ding and Zhang, 2022) even though there were no 
associations between copper serum level and depression in several 
studies (Styczeń et  al., 2016; Siwek et  al., 2017). Based on these 
conflicted results, the association was speculated to be related to the 
clinical features of the population, stages of the disease, severity of 
copper excess, and types of detected specimens in these studies 
(Table  1). For example, the epidemiology data suggested that the 
incidence of depression is about twice as common in women than in 
men (Kessler, 2003; World Health Organization, 2023a,b). Obesity was 
also a risk factor for depressive symptoms in individuals with high 

serum copper levels (Wu et al., 2022). However, the role of age as a risk 
factor for depression remains controversial. A study by Clark et al. 
showed that there was no association between blood copper and age, 
but two other studies demonstrated that they were correlated (Clark 
et al., 2007; Ma et al., 2014; Ni et al., 2018). Siwek et al. found that 
serum copper concentrations in patients with stage 1 bipolar disorder 
(including depression) were significantly higher than those of patients 
in advanced stages (2 + 3 + 4) of bipolar disorder (including 
depression) (Siwek et al., 2017). Moreover, a systematic review and 
meta-analysis of observational studies demonstrated that blood levels 
of copper in patients with depression were higher than those of 
patients without depression, while there was no difference in copper 
content in the hair between the two groups, suggesting that copper 
levels in the blood may be more sensitive to pathological changes in 
patients compared to those in the hair (Harvey et al., 2009; Ni et al., 
2018). Thus, the level of plasma copper is currently the most widely 
used criterion for detecting copper content. Further systematic studies 
are needed to better understand the association between copper excess 
and depression.

Although the incidence of copper deficiency is relatively lower 
than that of copper excess, it cannot be ignored because it results in 
some diseases. In humans, Menkes syndrome is a main manifestation 
of copper deficiency and causes serious neurological disorders (Danks 
et  al., 1972; Mercer, 1998). The mechanism may be  that copper 
deficiency affects brain functioning by impairing brain mitochondrial 
function to damage energy metabolism (Munakata et al., 2005). In 
addition, increasing evidence reveals that copper deficiency results in 
decreased levels of plasma iron, which may be due to a decrease in the 
absorption and inhibition of iron released from the liver (Reeves and 
Demars, 2006; Pyatskowit and Prohask, 2008). Iron deficiency can 
induce depression, and thus copper deficiency may result in 
depression by decreasing the iron levels in the human body. Iron 
deficiency in the brain can be reversed by iron injections (Pyaskowit 
and Prohaska, 2008).

5. Copper supplementation for the 
prevention and treatment of 
depression

Increasing evidence has indicated that nutrients played a vital 
role in preventing and managing depression (Lai et al., 2014; Marx 
et al., 2017; Salehi-Abargouei et al., 2019). For example, there was 
an inverse relationship between dietary patterns rich in fruits and 
vegetables and high depressive symptoms (Xia et al., 2017; Wang 
C. J. et al., 2018; Cheng et al., 2019). Thus, the identification of the 
dietary factors involved in depression has attracted researchers’ 
attention in recent years. As aforementioned, copper is an essential 
dietary component in the human body. The adult human body 
contains approximately 75–100 mg of copper, and the recommended 
daily dosage is 0.9 mg/day in adults (Food and Nutrition Board, 
Institute of Medicine, 2001). Food is the primary source of daily 
copper intake (National Academy of Sciences, 2000). There is rich 
copper in various foods, such as shellfish, seeds, nuts, meats, and 
chocolate (Ma and Betts, 2000; Institute of Medicine (US) Panel on 
Micronutrients, 2001).

A number of studies have demonstrated that an imbalance in 
dietary copper intake contributed to the development of depression. 

FIGURE 2

The associated signaling pathways of copper-induced oxidative 
stress.
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A cross-sectional study of 14,834 US adults (7,399 men and 7,435 
women) aged 18 years or older suggested that total copper intake 
may be an inverse association with depression, and these enrolled 
people given the Recommended Dietary Allowance had an obviously 
lower incidence of depression compared to those given less than the 
Recommended Dietary Allowance (Li et al., 2018). Consistent with 
this result, a negative association was observed between dietary 
copper intake and depression in two cross-sectional Japanese studies 
and a meta-analysis (Nakamura et al., 2019; Thi Thu Nguyen et al., 
2019; Ding and Zhang, 2022). Additionally, a case–control study of 
849 Korean adolescent girls aged 12–18 years also indicated that 
there was a high risk of depression in participants who ate more 
instant and processed foods and that dietary copper intake was 
negatively related to depression, suggesting that a reasonable dietary 
pattern played an important role in preventing and managing 
depression (Kim et al., 2015). Furthermore, an inverse association 
between dietary copper intake and depression was observed to 
be more relevant in women than in men (Thi Thu Nguyen et al., 
2019; Ding and Zhang, 2022). Therefore, adequate intake of copper 
and reasonable dietary pattern was very important in 
preventing depression.

In addition to a dietary pattern that results in the dysregulation of 
copper intake, an imbalance of other metal ions in the human body 
can also influence copper to be  involved in the pathogenesis of 
depression. In a cross-sectional study of 139 men and women aged 
≥60 years in Australia, copper concentrations and copper/zinc ratios 
were found to be negatively associated with depressive symptoms 
(Mravunac et al., 2019). This is because zinc can compete with copper 
for absorption in the small intestine (Mravunac et al., 2019). It has 
been suggested that a high-iron diet might result in copper deficiency; 
in turn, increasing copper intake would correct many of the notable 
high iron-related physiological perturbations (Klevay, 2001, 2016; 
Reeves and Demars, 2005; Ha et  al., 2017; Wang T. et  al., 2018). 

A negative association has been observed between depression and 
dietary zinc and iron intake (Li et  al., 2017). Thus, copper 
supplementation may be an effective measure to prevent and treat 
depression by interfering with the metabolic processes of zinc 
and iron.

6. Conclusion

In summary, copper is an essential trace element in the brain, and 
serves as an important cofactor for numerous enzymes involved in a 
wide series of biochemical processes, including neurobehavioral, 
mitochondrial respiration, and antioxidant effects. Thus, a trace 
dyshomeostasis of copper may cause serious brain diseases such as 
depression. Recent research has demonstrated that copper 
dyshomeostasis was tightly associated with the development of 
depression by inducing oxidative stress and inflammatory responses. 
However, the conclusion had remained controversial so far. 
Cumulative studies tended to show a positive association between 
serum/plasma copper level and depression, whereas some other 
studies showed no association and even negative associations between 
serum/plasma copper level and depression. Based on these conflicted 
results, the association was speculated to be related to the clinical 
features of the population, stages of the disease, severity of copper 
excess, and types of detected specimens in these studies. Further 
systematic studies are needed to better understand the association 
between copper excess and depression.

Furthermore, there was an inverse association between dietary 
copper intake and depression. Food is the primary source of daily 
copper intake. Thus, adequate intake of copper and a reasonable 
dietary pattern is very important for preventing depression. 
Additionally, increasing copper intake can influence dietary zinc and 
iron intake and is involved in the pathogenesis of depression. 

TABLE 1 The influencing factors for studies on the association between copper levels and depression.

Type of study Countries Results References

Clinical features

Sex Epidemiology data Worldwide Incidence of depression was about twice as common in women 

than in men

World Health Organization 

(2023a,b)

Obesity Cross-sectional study America Obesity (BMI ≥ 30 kg/m2) was a risk factor for people with high 

serum copper levels to develop depression symptoms

Wu et al. (2022)

Age Clinical study Canada No relationship in people aged 30–65 years old Clark et al. (2007)

Clinical study China A relationship in children aged 3–12 years old Ma et al. (2014)

A systematic review 

and meta-analysis of 

observational studies

– A relationship between blood copper and depression in people 

under 50 years old, but not in people over 50 years old

Ni et al. (2018)

The severity of 

the disease

Clinical study Poland Serum copper concentrations in patients with stage 1 bipolar 

disorder (including depression) were obviously higher than that 

of patients in advanced stages (2 + 3 + 4) of bipolar disorder 

(including depression)

Siwek et al. (2017)

Types of detected 

specimen

A systematic review – Serum copper appears to be a useful biomarker of copper status 

at the population level

Harvey et al. (2009)

A systematic review 

and meta-analysis of 

observational studies

– Blood levels of copper in patients with depression were higher 

than that of patients without depression, while there was no 

difference in copper content in the hair between the two groups

Ni et al. (2018)
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Therefore, copper supplementation may be a good strategy to prevent 
and treat depression.

Author contributions

JC reviewed these works of literature and drafted the manuscript. 
WS and WZ revised the manuscript. All authors contributed to the 
article and approved the submitted version.

Funding

This work was supported by the Tackling-plan Project of Henan 
Department of Science and Technology (No. 212102310325).

Conflict of interest

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

Publisher’s note

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

References
An, Y., Li, S., Huang, X., Chen, X., Shan, H., and Zhang, M. (2022). The role of copper 

homeostasis in brain disease. Int. J. Mol. Sci. 23:13850. doi: 10.3390/ijms232213850

Bahramy, P., Mohammad-Alizadeh-Charandabi, S., Ramezani-Nardin, F., and 
Mirghafourvand, M. (2020). Serum levels of vitamin D, calcium, magnesium, and 
copper, and their relations with mental health and sexual function in pregnant Iranian 
adolescents. Biol. Trace Elem. Res. 198, 440–448. doi: 10.1007/s12011-020-02109-8

Bajpai, A., Verma, A. K., Srivastava, M., and Srivastava, R. (2014). Oxidative stress and 
major depression. J. Clin. Diagn. Res. 8:CC04-7. doi: 10.7860/JCDR/2014/10258.5292

Barceloux, D. G. (1999). Copper. J. Toxicol. Clin. Toxicol. 37, 217–230. doi: 10.1081/
clt-100102421

Bertinato, J., and L'Abbé, M. R. (2003). Copper modulates the degradation of copper 
chaperone for cu,Zn superoxide dismutase by the 26S proteosome. J. Biol. Chem. 278, 
35071–35078. doi: 10.1074/jbc.M302242200

Bhatt, S., Nagappa, A. N., and Patil, C. R. (2020). Role of oxidative stress in depression. 
Drug Discov. Today 25, 1270–1276. doi: 10.1016/j.drudis.2020.05.001

Boilan, E., Winant, V., Dumortier, E., Piret, J. P., Bonfitto, F., Osiewacz, H. D., et al. 
(2013). Role of p38MAPK and oxidative stress in copper-induced senescence. Age 35, 
2255–2271. doi: 10.1007/s11357-013-9521-3

Butterworth, R. F. (2010). Metal toxicity, liver disease and neurodegeneration. 
Neurotox. Res. 18, 100–105. doi: 10.1007/s12640-010-9185-z

Cattaneo, A., Macchi, F., Plazzotta, G., Veronica, B., Bocchio-Chiavetto, L., Riva, M. A., 
et al. (2015). Inflammation and neuronal plasticity: a link between childhood trauma 
and depression pathogenesis. Front. Cell. Neurosci. 9:40. doi: 10.3389/fncel.2015.00040

Chakravarty, P. K., and Chowdhury, J. R. (1984). Serum copper in malignant neoplasia 
with special reference to the cervix uteri. J. Cancer Res. Clin. Oncol. 108, 312–315. doi: 
10.1007/BF00390464

Chen, X., Cai, Q., Liang, R., Zhang, D., Liu, X., Zhang, M., et al. (2023). Copper 
homeostasis and copper-induced cell death in the pathogenesis of cardiovascular disease 
and therapeutic strategies. Cell Death Dis. 14:105. doi: 10.1038/s41419-023-05639-w

Chen, L., Min, J., and Wang, F. (2022). Copper homeostasis and cuproptosis in health 
and disease. Signal Transduct. Target. Ther. 7:378. doi: 10.1038/s41392-022-01229-y

Cheng, H. Y., Shi, Y. X., Yu, F. N., Zhao, H. Z., Zhang, J. H., and Song, M. (2019). 
Association between vegetables and fruits consumption and depressive symptoms in a 
middle-aged Chinese population: an observational study. Medicine 98:e15374. doi: 
10.1097/MD.0000000000015374

Clark, N. A., Teschke, K., Rideout, K., and Copes, R. (2007). Trace element levels in 
adults from the west coast of Canada and associations with age, gender, diet, activities, 
and levels of other trace elements. Chemosphere 70, 155–164. doi: 10.1016/j.
chemosphere.2007.06.038

Correia, A. S., Cardoso, A., and Vale, N. (2023). Oxidative stress in depression: the 
link with the stress response, neuroinflammation, serotonin, neurogenesis and synaptic 
plasticity. Antioxidants 12:470. doi: 10.3390/antiox12020470

Crayton, J. W., and Walsh, W. J. (2007). Elevated serum copper levels in women with 
a history of post-partum depression. J. Trace Elem. Med. Biol. 21, 17–21. doi: 10.1016/j.
jtemb.2006.10.001

Danks, D. M., Campbell, P. E., Stevens, B. J., Mayne, V., and Cartwright, E. (1972). 
Menkes's kinky hair syndrome. An inherited defect in copper absorption with 
widespread effects. Pediatrics 50, 188–201. doi: 10.1542/peds.50.2.188

Deng, H., Zhu, S., Yang, H., Cui, H., Guo, H., Deng, J., et al. (2023). The dysregulation 
of inflammatory pathways triggered by copper exposure. Biol. Trace Elem. Res. 201, 
539–548. doi: 10.1007/s12011-022-03171-0

Desai, V., and Kaler, S. G. (2008). Role of copper in human neurological disorders. 
Am. J. Clin. Nutr. 88, 855S–858S. doi: 10.1093/ajcn/88.3.855S

Ding, J., and Zhang, Y. (2022). Associations of dietary copper, selenium, and 
manganese intake with depression: a meta-analysis of observational studies. Front. Nutr. 
9:854774. doi: 10.3389/fnut.2022.854774

Evans-Lacko, S., Aguilar-Gaxiola, S., Al-Hamzawi, A., Alonso, J., Benjet, C., 
Bruffaerts, R., et al. (2018). Socio-economic variations in the mental health treatment 
gap for people with anxiety, mood, and substance use disorders: results from the WHO 
world mental health (WMH) surveys. Psychol. Med. 48, 1560–1571. doi: 10.1017/
S0033291717003336

Ferrari, A. J., Stockings, E., Khoo, J. P., Erskine, H. E., Degenhardt, L., Vos, T., et al. 
(2016). The prevalence and burden of bipolar disorder: findings from the global burden 
of disease study 2013. Bipolar Disord. 18, 440–450. doi: 10.1111/bdi.12423

Filomeni, G., Cardaci, S., Da Costa Ferreira, A. M., Rotilio, G., and Ciriolo, M. R. 
(2011). Metabolic oxidative stress elicited by the copper(II) complex [cu(isaepy)2] 
triggers apoptosis in SH-SY5Y cells through the induction of the AMP-activated protein 
kinase/p38MAPK/p53 signalling axis: evidence for a combined use with 
3-bromopyruvate in neuroblastoma treatment. Biochem. J. 437, 443–453. doi: 10.1042/
BJ20110510

Food and Nutrition Board, Institute of Medicine (2001). Dietary reference intakes: Vitamin 
a, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, nickel, 
silicon, vanadium, and zinc. Washington, DC: National Academy Press.

Frey, B. N., Andreazza, A. C., Kunz, M., Gomes, F. A., Quevedo, J., Salvador, M., et al. 
(2007). Increased oxidative stress and DNA damage in bipolar disorder: a twin-case 
report. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 31, 283–285. doi: 10.1016/j.
pnpbp.2006.06.011

Ge, E. J., Bush, A. I., Casini, A., Cobine, P. A., Cross, J. R., DeNicola, G. M., et al. 
(2022). Connecting copper and cancer: from transition metal signalling to metalloplasia. 
Nat. Rev. Cancer 22, 102–113. doi: 10.1038/s41568-021-00417-2

Gernand, A. D., Schulze, K. J., Stewart, C. P., West, K. P., and Christian, P. (2016). 
Micronutrient deficiencies in pregnancy worldwide: health effects and prevention. Nat. 
Rev. Endocrinol. 12, 274–289. doi: 10.1038/nrendo.2016.37

Grubman, A., and White, A. R. (2014). Copper as a key regulator of cell signalling 
pathways. Expert Rev. Mol. Med. 16:e11. doi: 10.1017/erm.2014.11

Ha, J. H., Doguer, C., and Collins, J. F. (2017). Consumption of a high-iron diet 
disrupts homeostatic regulation of intestinal copper absorption in adolescent mice. Am. 
J. Physiol. Gastrointest. Liver Physiol. 313, G353–G360. doi: 10.1152/ajpgi.00169.2017

Habibi, L., Tafakhori, A., Hadiani, R., Maserat-Mashhadi, M., Kafrash, Z., Torabi, S., 
et al. (2017). Molecular changes in obese and depressive patients are similar to 
neurodegenerative disorders. Iran. J. Neurol. 16, 192–200.

Halliwell, B., and Gutteridge, J. M. (1984). Oxygen toxicity, oxygen radicals, transition 
metals and disease. Biochem. J. 219, 1–14. doi: 10.1042/bj2190001

Harvey, L. J., Ashton, K., Hooper, L., Casgrain, A., and Fairweather-Tait, S. J. (2009). 
Methods of assessment of copper status in humans: a systematic review. Am. J. Clin. 
Nutr. 89, 2009S–2024S. doi: 10.3945/ajcn.2009.27230E

Horng, Y. C., Cobine, P. A., Maxfield, A. B., Carr, H. S., and Winge, D. R. (2004). 
Specific copper transfer from the Cox17 metallochaperone to both Sco1 and Cox11 in 
the assembly of yeast cytochrome C oxidase. J. Biol. Chem. 279, 35334–35340. doi: 
10.1074/jbc.M404747200

Institute of Health Metrics and Evaluation (2023). Global health data exchange 
(GHDx). Available at: https://vizhub.healthdata.org/gbd-results/ (Accessed March 4, 
2023).

117

https://doi.org/10.3389/fnins.2023.1230404
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/ijms232213850
https://doi.org/10.1007/s12011-020-02109-8
https://doi.org/10.7860/JCDR/2014/10258.5292
https://doi.org/10.1081/clt-100102421
https://doi.org/10.1081/clt-100102421
https://doi.org/10.1074/jbc.M302242200
https://doi.org/10.1016/j.drudis.2020.05.001
https://doi.org/10.1007/s11357-013-9521-3
https://doi.org/10.1007/s12640-010-9185-z
https://doi.org/10.3389/fncel.2015.00040
https://doi.org/10.1007/BF00390464
https://doi.org/10.1038/s41419-023-05639-w
https://doi.org/10.1038/s41392-022-01229-y
https://doi.org/10.1097/MD.0000000000015374
https://doi.org/10.1016/j.chemosphere.2007.06.038
https://doi.org/10.1016/j.chemosphere.2007.06.038
https://doi.org/10.3390/antiox12020470
https://doi.org/10.1016/j.jtemb.2006.10.001
https://doi.org/10.1016/j.jtemb.2006.10.001
https://doi.org/10.1542/peds.50.2.188
https://doi.org/10.1007/s12011-022-03171-0
https://doi.org/10.1093/ajcn/88.3.855S
https://doi.org/10.3389/fnut.2022.854774
https://doi.org/10.1017/S0033291717003336
https://doi.org/10.1017/S0033291717003336
https://doi.org/10.1111/bdi.12423
https://doi.org/10.1042/BJ20110510
https://doi.org/10.1042/BJ20110510
https://doi.org/10.1016/j.pnpbp.2006.06.011
https://doi.org/10.1016/j.pnpbp.2006.06.011
https://doi.org/10.1038/s41568-021-00417-2
https://doi.org/10.1038/nrendo.2016.37
https://doi.org/10.1017/erm.2014.11
https://doi.org/10.1152/ajpgi.00169.2017
https://doi.org/10.1042/bj2190001
https://doi.org/10.3945/ajcn.2009.27230E
https://doi.org/10.1074/jbc.M404747200
https://vizhub.healthdata.org/gbd-results/


Chen et al. 10.3389/fnins.2023.1230404

Frontiers in Neuroscience 07 frontiersin.org

Institute of Medicine (US) Panel on Micronutrients (2001). Dietary reference intakes for 
vitamin a, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, molybdenum, 
nickel, silicon, vanadium, and zinc. Washington, DC: National Academies Press.

Islam, M. R., Islam, M. R., Shalahuddin Qusar, M. M. A., Islam, M. S., Kabir, M. H., 
Mustafizur Rahman, G. K. M., et al. (2018). Alterations of serum macro-minerals and 
trace elements are associated with major depressive disorder: a case-control study. BMC 
Psychiatry 18:94. doi: 10.1186/s12888-018-1685-z

Jian, Z., Guo, H., Liu, H., Cui, H., Fang, J., Zuo, Z., et al. (2020). Oxidative stress, 
apoptosis and inflammatory responses involved in copper-induced pulmonary toxicity 
in mice. Aging 12, 16867–16886. doi: 10.18632/aging.103585

Kessler, R. C. (2003). Epidemiology of women and depression. J. Affect. Disord. 74, 
5–13. doi: 10.1016/s0165-0327(02)00426-3

Kim, T. H., Choi, J. Y., Lee, H. H., and Park, Y. (2015). Associations between dietary 
pattern and depression in Korean adolescent girls. J. Pediatr. Adolesc. Gynecol. 28, 
533–537. doi: 10.1016/j.jpag.2015.04.005

Kim, H., Jeon, B. T., Kim, I. M., Bennett, S. J., Lorch, C. M., Viana, M. P., et al. (2020). 
Sestrin2 phosphorylation by ULK1 induces autophagic degradation of mitochondria 
damaged by copper-induced oxidative stress. Int. J. Mol. Sci. 21:6130. doi: 10.3390/
ijms21176130

Klevay, L. M. (2001). Iron overload can induce mild copper deficiency. J. Trace Elem. 
Med. Biol. 14, 237–240. doi: 10.1016/S0946-672X(01)80009-2

Klevay, L. M. (2016). IHD from copper deficiency: a unified theory. Nutr. Res. Rev. 29, 
172–179. doi: 10.1017/S0954422416000093

Kouadri, A., Cormenier, J., Gemy, K., Macari, L., Charbonnier, P., Richaud, P., et al. 
(2021). Copper-associated oxidative stress contributes to cellular inflammatory 
responses in cystic fibrosis. Biomedicine 9:329. doi: 10.3390/biomedicines9040329

Kumar, J., Sathua, K. B., and Flora, S. J. S. (2019). Chronic copper exposure elicit 
neurotoxic responses in rat brain: assessment of 8-hydroxy-2-deoxyguanosine activity, 
oxidative stress and neurobehavioral parameters. Cell. Mol. Biol. 65, 27–35. doi: 
10.14715/cmb/2019.65.1.5

La Fontaine, S., and Mercer, J. F. (2007). Trafficking of the copper-ATPases, ATP7A 
and ATP7B: role in copper homeostasis. Arch. Biochem. Biophys. 463, 149–167. doi: 
10.1016/j.abb.2007.04.021

Lai, J. S., Hiles, S., Bisquera, A., Hure, A. J., McEvoy, M., and Attia, J. (2014). A 
systematic review and meta-analysis of dietary patterns and depression in community-
dwelling adults. Am. J. Clin. Nutr. 99, 181–197. doi: 10.3945/ajcn.113.069880

Lai, C. C., Huang, W. H., Klevay, L. M., Gunning, W. T. III, and Chiu, T. H. (1996). 
Antioxidant enzyme gene transcription in copper-deficient rat liver. Free Radic. Biol. 
Med. 21, 233–240. doi: 10.1016/0891-5849(96)00029-9

Lee, S. Y., Lee, S. J., Han, C., Patkar, A. A., Masand, P. S., and Pae, C. U. (2013). 
Oxidative/nitrosative stress and antidepressants: targets for novel antidepressants. Prog. 
Neuropsychopharmacol. Biol. Psychiatry 46, 224–235. doi: 10.1016/j.pnpbp.2012.09.008

Li, Z., Li, B., Song, X., and Zhang, D. (2017). Dietary zinc and iron intake and risk of 
depression: a meta-analysis. Psychiatry Res. 251, 41–47. doi: 10.1016/j.psychres.2017.02.006

Li, Q., Liao, J., Zhang, K., Hu, Z., Zhang, H., Han, Q., et al. (2022). Toxicological 
mechanism of large amount of copper supplementation: effects on endoplasmic 
reticulum stress and mitochondria-mediated apoptosis by Nrf2/HO-1 pathway-induced 
oxidative stress in the porcine myocardium. J. Inorg. Biochem. 230:111750. doi: 10.1016/j.
jinorgbio.2022.111750

Li, Z., Wang, W., Xin, X., Song, X., and Zhang, D. (2018). Association of total zinc, 
iron, copper and selenium intakes with depression in the US adults. J. Affect. Disord. 228, 
68–74. doi: 10.1016/j.jad.2017.12.004

Liang, Z. D., Tsai, W. B., Lee, M. Y., Savaraj, N., and Kuo, M. T. (2012). Specificity 
protein 1 (sp1) oscillation is involved in copper homeostasis maintenance by regulating 
human high-affinity copper transporter 1 expression. Mol. Pharmacol. 81, 455–464. doi: 
10.1124/mol.111.076422

Liu, T., Zhong, S., Liao, X., Chen, J., He, T., Lai, S., et al. (2015). A meta-analysis of 
oxidative stress markers in depression. PLoS One 10:e0138904. doi: 10.1371/journal.
pone.0138904

Lu, Q., Zhang, Y., Zhao, C., Zhang, H., Pu, Y., and Yin, L. (2022). Copper induces 
oxidative stress and apoptosis of hippocampal neuron via pCREB/BDNF/ and Nrf2/
HO-1/NQO1 pathway. J. Appl. Toxicol. 42, 694–705. doi: 10.1002/jat.4252

Lutsenko, S., Barnes, N. L., Bartee, M. Y., and Dmitriev, O. Y. (2007). Function and 
regulation of human copper-transporting ATPases. Physiol. Rev. 87, 1011–1046. doi: 
10.1152/physrev.00004.2006

Ma, J., and Betts, N. M. (2000). Zinc and copper intakes and their major food sources 
for older adults in the 1994-96 continuing survey of food intakes by individuals (CSFII). 
J. Nutr. 130, 2838–2843. doi: 10.1093/jn/130.11.2838

Ma, D. F., Zhang, Y. M., Wang, P. Y., Yang, T. T., Tuo, Y., and Sheng, Q. H. (2014). 
Analysis for the blood mineral content of children aged 3 to 12 years in 7 cities and 2 
towns in China. Beijing Da Xue Xue Bao 46, 379–382.

Maes, M., Meltzer, H. Y., Bosmans, E., Bergmans, R., Vandoolaeghe, E., Ranjan, R., 
et al. (1995). Increased plasma concentrations of interleukin-6, soluble interleukin-6, 
soluble interleukin-2 and transferrin receptor in major depression. J. Affect. Disord. 34, 
301–309. doi: 10.1016/0165-0327(95)00028-l

Maes, M., Vandoolaeghe, E., Neels, H., Demedts, P., Wauters, A., Meltzer, H. Y., et al. 
(1997). Lower serum zinc in major depression is a sensitive marker of treatment 
resistance and of the immune/inflammatory response in that illness. Biol. Psychiatry 42, 
349–358. doi: 10.1016/S0006-3223(96)00365-4

Marx, W., Moseley, G., Berk, M., and Jacka, F. (2017). Nutritional psychiatry: the 
present state of the evidence. Proc. Nutr. Soc. 76, 427–436. doi: 10.1017/
S0029665117002026

Mauskopf, J. A., Simon, G. E., Kalsekar, A., Nimsch, C., Dunayevich, E., and 
Cameron, A. (2009). Nonresponse, partial response, and failure to achieve remission: 
humanistic and cost burden in major depressive disorder. Depress. Anxiety 26, 83–97. 
doi: 10.1002/da.20505

Mercer, J. F. (1998). Menkes syndrome and animal models. Am. J. Clin. Nutr. 67, 
1022S–1028S. doi: 10.1093/ajcn/67.5.1022S

Moriarty, A. S., Castleton, J., Gilbody, S., McMillan, D., Ali, S., Riley, R. D., et al. 
(2020). Predicting and preventing relapse of depression in primary care. Br. J. Gen. Pract. 
70, 54–55. doi: 10.3399/bjgp20X707753

Mravunac, M., Szymlek-Gay, E. A., Daly, R. M., Roberts, B. R., Formica, M., 
Gianoudis, J., et al. (2019). Greater circulating copper concentrations and copper/zinc 
ratios are associated with lower psychological distress, but not cognitive performance, 
in a sample of Australian older adults. Nutrients 11:2503. doi: 10.3390/nu11102503

Munakata, M., Sakamoto, O., Kitamura, T., Ishitobi, M., Yokoyama, H., Haginoya, K., 
et al. (2005). The effects of copper-histidine therapy on brain metabolism in a patient 
with Menkes disease: a proton magnetic resonance spectroscopic study. Brain and 
Development 27, 297–300. doi: 10.1016/j.braindev.2004.08.002

Nakamura, M., Miura, A., Nagahata, T., Shibata, Y., Okada, E., and Ojima, T. (2019). 
Low zinc, copper, and manganese intake is associated with depression and anxiety 
symptoms in the Japanese working population: findings from the eating habit and well-
being study. Nutrients 11:847. doi: 10.3390/nu11040847

Narang, R. L., Gupta, K. R., Narang, A. P., and Singh, R. (1991). Levels of copper and 
zinc in depression. Indian J. Physiol. Pharmacol. 35, 272–274.

National Academy of Sciences. (2000). Copper in drinking water. Prepared by the Board 
of Environmental Studies and Toxicology, Commission on Life Sciences, National Research 
Council. Washington, DC: National Academy Press.

Ni, M., You, Y., Chen, J., and Zhang, L. (2018). Copper in depressive disorder: a 
systematic review and meta-analysis of observational studies. Psychiatry Res. 267, 
506–515. doi: 10.1016/j.psychres

Ohgami, R. S., Campagna, D. R., McDonald, A., and Fleming, M. D. (2006). The Steap 
proteins are metalloreductases. Blood 108, 1388–1394. doi: 10.1182/
blood-2006-02-003681

Ozcelik, D., and Uzun, H. (2009). Copper intoxication; antioxidant defenses and 
oxidative damage in rat brain. Biol. Trace Elem. Res. 127, 45–52. doi: 10.1007/
s12011-008-8219-3

Pereira, T. C., Campos, M. M., and Bogo, M. R. (2016). Copper toxicology, oxidative 
stress and inflammation using zebrafish as experimental model. J. Appl. Toxicol. 36, 
876–885. doi: 10.1002/jat.3303

Pizzino, G., Irrera, N., Cucinotta, M., Pallio, G., Mannino, F., Arcoraci, V., et al. (2017). 
Oxidative stress: harms and benefits for human health. Oxidative Med. Cell. Longev. 
2017:8416763. doi: 10.1155/2017/8416763

Pyaskowit, J. W., and Prohaska, J. R. (2008). Multiple mechanisms account for lower 
plasma iron in young copper deficient rats. Biometals 21, 343–352. doi: 10.1007/
s10534-007-9123-6

Pyatskowit, J. W., and Prohask, J. R. (2008). Iron injection restores brain iron and 
hemoglobin deficits in perinatal copper-deficient rats. J. Nutr. 138, 1880–1886. doi: 
10.1093/jn/138.10.1880

Reeves, P. G., and Demars, L. C. (2005). Repletion of copper-deficient rats with dietary 
copper restores duodenal hephaestin protein and iron absorption. Exp. Biol. Med. 230, 
320–325. doi: 10.1177/153537020523000505

Reeves, P. G., and Demars, L. C. (2006). Signs of iron deficiency in copper-deficient 
rats are not affected by iron supplements administered by diet or by injection. J. Nutr. 
Biochem. 17, 635–642. doi: 10.1016/j.jnutbio.2006.04.004

Rihel, J. (2018). Copper on the brain. Nat. Chem. Biol. 14, 638–639. doi: 10.1038/
s41589-018-0089-1

Ruiz, N. A. L., Del Ángel, D. S., Brizuela, N. O., Peraza, A. V., Olguín, H. J., Soto, M. P., 
et al. (2022). Inflammatory process and immune system in major depressive disorder. 
Int. J. Neuropsychopharmacol. 25, 46–53. doi: 10.1093/ijnp/pyab072

Ruizs, L. M., Libedinsky, A., and Elorza, A. A. (2021). Role of copper on 
mitochondrial function and metabolism. Front. Mol. Biosci. 8:711227. doi: 10.3389/
fmolb.2021.711227

Russo, A. J. (2011). Analysis of plasma zinc and copper concentration, and perceived 
symptoms, in individuals with depression, post zinc and anti-oxidant therapy. Nutr. 
Metab. Insights. 4, 19–27. doi: 10.4137/NMI.S6760

Salehi-Abargouei, A., Esmaillzadeh, A., Azadbakht, L., Keshteli, A. H., Afshar, H., 
Feizi, A., et al. (2019). Do patterns of nutrient intake predict self-reported anxiety, 
depression and psychological distress in adults? SEPAHAN study. Clin. Nutr. 38, 
940–947. doi: 10.1016/j.clnu.2018.02.002

118

https://doi.org/10.3389/fnins.2023.1230404
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1186/s12888-018-1685-z
https://doi.org/10.18632/aging.103585
https://doi.org/10.1016/s0165-0327(02)00426-3
https://doi.org/10.1016/j.jpag.2015.04.005
https://doi.org/10.3390/ijms21176130
https://doi.org/10.3390/ijms21176130
https://doi.org/10.1016/S0946-672X(01)80009-2
https://doi.org/10.1017/S0954422416000093
https://doi.org/10.3390/biomedicines9040329
https://doi.org/10.14715/cmb/2019.65.1.5
https://doi.org/10.1016/j.abb.2007.04.021
https://doi.org/10.3945/ajcn.113.069880
https://doi.org/10.1016/0891-5849(96)00029-9
https://doi.org/10.1016/j.pnpbp.2012.09.008
https://doi.org/10.1016/j.psychres.2017.02.006
https://doi.org/10.1016/j.jinorgbio.2022.111750
https://doi.org/10.1016/j.jinorgbio.2022.111750
https://doi.org/10.1016/j.jad.2017.12.004
https://doi.org/10.1124/mol.111.076422
https://doi.org/10.1371/journal.pone.0138904
https://doi.org/10.1371/journal.pone.0138904
https://doi.org/10.1002/jat.4252
https://doi.org/10.1152/physrev.00004.2006
https://doi.org/10.1093/jn/130.11.2838
https://doi.org/10.1016/0165-0327(95)00028-l
https://doi.org/10.1016/S0006-3223(96)00365-4
https://doi.org/10.1017/S0029665117002026
https://doi.org/10.1017/S0029665117002026
https://doi.org/10.1002/da.20505
https://doi.org/10.1093/ajcn/67.5.1022S
https://doi.org/10.3399/bjgp20X707753
https://doi.org/10.3390/nu11102503
https://doi.org/10.1016/j.braindev.2004.08.002
https://doi.org/10.3390/nu11040847
https://doi.org/10.1016/j.psychres
https://doi.org/10.1182/blood-2006-02-003681
https://doi.org/10.1182/blood-2006-02-003681
https://doi.org/10.1007/s12011-008-8219-3
https://doi.org/10.1007/s12011-008-8219-3
https://doi.org/10.1002/jat.3303
https://doi.org/10.1155/2017/8416763
https://doi.org/10.1007/s10534-007-9123-6
https://doi.org/10.1007/s10534-007-9123-6
https://doi.org/10.1093/jn/138.10.1880
https://doi.org/10.1177/153537020523000505
https://doi.org/10.1016/j.jnutbio.2006.04.004
https://doi.org/10.1038/s41589-018-0089-1
https://doi.org/10.1038/s41589-018-0089-1
https://doi.org/10.1093/ijnp/pyab072
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.3389/fmolb.2021.711227
https://doi.org/10.4137/NMI.S6760
https://doi.org/10.1016/j.clnu.2018.02.002


Chen et al. 10.3389/fnins.2023.1230404

Frontiers in Neuroscience 08 frontiersin.org

Salustri, C., Squitti, R., Zappasodi, F., Ventriglia, M., Bevacqua, M. G., Fontana, M., 
et al. (2010). Oxidative stress and brain glutamate-mediated excitability in depressed 
patients. J. Affect. Disord. 127, 321–325. doi: 10.1016/j.jad.2010.05.012

Sharma, S. K., Sood, S., Sharma, A., and Gupta, I. D. (2014). Estimation of serum zinc 
and copper levels patients with schizophrenia: a preliminary study. Sri. Lanka. J. Psyc. 5, 
14–17. doi: 10.4038/sljpsyc.v5i1.7076

Shusharina, N., Yukhnenko, D., Botman, S., Sapunov, V., Savinov, V., Kamyshov, G., 
et al. (2023). Modern methods of diagnostics and treatment of neurodegenerative 
diseases and depression. Diagnostics 13:573. doi: 10.3390/diagnostics13030573

Siwek, M., Styczeń, K., Sowa-Kućma, M., Dudek, D., Reczyński, W., Szewczyk, B., et al. 
(2017). The serum concentration of copper in bipolar disorder. Psychiatr. Pol. 51, 
469–481. doi: 10.12740/PP/OnlineFirst/65250

Styczeń, K., Sowa-Kućma, M., Siwek, M., Dudek, D., Reczyński, W., Misztak, P., et al. 
(2016). Study of the serum copper levels in patients with major depressive disorder. Biol. 
Trace Elem. Res. 174, 287–293. doi: 10.1007/s12011-016-0720-5

Sun, X., Li, J., Zhao, H., Wang, Y., Liu, J., Shao, Y., et al. (2018). Synergistic effect of 
copper and arsenic upon oxidative stress, inflammation and autophagy alterations in 
brain tissues of Gallus gallus. J. Inorg. Biochem. 178, 54–62. doi: 10.1016/j.
jinorgbio.2017.10.006

Thi Thu Nguyen, T., Miyagi, S., Tsujiguchi, H., Kambayashi, Y., Hara, A., 
Nakamura, H., et al. (2019). Association between lower intake of minerals and depressive 
symptoms among elderly Japanese women but not men: findings from Shika study. 
Nutrients 11:389. doi: 10.3390/nu11020389

Turnlund, J. R. (2000). “Copper status and metabolism studied with isotopic tracers” 
in Advances in isotope methods for the analysis of trace elements in man. eds. M. Jackson 
and N. Lowe (Boca Raton: CRC Press)

Twayej, A. J., Al-Hakeim, H. K., Al-Dujaili, A. H., and Maes, M. (2020). Lowered zinc 
and copper levels in drug-naïve patients with major depression: effects of antidepressants, 
ketoprofen and immune activation. World J. Biol. Psychiatry 21, 127–138. doi: 
10.1080/15622975.2019.1612090

Uauy, R., Olivares, M., and Gonzalez, M. (1998). Essentiality of copper in humans. 
Am. J. Clin. Nutr. 67, 952S–959S. doi: 10.1093/ajcn/67.5.952S

Ullas Kamath, S., Chaturvedi, A., Bhaskar Yerrapragada, D., Kundapura, N., Amin, N., 
and Devaramane, V. (2019). Increased levels of acetylcholinesterase, paraoxonase 1, and 
copper in patients with moderate depression-a preliminary study. Rep. Biochem. Mol. 
Biol. 7, 174–180.

Uriu-Adams, J. Y., and Keen, C. L. (2005). Copper, oxidative stress, and human health. 
Mol. Asp. Med. 26, 268–298. doi: 10.1016/j.mam.2005.07.015

Wang, T., Xiang, P., Ha, J. H., Wang, X., Doguer, C., Flores, S. R. L., et al. (2018). 
Copper supplementation reverses dietary iron overload-induced pathologies in mice. J. 
Nutr. Biochem. 59, 56–63. doi: 10.1016/j.jnutbio.2018.05.006

Wang, C. J., Yang, T. F., Wang, G. S., Zhao, Y. Y., Yang, L. J., and Bi, B. N. (2018). 
Association between dietary patterns and depressive symptoms among middle-aged 
adults in China in 2016-2017. Psychiatry Res. 260, 123–129. doi: 10.1016/j.
psychres.2017.11.052

Wang, Y., Zhao, H., Shao, Y., Liu, J., Li, J., Luo, L., et al. (2018). Copper or/and arsenic 
induces autophagy by oxidative stress-related PI3K/AKT/mTOR pathways and cascaded 
mitochondrial fission in chicken skeletal muscle. J. Inorg. Biochem. 188, 1–8. doi: 
10.1016/j.jinorgbio.2018.08.001

West, E. C., and Prohaska, J. R. (2004). Cu,Zn-superoxide dismutase is lower and 
copper chaperone CCS is higher in erythrocytes of copper-deficient rats and mice. Exp. 
Biol. Med. 229, 756–764. doi: 10.1177/153537020422900807

Winge, D. R., and Mehra, R. K. (1990). Host defenses against copper toxicity. Int. Rev. 
Exp. Pathol. 31, 47–83. doi: 10.1016/b978-0-12-364931-7.50007-0

World Health Organization. (2023a). Depressive disorder (depression). Available at: https://
www.who.int/news-room/fact-sheets/detail/depression (Accessed March 31, 2023).

World Health Organization. (2023b). Depression. Available at: https://www.who.int/
news-room/fact-sheets/detail/depression (Accessed January13, 2023).

Wu, H. R., Li, Q. Q., Gao, R., Tang, S. Y., Zhang, K. F., and Zhao, J. F. (2022). BMI 
modifies the association between depression symptoms and serum copper levels. Biol. 
Trace Elem. Res. 201, 4216–4229. doi: 10.1007/s12011-022-03505-y

Xia, Y., Wang, N., Yu, B., Zhang, Q., Liu, L., Meng, G., et al. (2017). Dietary patterns 
are associated with depressive symptoms among Chinese adults: a case-control study 
with propensity score matching. Eur. J. Nutr. 56, 2577–2587. doi: 10.1007/
s00394-016-1293-y

Xie, J., He, X., Fang, H., Liao, S., Liu, Y., Tian, L., et al. (2020). Identification of heme 
oxygenase-1 from golden pompano (Trachinotus ovatus) and response of Nrf2/HO-1 
signaling pathway to copper-induced oxidative stress. Chemosphere 253:126654. doi: 
10.1016/j.chemosphere.2020.126654

Xu, J., He, K., Zhang, K., Yang, C., Nie, L., Dan, D., et al. (2021). Low-dose copper 
exposure exacerbates depression-like behavior in ApoE4 transgenic mice. Oxidative 
Med. Cell. Longev. 2021:6634181. doi: 10.1155/2021/6634181

Yang, F., Liao, J., Yu, W., Pei, R., Qiao, N., Han, Q., et al. (2020). Copper induces 
oxidative stress with triggered NF-κB pathway leading to inflammatory responses in 
immune organs of chicken. Ecotoxicol. Environ. Saf. 200:110715. doi: 10.1016/j.
ecoenv.2020.110715

Zhang, F., Zheng, W., Guo, R., and Yao, W. (2017). Effect of dietary copper level on the 
gut microbiota and its correlation with serum inflammatory cytokines in Sprague-
Dawley rats. J. Microbiol. 55, 694–702. doi: 10.1007/s12275-017-6627-9

Zhong, C. C., Zhao, T., Hogstrand, C., Chen, F., Song, C. C., and Luo, Z. (2022). 
Copper (cu) induced changes of lipid metabolism through oxidative stress-mediated 
autophagy and Nrf2/PPARγ pathways. J. Nutr. Biochem. 100:108883. doi: 10.1016/j.
jnutbio.2021.108883

Zhong, W., Zhu, H., Sheng, F., Tian, Y., Zhou, J., Chen, Y., et al. (2014). Activation of 
the MAPK11/12/13/14 (p38 MAPK) pathway regulates the transcription of autophagy 
genes in response to oxidative stress induced by a novel copper complex in HeLa cells. 
Autophagy 10, 1285–1300. doi: 10.4161/auto.28789

Zou, L., Cheng, G., Xu, C., Liu, H., Wang, Y., Li, N., et al. (2021). Copper nanoparticles 
induce oxidative stress via the heme oxygenase 1 signaling pathway in vitro studies. Int. 
J. Nanomedicine 16, 1565–1573. doi: 10.2147/IJN.S292319

119

https://doi.org/10.3389/fnins.2023.1230404
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.jad.2010.05.012
https://doi.org/10.4038/sljpsyc.v5i1.7076
https://doi.org/10.3390/diagnostics13030573
https://doi.org/10.12740/PP/OnlineFirst/65250
https://doi.org/10.1007/s12011-016-0720-5
https://doi.org/10.1016/j.jinorgbio.2017.10.006
https://doi.org/10.1016/j.jinorgbio.2017.10.006
https://doi.org/10.3390/nu11020389
https://doi.org/10.1080/15622975.2019.1612090
https://doi.org/10.1093/ajcn/67.5.952S
https://doi.org/10.1016/j.mam.2005.07.015
https://doi.org/10.1016/j.jnutbio.2018.05.006
https://doi.org/10.1016/j.psychres.2017.11.052
https://doi.org/10.1016/j.psychres.2017.11.052
https://doi.org/10.1016/j.jinorgbio.2018.08.001
https://doi.org/10.1177/153537020422900807
https://doi.org/10.1016/b978-0-12-364931-7.50007-0
https://www.who.int/news-room/fact-sheets/detail/depression
https://www.who.int/news-room/fact-sheets/detail/depression
https://www.who.int/news-room/fact-sheets/detail/depression
https://www.who.int/news-room/fact-sheets/detail/depression
https://doi.org/10.1007/s12011-022-03505-y
https://doi.org/10.1007/s00394-016-1293-y
https://doi.org/10.1007/s00394-016-1293-y
https://doi.org/10.1016/j.chemosphere.2020.126654
https://doi.org/10.1155/2021/6634181
https://doi.org/10.1016/j.ecoenv.2020.110715
https://doi.org/10.1016/j.ecoenv.2020.110715
https://doi.org/10.1007/s12275-017-6627-9
https://doi.org/10.1016/j.jnutbio.2021.108883
https://doi.org/10.1016/j.jnutbio.2021.108883
https://doi.org/10.4161/auto.28789
https://doi.org/10.2147/IJN.S292319


Carnitine metabolites and
cognitive improvement in patients
with schizophrenia treated with
olanzapine: a prospective
longitudinal study

Lei Zhao1, Hua Liu1, Wenjuan Wang1, Youping Wang2,3,4,
Meihong Xiu5 and Shuyun Li2,3,4*
1Qingdao Mental Health Center, Qingdao, Shandong, China, 2Department of Nutritional and Metabolic
Psychiatry, The Affiliated Brain Hospital of Guangzhou Medical University, Guangzhou, China,
3Guangdong Engineering Technology Research Center for Translational Medicine of Mental Disorders,
Guangzhou, China, 4Key Laboratory of Neurogenetics and Channelopathies of Guangdong Province and
the Ministry of Education of China, Guangzhou Medical University, Guangzhou, China, 5Beijing
HuiLongGuan Hospital, Peking University HuiLongGuan Clinical Medical School, Beijing, China

Objective: Cognitive impairment is one of the core symptoms of schizophrenia,
which is stable and lifelong. L-carnitine has been shown to improve cognitive
function and decrease the rate of cognitive deterioration in patients with
Alzheimer’s disease. However, it remains unclear regarding the role of
L-carnitine and its metabolites in cognitive functions in schizophrenia after
treatment with olanzapine. The purpose of this study was to evaluate the
relationship between changes in plasma levels of L-carnitine metabolites and
cognitive improvement after olanzapine treatment.

Methods: This was a prospective longitudinal study. In this study, we recruited
25 female patients with first episode schizophrenia (FES) who were drug naïve at
baseline and received 4 weeks of olanzapine monotherapy. Cognitive function
was assessed at baseline and 4-week follow-up using the RBANS. Plasma
L-carnitine metabolite levels were determined by a metabolomics technology
based on untargeted ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS).

Results:We found that the immediate memory index, delayed memory index and
RBANS composite score were significantly increased at the 4-week follow-up
after treatment. A total of 7 differential L-carnitine metabolites were identified in
FES patients after olanzapine monotherapy. In addition, we found that changes in
butyrylcarnitine were positively correlated with improvements in language index
and RBANS composite score. Further regression analyses confirmed the
association between reduced butyrylcarnitine levels and cognitive
improvement after olanzapine monotherapy in FES patients.

Conclusion:Our study shows that cognitive improvement after olanzapine treatment
was associated with changes in L-carnitine metabolite levels in patients with FES,
suggesting a key role of L-carnitine in cognition in schizophrenia.
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1 Introduction

Patients with schizophrenia are characterized by modest to
severe impairments in verbal learning, working memory,
executive function and processing speed (Barnett, 2018; Harvey
and Isner, 2020; Xiu et al., 2020; Xiu et al., 2021; Zhu et al., 2022).
Cognitive impairment is present throughout the course of the
disorder, from prodromal to more severe stages. Large
retrospective cohort studies showed that cognitive impairment is
the first sign and a trait marker in individuals later diagnosed with
schizophrenia (Häfner et al., 1992; Rund, 1998). In addition,
evidence of cognitive impairment in the prodromal stage and
throughout the course of schizophrenia demonstrates a close
relationship between cognitive impairment and independent
living, social and community cognitive function, and functional
outcomes (Green and Nuechterlein, 1999; Bilder et al., 2000; Green
et al., 2000; Fett et al., 2011).

Carnitine, biosynthesized from an amino acid, is present in
nearly all cells of the body (Flanagan et al., 2010). There are two
forms of carnitine, known as D-carnitine and L-carnitine, and only
L-carnitine is active in the body. L-carnitine is found in mammalian
cells as free carnitine and acylcarnitines. In vivo, carnitine can be
transferred with the acyl group by carnitine palmitoyltransferase 1 to
produce acylcarnitine (Bonnefont et al., 2004). L-carnitine has
various biological functions, such as in the metabolism of fatty
acids as energy to keep the body’s cells powered and working
efficiently and in anti-inflammatory and antioxidant defense
(Moghaddas and Dashti-Khavidaki, 2016; Traina, 2016). For
example, the L-carnitine system is known for its role in the
transport of fatty acids into the mitochondrial matrix and β-
oxidation of fatty acids (Noland et al., 2009). Cellular energy
production is primarily derived from mitochondrial β-oxidation
of fatty acids, especially when carbohydrate stores are exhausted
after exercise. L-carnitine can improve mitochondrial and
peroxisomal metabolism in neurons (Jones et al., 2010).
Abnormal levels of L-carnitine or its metabolites may decrease
fatty acid β-oxidation and reduce the production of
mitochondrial energy in mental disorders (Kępka et al., 2021). In
addition, L-carnitine maintains the integrity of cell membranes and
stabilizes the physiological CoA-SH/acetyl-CoA ratio in
mitochondria (Siliprandi et al., 1990). Its deficiency causes the
structural swells of astrocytes and the expansion of mitochondria
in nerve cells. Noteworthy, impaired mitochondrial function in
schizophrenia is supported by converging evidence from genetic,
post-mortem and peripheral studies (Clay et al., 2011; Rajasekaran
et al., 2015). Interestingly, compounds containing L-carnitine
substructures did show neuroprotective effects, which were
reported to be related to the protection of mitochondria
accompanied by improved energy supply (Spagnoli et al., 1991;
Wang et al., 2017).

Antipsychotics are the first-line treatment for patients with
schizophrenia and there is evidence that olanzapine (OLA)
improves cognitive function in patients with schizophrenia
(Ljubin et al., 2000; Sergi et al., 2007; Baldez et al., 2021),
although the effect size was small and some prospective cohort
studies have reported inconsistent results (Baldez et al., 2021). For
example, the Clinical Antipsychotic Trials of Intervention
Effectiveness (CATIE), a clinical trial with one of the largest

neuropsychological tests in schizophrenia, showed moderate
improvements in patients following antipsychotic drugs (Keefe
et al., 2007). On the contrary, a naturalistic sub-group analysis
demonstrated that discontinuation of antipsychotic medication was
not associated with a negative effect on cognitive function, but with a
better effect on it (Albert et al., 2019). Cognitive impairments in
schizophrenia have been shown to be related to abnormalities in
several biological pathways (Xiu et al., 2019; Wu et al., 2020; Xiu
et al., 2020; Su et al., 2021). Of particular interest is the accumulating
evidence of carnitine deficiency in cognitive deficits in general
populations, which may also be a possible pathological
mechanism of cognitive impairments in schizophrenia. Given the
fundamental role of L-carnitine in mitochondrial functions and
energy production, a growing body of evidence supports its
dysfunctions in cognitive declines, such as Alzheimer’s disease
(AD) (Signorelli et al., 2006; Ciacci et al., 2007; Wesnes and
Reynolds, 2019; Pennisi et al., 2020; Kępka et al., 2021).

Moreover, abnormal L-carnitine levels may be associated with
certain mental illnesses, including schizophrenia and depression
(Wang et al., 2014; Kriisa et al., 2017). Current evidence supports an
imbalance in the oxidative stress status or inflammatory status
involved in the pathogenesis of schizophrenia, which is also
related to β-oxidation in the mitochondrion of L-carnitines
(Cuturic et al., 2016). In addition, acetyl-carnitine
supplementation to clozapine therapy has been shown to
improve positive symptoms in patients with schizophrenia.
Together, all these studies suggest that carnitine or its
metabolites play a pivotal role in the treatment response of
schizophrenia.

We hypothesized that abnormal levels of L-carnitine metabolites
are associated with cognitive impairments and that changes in them
after OLA monotherapy are associated with cognitive improvement
in FES patients. Therefore, to test this hypothesis, we recruited
unmedicated FES patients and conducted a comprehensive analysis
of L-carnitine metabolites in a 4-week OLA-treatment population
with schizophrenia. We tested the following questions in
schizophrenia: a) differences in L-carnitine metabolite levels in
patients after OLA monotherapy relative to baseline; b) the
relationship between changes in L-carnitine metabolites levels
and cognitive improvement; and c) the predictive role of baseline
L-carnitine metabolites levels for cognitive improvement.

2 Methods

2.1 Patients

This study was conducted from July 2011 to January 2013. The
study protocol was reviewed and approved by the Institutional
Review Board of Beijing Huilongguan Hospital. Patients signed
the written informed consent forms.

A total of 25 FES patients were recruited at Beijing Huilongguan
Hospital. The definition of FES was as a previous study (Lieberman
et al., 2003). The inclusion criteria included: 1) diagnosis of
schizophrenia by the Chinese version of the Structured Clinical
Interview (SCID) for Diagnostic and Statistical Manual of Mental
Disorders IV (Phillips and Liu, 2011); 2) medication naïve; 3) age
between 18 and 45 years old; and 4) experiencing a first episode of
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psychosis. The exclusion criteria included: 1) abuse or substance
dependence obtained through the questions we asked participants
verbally; 2) suicide ideation; 3) pregnancy or breastfeeding; 4)
serious neurological or major medical illnesses; and 5) receiving
antidiabetic, antihyperlipidemic, and/or antihypertensive drugs.

2.2 Study procedures

A prospective, observational, cohort study with a 4-week follow-
up was conducted on patients with schizophrenia. A questionnaire
was designed to collect demographic and clinical data. Over the
course of 4weeks of treatment, FES patients received a flexible-
dosage, oral OLA monotherapy as prescribed by the psychiatrists
based on clinical response. The oral dose of OLA for FES patients
ranges from 10 mg/day to 30 mg/day. During the 4 weeks, all
patients were hospitalized and nurses monitored OLA medication
adherence.

2.3 Assessment

The Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS, Form A) was used to assess

the cognitive functioning of patients (Randolph et al., 1998). The
index score of the RBANS includes immediate memory,
visuoconstructional, attention, language, and delayed memory.
All these index scores are combined to form a composite score.
In addition, the Positive and Negative Syndrome Scales (PANSS)
were evaluated to determine the severity of clinical symptoms (Kay
et al., 1987). After a brief standardized training, repeated
assessments showed that the inter-rater reliability of the PANSS
total score maintained greater than 0.8. Cognitive functions and
clinical symptoms were assessed at baseline and at the end of
4 weeks.

2.4 Plasma collection and metabolomics
processing

Fasting blood was collected by the research nurse at 7:
00 a.m. at baseline and at the 4-week follow-up. Plasma
samples were separated and 200 μl was ground into powder
in liquid nitrogen. As reported in our previous study, an
LC-HRMS system, Q-Exactive Focus equipped with a
heated electrospray ionization source was used for
untargeted metabolomics (Liu J et al., 2021; Liu J H et al.,
2021).

TABLE 1 Demographic and clinical variables of patients at baseline and at follow-up.

Variables, mean ± SD First-episode After 4 weeks

n = 25 n = 25 t(p)

Age (ys) 27.4 ± 7.6

Education (ys) 9.1 ± 3.5

BMI (kg/m2) 21.0 ± 3.6

Age of onset 26.4 ± 8.9

PANSS total score 81.8 ± 13.9 63.9 ± 13.8 5.4 (<0.001)

P subscore 25.0 ± 6.0 16.4 ± 5.2 7.6 (<0.001)

N subscore 17.1 ± 4.7 15.6 ± 4.3 1.2 (0.23)

G subscore 39.7 ± 7.5 32.0 ± 6.0 4.2 (<0.001)

Abbreviations: ys years; BMI, body mass index; PANSS, positive and negative syndrome scale; P subscore, positive symptom subscore; N subscore, negative symptom subscore; G subscore,

general psychopathology subscore.

TABLE 2 Carnitines of the FES patients at baseline and after 4 weeks.

Carnitine, median (IQR) First-episode (104) After 4 weeks (104) Z(p)

Linoelaidyl carnitine 9.2 (3.1, 327.4) 54.0 (39.2, 71.8) −0.3 (0.82)

2-Octenoylcarnitine 164.9 (83.5, 321.5) 4.9 (2.7, 10.9) −3.8 (<0.001)

Butyrylcarnitine 94.9 (58.7, 230.5) 125.3 (69.6, 224.5) −1.3 (0.20)

11Z-Octadecenylcarnitine 14.9 (2.3, 189.1) 203.4 (129.2, 317.3) −2.2 (0.03)

9-Decenoylcarnitine 3.2 (2.2, 4.5) 14.5 (1.8, 194.8) −2.9 (0.004)

Propionylcarnitine 38.5 (14.0, 72.8) 30.0 (13.2, 55.1) −1.4 (0.17)

L-Palmitoylcarnitine 89.0 (35.4, 279.3) 3.5 (2.8, 4.0) −4.4 (<0.001)
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2.5 Statistical analysis

The concentrations of L-carnitine metabolites were not normally
distributed, thus, we performed the non-parametric tests in this study.
Non-parametric analyses of paired sample t-test were used to compare
clinical symptoms and cognitive functions at baseline and 4-week
follow-up. Spearman rank correlation analysis was used to evaluate
the association between L-carnitine metabolites and cognitive
improvements in patients. In addition, we divided the original α-
values by the number of analyses performed on the variables to obtain
Bonferroni-corrected/adjusted p values. The new α = 0.05/7 =
0.007 for metabolite analysis and α = 0.05/6 = 0.008 for cognitive
function analysis.Multiple linear regression analysis was performed to
investigate the influencing factors for cognitive improvement in FES
patients, by limiting the effects of confounding factors, such as age,
education and baseline BMI. Improvements in RBANS total score or
its subscores served as dependent variables and changes in L-carnitine
levels or baseline L-carnitine levels served as independent variables in
the current study.

Data were analyzed using statistical software (IBM SPSS 22.0).
The significance threshold was set at p < 0.05.

3 Results

The demographic and clinical characteristics of the FES patients
are shown in Sup Table 1. As reported in our previous study, OLA
treatment for 4 weeks significantly improved clinical symptoms and
cognitive functions in patients with FES (pBonferroni < 0.05).

3.1 L-carnitine metabolites determination

Plasma metabolomics analysis identified abnormalities in lipids,
organic acids, bilirubin, carnitine, ammonium salts, proline,
olanzapine and its metabolites after treatment. Among these
compounds, we identified 7 differential L-carnitine metabolites
with a VIP value >1 and p < 0.05. Further analysis showed that 2-
Octenoylcarnitine, 11Z-Octadecenylcarnitine, 9-Decenoylcarnitine
and L-Palmitoylcarnitine levels were significantly decreased after
OLA monotherapy relative to baseline levels (all p < 0.05)

(Table 2). In contrast, there were no significant differences in the
levels of other 3 L-carnitine metabolites between baseline and follow-
up (all p > 0.05). There was no significant association between plasma
levels of L-carnitine metabolites and RBANS total score or its five
subscores at baseline.

3.2 Association of baseline L-carnitine
metabolites with cognitive improvement

Spearman correlation analysis showed that baseline 9-
Decenoylcarnitine levels were significantly associated with
improvements in the delayed memory index (r = 0.43, p = 0.031)
(Table 3). However, this association did not pass the Bonferroni
correction. After controlling for onset age, education and baseline BMI,
multiple regression analysis also did not find a significant association
between baseline metabolite levels and cognitive improvement with
cognitive improvement as the independent variable and baseline 9-
Decenoylcarnitine level as the dependent variable (p > 0.05).

3.3 Association between changes in plasma
L-carnitine metabolite levels and cognitive
improvement

As shown in Table 4, we found that the decrease in 2-
octenoylcarnitine levels was associated with the improvement in
immediate memory index (r = −0.43, p = 0.033). In addition, the
decrease in butyrylcarnitine was positively correlated with
improvements in language performance (r = 0.47, p = 0.017) and
RBANS composite score (r = 0.42, p = 0.039). Further regression
analysis also showed a significant association between a decrease in
butyrylcarnitine and improvement in language index (β= 0.49, t =
2.5, p = 0.021) or RBANS composite score (β= 0.45, t = 2.3, p =
0.034) after controlling for onset age, education and baseline BMI.

4 Discussion

In this cohort study, we found that 1) OLA monotherapy
significantly decreased plasma levels of four L-carnitine

TABLE 3 Correlations of baseline lysophosphatidylcholine levels and the improvement in cognitive functions in patients.

Baseline
carnitines

Immediate
memory (r/p)

Visuoconstructional
(r/p)

Language
(r/p)

Attention
(r/p)

Delayed
memory (r/p)

Total score
(r/p)

Linoelaidyl carnitine −0.16 (0.44) 0.13 (0.54) 0.04 (0.84) −0.19 (0.37) −0.12 (0.55) −0.21 (0.31)

2-Octenoylcarnitine 0.36 (0.08) 0.39 (0.05) −0.06 (0.78) −0.06 (0.77) 0.11 (0.61) −0.05 (0.80)

Butyrylcarnitine 0.14 (0.50) 0.22 (0.29) 0.30 (0.15) −0.04 (0.85) 0.31 (0.14) 0.20 (0.34)

11Z-
Octadecenylcarnitine

−0.15 (0.48) 0.17 (0.41) 0.24 (0.26) −0.28 (0.18) 0.02 (0.94) 0.06 (0.78)

9-Decenoylcarnitine 0.15 (0.48) 0.11 (0.61) 0.20 (0.33) 0.14 (0.49) 0.43(0.03) 0.30 (0.15)

Propionylcarnitine 0.27 (0.19) 0.36 (0.08) 0.17 (0.43) 0.02 (0.93) 0.14 (0.50) 0.10 (0.64)

L-Palmitoylcarnitine 0.05 (0.81) 0.23 (0.26) 0.03 (0.89) −0.22 (0.28) −0.004 (0.9) −0.10 (0.62)

Note: The bold p value means less than 0.05.
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metabolites in FES patients; 2) reduced plasma levels of 2-
octenoylcarnitine and butyrylcarnitine were correlated with the
cognitive improvement after treatment; and 3) baseline
L-carnitine metabolite levels were not associated with cognitive
improvement.

We found that OLA significantly decreased several L-carnitine
metabolites levels in FES patients, including 2-octenoylcarnitine, 11z-
octadecenylcarnitine, 9-decenoylcarnitine and L-palmitoylcarnitine. All
of these metabolites are known to be medium- or long-chain
acylcarnitines with six or more carbons. More specifically, they are
all acyl fatty acid derivative esters. In the body, acylcarnitines can be
divided into nine categories based on the size and type of acyl group: 1)
short-chain ACs; 2) medium-chain ACs; 3) long-chain ACs; 4) very
long-chain ACs; 5) hydroxy ACs; 6) branched chain ACs; 7)
unsaturated ACs; 8) dicarboxylic ACs and 9) miscellaneous ACs.
Medium- and long-chain acylcarnitines are slightly less abundant in
the body than short-chain acylcarnitines and are involved in the
mitochondrial β-oxidation pathway in mitochondria. More
specifically, 2-Octenoylcarnitine is an acylcarnitine having (2E)-
octenoyl as the acyl substituent. 9-Decenoylcarnitine is an acyl fatty
acid derivative ester formed by carnitine and arachidonic acid.
L-palmitoylcarnitine is formed via palmitoyl-CoA reacts with
L-carnitine, which is then moved into the mitochondrial
intermembrane space. L-palmitoylcarnitine can react with the
carnitine o-palmitoyltransferase 2 enzyme present in the
mitochondrial inner membrane to once again form palmitoyl-CoA
and L-carnitine. Palmitoyl-CoA then enters into the β-oxidation
pathway to form acyl coenzyme A (aceytl-CoA). We found that
levels of these three L-carnitine metabolites were decreased after
treatment, which was in line with a previous study (Cao et al.,
2019a), suggesting that OLA can downregulate acylcarnitine levels in
patients with FES. However, given that no controls were recruited in this
study, we do not know whether the decreased acylcarnitine levels
normalized to those found in healthy controls, Acylcarnitine plays a
fundamental role in the transfer of fatty acid to mitochondria for
subsequent β-oxidation. Consistent with our findings, some studies
have also reported abnormal levels of acylcarnitine in various diseases.
For example, 9-decenoylcarnitine has been shown to be increased the
plasma of overweight individuals (Kang et al., 2018). Metabolite
profiling of the 1946 British birth cohort also found a relationship
between amodule consisting of acylcarnitine and processing speed after
controlling for life course, showing L-palmitoylcarnitine to be a hub

(Green et al., 2022). Prior studies have also found acylcarnitines levels
with abnormalities in the plasma of patients with schizophrenia and
familial Mediterranean fever (Kiykim et al., 2016; Cao et al., 2020).
Moreover, the regulation of L-carnitine metabolites by antipsychotic
drugs has been reported in clinical studies (Lheureux and Hantson,
2009;Molina et al., 2021; Yi et al., 2021), and in animal studies (Albaugh
et al., 2012; Jiang et al., 2019), particularly in two early studies in patients
with schizophrenia after treatment (Kriisa et al., 2017; Cao et al., 2019b).
All these findings support our finding that the carnitine pathway can be
regulated by OLA.

The second finding was that cognitive improvement after OLA
treatment was significantly associated with decreased levels of 2-
octenoylcarnitine and butyrylcarnitine in schizophrenia. And the
lower the levels of 2-octenoylcarnitine and butyrylcarnitine, the
better the cognitive improvement. This finding is the first report in
patients with schizophrenia, but is consistent with recent findings in
AD patients. Studies in AD and preclinical AD have shown that some
medium- or long-chain acylcarnitines involved in fatty acid
transportation and metabolism were associated with cognitive
decline (Fiandaca et al., 2015; Ciavardelli et al., 2016). For
example, plasma acylcarnitines have been found to decrease aging
and have been shown to predict conversion to mild cognitive
impairment or AD. In addition, altered metabolism of medium-
chain acylcarnitines and impaired ketogenesis may be metabolic
features of AD (Ciavardelli et al., 2016). We cannot give an exact
explanation for the close relationship between the two special
acylcarnitines and cognitive improvement. However, it is known
that the carnitine shuttle pathway is responsible for the transport
of long-chain fatty acids from the cytoplasm into themitochondria for
subsequent β-oxidation, a process that requires aceytl-CoA and leads
to the esterification of L-carnitine to form acylcarnitine derivatives
(Sharma and Black, 2009). It is possible that perturbation of the
carnitine shuttle leads to compromisedmitochondrial function, which
could decrease cellular capacity to handle reactive oxygen species and
increase the levels of the inflammatory cytokine, resulting in increased
cellular dysfunction and cell death (Mitchell et al., 2018).

The brain is highly dependent on oxidative metabolism. In the
absence of carnitine, fatty acid metabolism and energy production in
the brain are impaired, leading to cognitive impairment. A previous
review has supported the critical role of acylcarnitine in fatty acid
metabolism, ketosis and buffering the concentration ratio of acyl-
CoA to free CoA in brain metabolism in neurological disorders

TABLE 4 Correlations of the changes in carnitine levels and cognitive improvement in FES patients.

Decreases in
carnitines

Immediate
memory (r/p)

Visuoconstructional
(r/p)

Language
(r/p)

Attention
(r/p)

Delayed
memory (r/p)

Total score
(r/p)

Linoelaidyl carnitine −0.16 (0.45) 0.15 (0.49) 0.04 (0.85) −0.19 (0.35) −0.12 (0.55) −0.21 (0.32)

2-Octenoylcarnitine 0.43(0.03) 0.28 (0.17) −0.11 (0.61) −0.04 (0.84) 0.22 (0.30) −0.01 (0.97)

Butyrylcarnitine 0.10 (0.64) 0.07 (0.74) 0.47(0.017) 0.26 (0.22) 0.36 (0.08) 0.42(0.04)

11Z-Octadecenylcarnitine −0.23 (0.27) 0.06 (0.76) 0.11 (0.60) −0.35 (0.09) −0.27 (0.20) −0.09 (0.66)

9-Decenoylcarnitine 0.19 (0.37) 0.08 (0.71) −0.03 (0.90) 0.25 (0.22) 0.22 (0.29) 0.19 (0.36)

Propionylcarnitine −0.12 (0.58) 0.23 (0.28) 0.26 (0.22) −0.02 (0.92) −0.35 (0.09) −0.02 (0.95)

L-Palmitoylcarnitine 0.05 (0.81) 0.24 (0.26) 0.03 (0.88) 0.22 (0.29) −0.003 (0.9) −0.10 (0.62)

Note: The bold p value means less than 0.05.
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(Jones et al., 2010). Considering the close relationship between
metabolic disturbances and acylcarnitine, we further analyzed the
relationship between acylcarnitine and cognitive impairment after
controlling for weight gain and found that the association between
decreased acylcarnitine levels and cognitive improvement remained
significant. Therefore, the association of cognitive improvement
with acylcarnitine is reliable and robust, suggesting its role in
schizophrenia.

There were several limitations to note in this study. First, only
female patients were recruited in our study, as the majority of patients
in our research center are female. Only female patients may limit
generalizations to the broader population with FES schizophrenia.
Second, we did not collect data on the levels of L-carnitinemetabolites
in the cerebro-spinal fluid (CSF). Further studies should include this
data, which would lend consistency to the findings in this study.

In summary, we found that OLA treatment significantly
decreased L-carnitine metabolite levels and improved cognitive
functions in patients with schizophrenia. In addition, decreased
carnitine metabolite levels were significantly associated with
cognitive improvements after treatment. Our study provides new
evidence for the involvement of L-carnitine metabolite levels in
cognitive improvement after the treatment with OLA. However, due
to the small sample size and the short-term OLA monotherapy, our
findings should be interpreted with great caution. Moreover, only
female patients may limit generalizations to the broader population
with DNFE schizophrenia. Further longitudinal studies using larger
samples with longer antipsychotic treatment are warranted to
understand the exact mechanism of L-carnitine metabolites in
cognitive improvement in schizophrenia.
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The pharmacological mechanism
of chaihu-jia-longgu-muli-tang
for treating depression: integrated
meta-analysis and network
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Hospital Affiliated to Nanjing University of Chinese Medicine, Taicang, China, 3Taicang Hospital of
Traditional Chinese Medicine, Taicang, China, 4Department of Respiratory and Critical Care Medicine,
Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese
Medicine, Nanjing, China, 5School of Chinese Medicine School of Integrated Chinese and Western
Medicine, Nanjing University of Chinese Medicine, Nanjing, China

Aim: Chaihu-jia-Longgu-Muli-tang (CLM) is derived from “Shang Han Lun” and is
traditionally prescribed for treating depression. However, there is still a lack of
evidence for its antidepressant effects, and the underlying mechanism is also
unclear. This study aimed to assess clinical evidence on the efficacy of CLM in
patients with depression using a meta-analysis and to explore its underlying
antidepressant molecular mechanisms via network pharmacology.

Methods: Eight open databases were searched for randomized controlled trials
(RCTs) comparing the effects of CLM alone or combined with serotonin-
norepinephrine reuptake inhibitors (SNRIs) and selective serotonin reuptake
inhibitors (SSRIs) in patients with depression, evaluating the total effective rate
of the treatment group (CLM alone or combinedwith SSRIs/SNRIs) and the control
group (SNRIs or SSRIs), and comparing changes in depression scale, anxiety scale,
sleep scale, inflammation indicators and adverse effects. Subsequently, the active
ingredients and target genes of CLM were screened through six databases. Then
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis and protein-protein interaction (PPI) network and topology analysis were
performed. Finally, Molecular docking was applied to evaluate the binding affinity
between components and predicted targets.

Results: Twenty-four RCTs with a total of 2,382 patients were included. For the
efficacy of antidepression and adverse effects, whether CLM alone or in
combination with SSRIs/SNRIs, the treatment group has no inferior to that of
the control group. Additionally, the intervention of CLM + SSRI significantly
improved the symptoms of anxiety and insomnia, and reduced serum IL-6 and
TNF-α levels. For network pharmacology, a total of 129 compounds and
416 intersection targets in CLM were retrieved. The interaction pathway
between CLM and depression is mainly enriched in PI3K-Akt, JAK-STAT, and
NF-κB signaling pathway, PIK3R1, MAPK3, and AKT1may be the potential targets of
Stigmasterol, β-stiosterol, coumestrol.

Conclusion: Compared to SSRIs/SNRIs alone, CLM is more effective and safe in
treating depression. It not only significantly alleviates depressive mood, but
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improves symptoms such as anxiety and insomnia, with fewer side effects,
especially in combination with SSRI. Its antidepressant mechanism may be
correlated with the regulation of the PI3K/Akt signaling pathway and inhibiting
inflammatory response.

KEYWORDS

depression, chaihu-jia-longgu-muli-tang, meta-analysis, network pharmacology,
inflammation

1 Introduction

Depression is a debilitating neuropsychological disorder that
impairs daily functioning and is characterized by a constant sense of
melancholy, loss of interest, and intellectual disability. Globally,
major depression disorder (MDD) and dysthymia are responsible
for approximately 46.9 million disabilities annually, with over
800,000 suicidal deaths mostly accompanied by neurological and
psychiatric disorders such as MDD (Li et al., 2022a; Moitra et al.,
2022). The number of patients with depression reached 542 million
in 2015, with an 18.4% global increase between 2005 and 2015
(Disease and Prevalence, 2016). Due to the effects of coronavirus
disease 2019, the number of patients with depression worldwide
increased by 27.6% and depression is estimated to become the
leading cause of death by 2030 (COVID-19 Mental Disorders
Collaborators, 2021). Therefore, discovering efficient and safe
treatment modalities is currently highly needed. There are three
main interventions for treating depression that are currently used: 1)
pharmaceutical antidepressants, such as SNRIs and SSRIs, among
others; 2) research-based psychotherapy, such as cognitive
behavioral therapy and interpersonal psychotherapy; and 3)
physical therapy, such as vagus nerve stimulation or repeated
transcranial magnetic stimulation. However, about one-third of
patients still do not achieve remission after four consecutive
antidepressant trials, and at least 50%–80% of patients still exist
recurrence, with a progressive increase in severity and frequency,
this mainly attributed to increased resistance in depression (Borbely
et al., 2022). Furthermore, patients’ resistance to antidepressants is
often accompanied by high levels of serum inflammatory factors
such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α)
(Beurel et al., 2020). Heightened inflammation can also exacerbate
mood disorders such as anxiety and anhedonia, as well as somatic
symptoms such as insomnia and gastrointestinal disorders (Kiecolt-
Glaser et al., 2015). Thus, it is still necessary to find or develop
antidepressant treatments with high-efficiency and fewer side
effects.

Traditional Chinese Medicine (TCM) operates on the
understanding that the human body is an organic whole, and the
viscera coordinate with each other in function and influence each
other in pathology (Xiang-yu et al., 2021). The pathogenesis of
depression as viewed in TCM is a disorder of the Shao Yang pivot
and dysfunction of Yin and Yang. Shao Yang is the pivot for the rise
and fall of the Qi movement; Shao Yang dysfunction leads to
depression and insomnia. When the Shao Yang channel restrains
the Qi, the body will feel cold and physically heavy and patients will
show appetite loss (Hanying et al., 2022). CLM is a TCM
prescription derived from “Shang Han Lun” that is prescribed to
treat mental diseases caused by the imbalance of the pivot of Shao

Yang and the loss of Yin and Yang. It has the effects of mediating the
Shao Yang pivot and tranquilizing the mind (Wan et al., 2021).
Numerous studies have shown that CLM contributes to
improvements in dementia, insomnia, anxiety, and depression
(Yuanwen et al., 2022). Although the efficacy and safety of CLM
for the treatment of depression have been evaluated in many studies,
determining a reliable basis for evidence-based medicine is difficult
due to deviations in the included studies, literature updates, and
inconsistencies in patient grouping and comorbidities (Li et al.,
2018; Wan et al., 2021). The potential mechanism behind CLM’s
antidepressant effect may be related to the inhibition of N-methyl-
D-aspartate (NMDA) receptors to increase hippocampal synaptic
plasticity, positively regulation of neuronal apoptosis, and inhibition
of neuroinflammation (Liu et al., 2010; Wang et al., 2018; Lizhi et al.,
2021). However, owing to the intricacy of the compound
constituents, particularly the molecular target mechanisms of its
active substances, the mechanisms associated with its antidepressant
effect remain unclear. As a novel discipline, network pharmacology
can effectively and systematically explore correlations between
traditional Chinese medicine substances, targets, and diseases by
constructing a variety of network models comprehensively using
multiple platforms and technologies to help explore potential
mechanisms (Chen et al., 2018).

Based on the above background, CLM has a wide range of
antidepressant efficacy, but with still a lack of clinical evidence, and
its antidepressant mechanism is still unclear due to the complexity of
TCM compound ingredients. Therefore, this study aimed to assess
clinical evidence on the efficacy of CLM in patients with depression
using a meta-analysis and to explore its underlying antidepressant
molecular mechanisms via network pharmacology.

2 Materials and methods

2.1 Meta-analysis

2.1.1 Data sources and searches
Clinical trials were searched in the PubMed, Web of Science,

MEDLINE, Cochrane Library, China National Knowledge Internet,
VIP, Wanfang, and SinoMed databases from the inception of each
database until December 2022. This meta-analysis complied with
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (Page et al., 2021) (protocol shown in Figure 1). The search
strategy is shown in Supplementary Table S1.

2.1.2 Inclusion and exclusion criteria
Due to the limited exact treatment methods for depression

at present, physical therapy has the disadvantage of
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large side effects and poor compliance (e.g., repeated
transcranial magnetic stimulation), and uneven efficacy (e.g.,
Acupuncture, massage, music, etc.). Although mainstream
antidepressants (e.g., SSRIs and SNRIs) have exact

therapeutic effects and are widely accepted, there are still
some limitations we mentioned above, so we have
made the following provisions in the inclusion and exclusion
criteria.

FIGURE 1
Flow chart of the investigation of CLM in the treatment of depression.
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The inclusion criteria were as follows: 1) randomized controlled
trials retrieval was limited to published in Chinese and English; 2)
studies including participants clearly diagnosed with major
depression disorder according to the Chinese Classification of
Mental Disorders Third Edition (CCMD-3) or the Diagnostic
and Statistical Manual of Mental Disorders (DSM-IV) (Regier
et al., 2013); 3) Studies including at least one depression related
outcome indicator such as Hamilton Anxiety Rating Scale (HAMD)
or Self-rating Depression Scale (SDS); 4)the treatment group
received CLM or a combination of CLM and SSRIs or SNRIs, the
control group treated SSRIs/SNRIs alone. In addition, the
intervention of CLM was added or subtracted according to
syndrome differentiation, and the botanical drugs mainly
including Radix Bupleuri [Chai Hu], Fossilia Ossia Mastodi
[Longgu], Radix Scutellariae [Huang Qin], Zingiber rhizoma
[Shengjiang], Ginseng radix [Renshen], Cinnamomi cortex
[Guizhi], Hoelen [Fuling], Pinelliae Tuber [Banxia], Radix et
Rhizoma Rhei [Dahuang], Ostreae Testa [Muli], and Zizyphi
fructus [Dazao]. The composition of CLM is shown in
Supplementary Table S2.

The exclusion criteria were as follows: 1) incomplete data; 2)
inclusion of drug-induced secondary depression, somatic or
psychiatric disease-induced secondary depression, postpartum
depression, or menopausal depression; 3) other comorbid conditions,
4) interventions combining other traditional Chinese medicine formulas
or physical therapy (e.g., acupuncture, massage, music, etc.).

2.1.3 Data extraction and quality assessment
The search terms and their common synonyms in each database

were as follows: “Depression OR Depressive” AND “chaihu jia
longgu muli decoction OR CLM.” All retrieved studies were
imported into Endnote20 software for screening and eliminating
duplicates according to abstracts. Two researchers (YS. and YY.)
extracted the information trial characteristics (study, sample size,
gender, average age, interventions, duration, average course, and
outcomes (Total Effective Rate, HAMD, Hamilton Anxiety Rating
Scale (HAMA), Self-rating Anxiety Scale (SAS), SDS, Pittsburgh
Sleep Quality Index (PSQI), Adverse effects and serum
inflammatory factors: TNF-α and IL-6). Two assessors (JW and
DZ.) independently evaluated study quality and risk of bias and
extracted data using the Cochrane Collaboration Assessment Tool.
Discrepancies between the assessors were resolved by a third
assessor.

2.1.4 Data analysis
STATA software (v16.0) to analyze this meta-analysis. For

continuous outcomes (change in HAMD, SDS, HAMA, SAS,
TNF-α, IL-6) and dichotomous outcomes (Total Effective Rate
and Adverse Effects), the standardized mean difference (SMD)
and risk ratios (RR) were represented, respectively. The 95%
confidence interval (CI) was used to analyze the effects of
secondary variables. When heterogeneity was high (I2 > 50% or
p < 0.05), a random effects model was used; otherwise, a fixed effects
model was used. The subgroup analysis was based on the type of
treatment group which included CLM + SSRI (CLM + SSRI vs.
SSRI), CLM + SNRI (CLM + SNRI vs SNRI), and CLM (CLM vs.
SSRI). Egger’s test and funnel plots were used to assess
publication bias.

2.2 Network pharmacology

2.2.1 Screening for compounds and corresponding
targets of CLM

According to the 11 Chinese herbs included in CLM as
recorded in the “Shang Han Lun”, the compounds and
corresponding targets of each drug were screened from three
databases TCMSP (https://tcmspw.com/tcmsp.php) (Zeng et al.,
2022), the HERB database (http://herb.ac.cn/) (Fang et al., 2021),
and the BATMAN-TCM database (http://bionet.ncpsb.org/
batman-tcm/; score ≥20, p-value ≤0.05) (Gao et al., 2021).
Subsequently, all screened ingredients were imported into the
TCMSP for normalization according to ADME (absorption,
distribution, metabolism, excretion) criteria. In addition, oral
bioavailability ≥30% and drug-likeness ≥0.18 as the most
commonly used pharmacokinetic parameters to measure drug
properties.

2.2.2 Target prediction for depression
The keyword “depression” was searched to obtain potential

targets related to depression from the GeneCards (Stelzer et al.,
2016) and DisGeNET (Pinero et al., 2017) databases. To forecast
CLM’s therapeutic targets for treating depression, the common
targets of compounds and depression were sorted out, and a
Venn diagram was obtained using the Venn 2.1.0 platform
(Heberle et al., 2015). The intersection targets were entered into
Cytoscape software (v 3.8.2) to construct Herb-Compound-Target
(H-C-T) networks.

2.2.3 Gene ontology and kyoto encyclopedia of
genes and genomes enrichment analyses

For KEGG and GO enrichment analyses, we uploaded
intersection targets into the Metascape platform (http://
metascape.org/Homo sapiens, p < 0.05, and p-values were
corrected by the Benjamini–Hochberg procedure) (Zhou et al.,
2019).

2.2.4 Construction of protein-protein interaction
network and topological analysis

To further evaluate the core of regulatory targets in the
treatment of depression and discover potential connections,
intersection targets were uploaded to the STRING database
(H. sapiens, minimum required interaction score: 0.9) to
construct a PPI network (Szklarczyk et al., 2019).
Subsequently, to evaluate the topological characteristics of the
nodes, the three parameters of “betweenness centrality” (BC),
“closeness centrality” (CC), and “degree centrality” (DC) were
computed.

2.2.5 Molecular docking verification
To assess the binding affinity of components with predicted

targets, the active components of CLM were docked with core
targets. The selection of active ingredients and core targets were
as follows: 1) the degree values of H-C-T and PPI; 2) the
correlation of enriched signal pathways according to GO and
KEGG analysis. First, the core targets’ three-dimensional
structure “PDB” files were retrieved from the PDB database
(O’Boyle et al., 2011). Autodock Tools (v1.5.7) was used to
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remove the water molecules, original ligands, add hydrogens,
calculate Gasteiger partial charges, and set atom types. The “SDF”
format of the CLM bioactive component was obtained from the
PubChem database (https://www.rcsb.org/), and the torsion
angles in the ligand were identified, the solvent model was

added, and the Kollman atomic charges were assigned to the
protein using Autogrid4 and Autodock4. The “Local Search
Parameters” algorithm was used for the docking operation.
Finally, we constructed the docking interaction pattern
diagram and displayed the docking findings via PyMoL (v2.4.0).

FIGURE 2
PRISMA flow diagram and risk-of-bias assessment; (A) literature screening process; (B) risk-of-bias summary.
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TABLE 1 Basic characteristics of included studies

Study Sample (T/C) Male/female Average age/years (T/C) Interventions Duration/weeks Average course/years (T/C) Outcomes measures

T C

Jia and Li (2022) 51/51 55/47 40.12 ± 6.32/41.73 ± 6.79 CLM + SSRI SSRI 6 1.53 ± 1.16/1.81 ± 1.57 ①②⑦

Li X et al. (2022) 48/48 54/42 56.45 ± 4.56/57.01 ± 4.38 CLM SSRI 8 6.32 ± 3.24/6.41 ± 2.32 ①②⑤

Zhang et al. (2021) 20/20 23/17 35.48/36.24 CLM SSRI 4 0.86/0.89 ①②⑥⑦

Cao and Guo (2021) 61/61 57/56 - CLM SNRI 8 - ①②⑥

Hu (2021) 49/49 37/61 36.42 ± 6.93/37.82 ± 7.56 CLM + SSRI SSRI 8 3.16 ± 1.09/3.62 ± 0.85 ②

Zhang (2021) 55/55 23/32 20/35 46.59 ± 2.91/47.26 ± 2.74 CLM + SSRI SSRI 4 - ④⑤⑦

Wang et al. (2020) 30/28 17/41 50.2/50.6 CLM SSRI 2 3.11/3.46 ①②⑥

Xiao and Han (2020) 64/64 63/65 43.15/43.46 CLM SSRI 4 0.14/0.14 ①④⑤⑦

Wu et al. (2020) 40/40 40/40 38.96/40.41 CLM SSRI 4 6.03/5.81 ①②⑤⑦

Sun (2020) 40/40 43/37 55.21 ± 2.74/55.41 ± 2.21 CLM + SNRI SNRI 8 0.47 ± 0.03/0.47 ± 0.02 ①②④⑤⑦

Wang et al. (2019) 100/100 84/116 39.5/39.5 CLM SSRI 8 4.94/5.13 ①②⑤

Luo et al. (2019) 42/38 36/44 39.5/39.6 CLM SSRI 8 1.0/1.0 ①②⑦

Xiao et al. (2018) 40 /38 34/44 35.24/37.56 CLM SNRI 8 2.5/2.6 ①②③

Xu and Zhao (2017) 40/40 20/60 42.5/41.1 CLM SSRI 4 2.6/2.4 ①⑧⑨

Liu et al. (2017) 34/34 31/37 42.1 ± 12.7/41.7 ± 13.1 CLM + SSRI SSRI 6 - ①②⑧⑨⑦

Chen et al. (2017) 150/150 80/70 82/68 36.29 ± 3.72/37.07 ± 3.20 CLM + SSRI SSRI 12 2.70 ± 1.01/2.82 ± 1.02 ①④⑤

Li et al. (2016) 55/55 36/74 37.4/36.8 CLM SSRI 8 3.4/3.2 ②

Zou (2016) 42/41 46/37 37.34/37.02 CLM SSRI 8 3.67/3.61 ①②⑦

Hu et al. (2016) 30/30 - - CLM SSRI 6 - ①②⑤⑦

Zhang (2014) 36/36 34/32 48.7 CLM SSRI 8 4.65 ± 2.51 ①②⑤

Chen and Ding (2012) 40/40 26/54 43.15 ± 11.74/44.25 ± 12.53 CLM SSRI 8 0.5/0.5 ①

Zhong et al. (2012) 50/50 42/58 51.34 ± 5.12/53.42 ± 4.31 CLM SSRI 8 4.21 ± 2.16/3.86 ± 1.94 ①②⑤

Zhang (2010) 31/32 24/39 36/39 CLM SSRI 6 0.25/0.3 ①②④⑤⑦

Ye and Luo (2008) 50/50 47/53 36.21 ± 16.03/34.78 ± 15.87 CLM SSRI 4 0.5/0.5 ①②③⑦

Note: T: treatment group; C: control group; CLM: Chaihu-jia-Longgu-Muli-tang; ①Clinical efficacy rate; ②HAMD Scores ; ③HAMA Scores; ④SAS Scores; ⑤SDS Scores; ⑥PSQI Scores; ⑦Adverse Effects; ⑧TNF-α; ⑨IL-6.
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3 Results of meta-analysis

3.1 Study screening

A total of 1280 relevant original studies were retrieved from
eight databases including PubMed (14 studies), MEDLINE (17),
Web of Science (15), Cochrane Library (6), China National
Knowledge Internet (319), VIP (185), Wan Fang (406), and Sino
Med (318). There were 589 duplicates that were eliminated. Primary
screening was then performed on the remaining 691 articles, and
661 trials were removed based on the abstracts and titles. Out of the
remaining 30 articles, 24 items were included in this study. (Figure 2;
Table 1).

3.2 Characteristics and quality of study

Twenty-four RCTs with a total of 2,382 patients with depression
were included (1195 cases in the treatment group, 1187 cases in the
control group), involving five interventions, mainly including (SSRI,
SNRI, CLM, CLM + SSRI, CLM + SNRI). According to the
intervention in the treatment group, 13 trials on CLM + SSRI
included 1337 patients, 3 trials on CLM + SNRI included
280 patients, and 8 trials on CLM alone included 765 patients.
The treatment duration varies from 2 to 12 weeks.

A total of 21 trials discussed the total effective rate, of which
8 trials were for CLM alone, 10 trials were for CLM + SSRI, and
3 trials were for CLM + SNRI; 19 trials reported HAMD scores,
among which 7 trials were for CLM alone, 10 trials were for CLM +
SSRI, and 2 trials were for CLM + SNRI; 11 trials reported SDS
scores, of which 6 trials were for CLM alone, 4 trials were for CLM +
SSRI, and 1 trial was for CLM + SNRI; 2 trials reported HAMA
scores, of which was for CLM and CLM + SNRI respectively; 5 trials
reported SAS scores, among which 1 trial was for CLM alone, 3 trials
were for CLM + SSRI, and 1 trial was for CLM + SNRI; 3 trials
reported PSQI scores, all of included were for CLM + SSRI; 2 trials
detected the serum levels of IL-6 and TNF-α for CLM + SSRI; and
12 trials assessed adverse effects after treatment, among which
2 trials were for CLM alone, 9 trials were for CLM + SSRI, and
1 trial were for CLM + SNRI. Additionally, Table 1 and Figure 2
show the basic characteristics of the studies and results of the risk-of-
bias assessment.

3.3 Total effective rate

21 studies discussed the effective rate of CLM for treating
depression. According to heterogeneity testing (p = 0.062, I2 =
34.5%), the fixed effects model was applied. The results indicated
that the effective rate of the treatment group was significantly higher
than that of the control group (RR = 1.17%, 95% CI [1.13, 1.22];
Figure 3A). For the subgroup analysis, the anti-depressive effect on
CLM + SSRI, CLM, and CLM + SNRI is significantly better than that
of SSRI or SNRI alone (RR = 1.23%, 95% CI [1.16, 1.30], p = 0.339,
I2 = 11.3%; RR = 1.10%, 95% CI [1.04, 1.17], p = 0.241, I2 = 23.6%;
RR = 1.17%, 95% CI [1.06, 1.29], p = 0.470, I2 = 0.0%; Figure 3A).
Moreover, the funnel plot symmetry indicated no publication bias
(Egger’s test: p = 0.280, Figure 3B).

3.4 HAMD and self-rating depression scale
scores

19 trials reported the post-treatment HAMD scores. According to
heterogeneity testing (p = 0.000, I2 = 94.7%), the random effects model
was applied. Results indicated that the CLM treatment group showed
more reduction in HAMD scores than the control group
(SMD = −1.40%, 95% CI [−1.88, −0.92], Figure 4A). For the
subgroup analysis, the CLM + SSRI, CLM, and CLM + SNRI
showed significant reduction in HAMD scores comparing SSRI or
SNRI alone (RR = −1.94%, 95%CI [−2.68, −1.19], p = 0.000, I2 = 95.0%;
RR = −0.54%, 95% CI [−0.101, −0.08], p = 0.000, I2 = 88.1%;
RR = −1.93%, 95% CI [−4.71, 0.86], p = 0.000, I2 = 97.8%; Figure 4A).

Regarding SDS, 11 trials had high heterogeneity (p = 0.000, I2 =
97.6%), and the random effects model was adopted. The results
showed that the treatment group significantly improved negative
emotions compared to the control group (SMD = −2.12%, 95% CI
[−3, −1.23], Figure 4B). For the subgroup analysis, the CLM, CLM +
SSRI, and CLM + SNRI showed significant reduction in SDS scores
comparing SSRI or SNRI alone (RR = −0.56%, 95% CI
[−1.08, −0.04], p = 0.000, I2 = 88.7%; RR = −2.99%, 95% CI
[−4.82, −1.17], p = 0.000, I2 = 98.3%; RR = −2.12, 95% CI
[−3.00, −1.23], p = Not applicable, I2 = Not applicable; Figure 4B)

3.5 HAMA, self-rating anxiety scale,
pittsburgh sleep quality index scores

Two trials reported HAMA scores for CLM and CLM + SNRI
respectively. According to heterogeneity testing (p = 0.387, I2 =
0.0%), the fixed effects model was applied. The HAMA scores of the
group of patients receiving CLM or combined with antidepressant
drugs were significantly lower than those of the control group
(SMD = −0.37%, 95% CI [−0.66, −0.07], Figure 4C).

11 trials reported SAS scores. According to heterogeneity testing
(p = 0.000, I2 = 98.5%), the random effects model was performed.
The SAS scores of the treatment group were significantly lower than
those of the control group (SMD = −3.17%, 95% CI [−5.06, −1.28],
Figure 4D). For the subgroup analysis, the CLM + SSRI, CLM +
SNRI, and CLM showed marked reduction in SAS scores comparing
SSRI or SNRI alone (RR = −3.76%, 95% CI [−6.70, −0.81], p = 0.000,
I2 = 99.0%; RR = −4.52%, 95% CI [−5.36, −3.69], p = Not applicable,
I2 = Not applicable; RR = −0.18%, 95% CI [−0.67, −0.32], p = Not
applicable, I2 = Not applicable; Figure 4B)

Three trials reported PSQI scores, all of included were for CLM
+ SSRI. According to heterogeneity testing (p = 0.930, I2 = 0.0%), the
fixed effects model was applied. The PSQI scores of the treatment
group were significantly lower than those of the control group
(SMD = −2.53, 95% CI [−2.89, −2.18], Figure 4E).

3.6 Inflammation index

There were 2 studies both for CLM + SSRI that assessed serum
levels of TNF-α and IL-6. For TNF-α, according to heterogeneity
testing (p = 0.002, I2 = 89.6%), the random effects model was applied,
which in the treatment group were significantly lower than those in
the control group (SMD = −1.82%, 95% CI [−3.03, −0.61],
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Figure 5A). For IL-6, according to heterogeneity testing (p = 0.601,
I2 = 0.0%), the fixed effects model was applied. Compared with the
control group, the treatment group showed significantly lower levels
(SMD = −1.19%, 95% CI [−1.54, −0.84], Figure 5B).

3.7 Adverse effects

There were 12 trials that assessed adverse occurrences in the
24 included studies, covering neurological symptoms such as

dizziness, headache, sleep disorders, hyperactivity, blurred
vision, and fatigue, as well as gastrointestinal symptoms such as
dry mouth, diarrhea, anorexia, nausea, vomiting, and constipation.
The most common adverse reactions were dizziness, blurred
vision, dry mouth, anorexia, and vomiting. According to
heterogeneity testing (p = 0.250, I2 = 13.2%), the fixed effects
model was applied. The treatment group showed better safety in
treating depression than the control group (RR = 0.36%, 95% CI
[0.23, 0.54], Figure 6). For the subgroup analysis, CLM + SSRI and
CLM alone showed fewer adverse effects compared the SSRI alone

FIGURE 3
Comparative forest plots of total effective rate; (A) forest plot showing the total effective rate of CLM alone or anti-depressant drug therapy on
depression; Treatment: CLM alone or combined with pharmaceutical anti-depressants; Control: pharmaceutical anti-depressants; (B) funnel plot of total
effective rates.
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(RR = 0.36%, 95% CI [0.21, 0.59], Figure 6), however, there was no
statistical significance between CLM + SNRI and SNRI alone.

4 Results of network pharmacology
analysis

4.1 Active compounds and treatment targets
of CLM

We obtained 129 active compounds from the four databases,
including Radix Bupleuri (16 compounds), Radix Scutellariae
(29 compounds), Pinelliae Tuber (10 compounds), Ginseng radix
(35 compounds), Hoelen (12 compounds), Zingiber rhizoma
(5 compounds), Zizyphi fructus (25 compounds), Radix et Rhizoma
Rhei (7 compounds), and Cinnamomi cortex (7 compounds). The
primary active components of CLMare listed in Supplementary Table S3.

There were 2356 targets screened from the 129 active
compounds CLM using the Swiss, TCMSP, HERB, and
BATMAN-TCM databases. In addition, 1490 depression-related
targets were identified using the DisGeNET and GeneCards
databases. The intersection of drug targets and depression targets
resulted in a total of 416 CLM treatment depression targets, as
shown in the Venn diagram (Figure 7A).

4.2 The construction of the H-C-T network

The H-C-T network included 555 nodes and 2480 edges and
contained nine herbs, 130 compounds, and 416 genes (Figure 7B).
Larger nodes have higher statistical significance. The top five
compounds, as determined by degree analysis, were MOL000449
(stigmasterol), MOL000098 (quercetin), MOL000358 (β-stigmasterol),
MOL012976 (coumestrol), and MOL000627 (stepholidine), with

FIGURE 4
Comparative forest plots of HAMD, SDS, HAMA, SAS, and PSQI scores; (A) HAMD scores; (B) SDS scores; (C) HAMA scores; (D) SAS scores; (E) PSQI
scores.
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respective degrees of 245°, 199°, 196°, 130°, and 85°.More details are given
in Table 2.

4.3 Gene ontology and kyoto encyclopedia
of genes and genomes enrichment analyze

For GO enrichment analysis, a total of 3516 items were selected,
and the top 20 significant terms in the BP, CC, andMF categories are
shown in Figure 8A. The intersected target proteins in the BP
category mainly included responses to hormones, behavior,
positive regulation of cell death, inflammatory response, and
synaptic signaling. The CC category mainly included dendrite,
cell body, membrane raft, perinuclear region of cytoplasm, and
side of membrane. TheMF category mainly included kinase binding,
transcription factor binding, protein domain-specific binding,
signaling receptor regulator activity, and neurotransmitter
receptor activity.

For KEGG enrichment analysis, the top 20 items were selected
for visualization according to the criteria above (Figure 8B). The
results mainly involved neuroactive ligand-receptor interactions, the
PI3K-Akt signaling pathway, serotonergic synapses, the JAK-STAT
signaling pathway, and the NF-κB signaling pathway.

4.4 Protein-protein interaction network
analysis

In the PPI network analysis, 416 predicted targets were
submitted to the STRING platform, and interactions with high
confidence (>0.9) were chosen. Isolated nodes were removed, and
the remaining targets were visualized in Cytoscape 3.8.2. The PPI
relationship network, which consisted of 312 nodes and
1321 edges, is shown in Figure 9A. In addition, to further
screen for key targets for CLM in the treatment of depression,
we conducted topology analysis based on BC, CC, and DC.
Ultimately, 28 core targets were obtained and ranked by
degree values (Figures 9B–D; Table 3). The top seven core
targets were MAPK3, JUN, TP53, MAPK1, AKT1, STAT3, and
PIK3R1.

4.5 Molecular docking

Based on the above results in H-C-T, GO, and PPI network analysis,
molecular docking analysis was performed between the top five
compounds of CLM and the top seven key targets. The docking
visualizations and scores are shown in Figures 10A,B. The stronger

FIGURE 5
Comparative forest plots of indicators of inflammation; (A) TNF-α; (B) IL-6.
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the binding force between the compound and the protein, the lower the
docking score (the higher the negative number).When the docking score
is ≤ −5.0 kJ/mol, the exertion of a strong binding effect is suggested. The
results showed that 35 pairs of active compounds and ligands were
relatively stable. PIK3R1 (PDB: 2IUG), MAPK3 (PDB: 4QTB), and
AKT1 (PDB: 1UNP) might be potential therapeutic targets for
depression using CLM, among which stigmasterol (MOL000449) had
the highest binding energy with PIK3R1.

5 Discussion

At present, the pathological mechanisms of depression mainly
involve the monoamine hypothesis, hypothalamus–pituitary–adrenal
axis hyperactivity, neuroplasticity and neurogenesis, structural and
functional brain changes, and inflammation (Malhi and Mann,
2018). However, due to the unclear pathophysiological mechanisms
of depression, one-third of patients face treatment resistance or adverse
reactions to common treatments, and the treatment of depression still
faces challenges (Dodd et al., 2021). CLM is derived from “Shang Han
Lun” and has a significant effect on depression. However, due to the
complexity of its components, the mechanism of action of this
prescription has not been fully clarified. The results of present study
indicated that the antidepressant efficacy of CLM, whether

administered alone or in combination with antidepressants, was
significantly higher than that of antidepressants alone. In addition,
whether in CLM alone or CLM + SSRI/SNRI, the symptoms of
depression, anxiety, and insomnia in patients with depression were
significantly improved comparing antidepressants alone. CLM and
CLM + SSRI also showed fewer adverse reactions than SSRI alone.
Five compounds in CLM and seven of its key targets were shown to be
related to antidepressant activity in the present analysis.

CLM has extensive neural activities in the treatment of
depression, anxiety, insomnia, and neurocognitive disorders
(Niitsu et al., 2013). A meta-analysis of CLM’s efficiency and
safety in treating post-stroke depression revealed that, regardless
of the length of the treatment period, CLM showed better efficacy
than an antidepressant group. Additionally, in the group
receiving CLM combined with pharmaceutical antidepressants,
the incidence of adverse reactions such as abnormal blood or
urine routine tests, abnormal liver function, sleeplessness, and
digestive tract pain was dramatically decreased (Wan et al., 2021).
In addition, a correlation has been shown between depression,
anxiety, and insomnia; the association between insomnia and
feelings of self-disgust was fully mediated by anxiety and
depression (Ypsilanti et al., 2018). This means that a good
treatment strategy for patients with depression seems to be
relieving anxiety and insomnia while adjusting mood. In the

FIGURE 6
Comparative forest plots of adverse effects; Treament: CLM alone or combined with pharmaceutical anti-depressants; Control: pharmaceutical
anti-depressants.

Frontiers in Pharmacology frontiersin.org11

Zhao et al. 10.3389/fphar.2023.1257617

138

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1257617


present findings, compared with antidepressants, both CLM
alone and combined with SSRI/SNRI markedly reduced the
scores of HAMD and SDS. For anxiety and insomnia, we
conducted a meta-analysis of HAMA, SAS, and PSQI scores,
results indicated that the synergistic effect of CLM and SSRI was
significantly better than that of SSRI alone. In addition, due to the
limited literature on CLM alone and CLM + SNRI, the synergistic
effect of CLM alone or with SNRI may need further exploration.
However, for overall efficacy in anxiety, CLM alone or in
combination is not inferior to antidepressants alone. In terms
of adverse reactions, whether CLM alone or in combination with
SSRI, the incidence of adverse reactions is significantly fewer than
that of SSRI alone. It is worth noting that the incidence of adverse
reactions in CLM combined with SNRI is the same as that of
SNRI alone, which may be the reason for only including one trial.
Therefore, CLM could not only improve the symptoms of
depression, anxiety, and insomnia, but can also reduce the
incidence of adverse responses caused by commonly used
antidepressants, especially in combination with SSRI.

Depression and inflammation are intertwined; heightened
inflammation exacerbates not only physical symptoms such as
pain sensitivity, fatigue, and anhedonia but also psychological
symptoms such as negative mood, loss of appetite, and feelings
of inferiority (Kiecolt-Glaser et al., 2015). Levels of proinflammatory
cytokines in peripheral blood were shown to be significantly
increased in patients with major depressive disorder, such as IL-
6, TNF-α and IL-1β (Howren et al., 2009; Dowlati et al., 2010; Liu
et al., 2012). Moreover, nonsteroidal anti-inflammatory drugs could
significantly reduce depressive symptoms compared to placebo
treatment (Kohler et al., 2014). Therefore, anti-inflammatory
treatments may be effective for depression. The present results
indicated that CLM dramatically decreased the levels of TNF-α
and IL-6 in the peripheral blood of patients with depression
compared to antidepressant treatment groups.

In order to further investigate the aforementioned putative
mechanisms of CLM’s anti-depressant effects, network
pharmacology was conducted. We intersected 416 therapeutic
targets from 1490 depression targets and 2356 targets of CLM
compound components. According to the H-C-T network, the
top five active ingredients were stigmasterol, quercetin, β-
stiosterol, coumestrol, and stepholidine. Recent research has
shown that oral and intraperitoneal treatment of stigmasterol
and β-stiosterol significantly reduced immobility time in tail
suspension and forced swimming tests in rat models of
depression, and its antidepressant activity might be mediated
by the glutamatergic systems (Zhao et al., 2016; Ghosh et al.,
2022). Quercetin has been reported to inhibit inflammation and
attenuate depression-like behavior by regulating PI3K/AKT/NF-
κB and promoting mitophagy in a lipopolysaccharide-induced
mouse model of depression (Han et al., 2021; Sun et al., 2021).
Monoamine oxidase A inhibitors, as third-line antidepressants,
are widely used in clinics, and coumestrol has been proven to be a
selective and competitive monoamine oxidase A inhibitor (Seong
et al., 2022). As a specific dopamine receptor D1 agonist,
stepholidine could activate the PKA/mTOR pathway to
upregulate the expression of synaptogenesis-related proteins
and exert antidepressant effects (Zhang et al., 2017). The
above research provides a pharmacological basis for the

clinical efficacy of CLM in depression, although the effect of
CLM on depression has been revealed directly or indirectly
through the above ingredients, due to the complexity of the
ingredients, the specific mechanisms have not been clarified.
Therefore, we assessed the relevant pathways for CLM in the
treatment of depression using KEGG and GO enrichment
analyses.

Research has confirmed that inflammation induced by glial
cells is an important mechanism leading to depression.
Neuroglial cells can regulate neuron electrical activity and
even death by adjusting synaptic plasticity and integrating
and transmitting synaptic information (Perez-Catalan et al.,
2021). This may explain the anti-inflammatory and
antidepressant mechanism of CLM, where GO analysis
showed that the antidepressant effect of CLM mainly plays a
protective role by regulating the inflammatory response. In
addition, at the level of CC and MF, CLM mainly plays a role
in synaptic spines, synapses, membrane rafts, and nuclear
envelope by combining with enzymes and neurotransmitters.
The present KEGG analysis of CLM also pointed to
neuroinflammation, which involves the PI3K/Akt, JAK-STAT,
and NF-κB signaling pathways. The PI3K/Akt signaling pathway
is involved in synaptic plasticity, learning and memory, and
inflammation, which are important in the pathogenesis of
depression (Matsuda et al., 2019). Enzymatic activity of PI3K
and Akt was shown to be decreased in patients with depression,
which may lead to neuron loss, decreased neuroplasticity, and
dysregulation of neurotrophic factors (Karege et al., 2011).
Evidence has also shown that activation of Akt signaling can
alleviate stress-induced depressive behaviors in mice by
inhibiting neuroinflammation and increasing neurotrophic
factors (Xian et al., 2019). Accordingly, by activating Akt
signaling, CLM was shown to reverse the abnormal
expression of AMPA and NMDA receptors in the prefrontal
cortex of depressed mice (Wang et al., 2018). The JAK-STAT and
NF-κB signaling pathways are downstream cascade signals of the
PI3K/Akt pathway and both play key roles in cell proliferation,
differentiation, migration, and apoptosis. The involvement of
the JAK/STAT pathway in synaptic plasticity has been
confirmed to depend on the activation of NMDA receptors in
the hippocampal CA1 region (Nicolas et al., 2012). Therefore, we
speculate that the antidepressant effect of CLM may be related to
the activation of PI3K/Akt and its downstream signaling
pathways, inhibition of inflammatory storms, and protection
of neurons.

Notably, the therapeutic efficacy of ketamine, an NMDA
receptor antagonist, has highlighted the emerging data linking
the regulation of NMDA to the etiology of depression. More
significantly, increases in proinflammatory cytokines (such as
IL-1, IL-6, and TNF-α) have been directly associated with JAK-
STAT activation. Antidepressants may work by decreasing
proinflammatory cytokines via modulation of the JAK/STAT
pathway, and they may also improve somatic symptoms,
anhedonia, and low energy levels (Malemud and Miller,
2008). The NF-κB signaling pathway contributes to the
pathogenesis of neurodegenerative diseases, with the PI3K/
Akt pathway as its major upstream component (Dong et al.,
2016). Activation of the PI3K/Akt signaling pathway has been
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reported to significantly reduce the nuclear translocation of NF-
κB and the activation of microglia, thus inhibiting neuronal
apoptosis and inflammation (Zhu et al., 2018). Although CLM

likely exerts anti-depressant effects via the PI3K/Akt, JAK/
STAT, NF-κB, or apoptosis signaling pathways, it remains
urgently necessary to clarify the therapeutic targets of CLM,

TABLE 2 Basic information of the top five degree of the compounds.

MOL ID Compound CAS Molecular formula MW

MOL000449 Stigmasterol 83–48–7 C29H48O 412.77

MOL000098 Quercetin 117–39–5 C15H10O7 302.23

MOL000358 beta-stiosterol 83–46–5 C29H50O 414.79

MOL012976 coumestrol 479–13–0 C15H8O5 268.22

MOL000627 Stepholidine 16,562–13–3 C19H21NO4 327.41

FIGURE 7
Venn diagram and H-C-T network; (A) Venn diagram of the active ingredients of CLM and potential treatment targets; 2356 predicted targets of
CLM, 1490 therapeutic targets for depression, and 416 targets intersected; (B)H-C-T network of CLM; BX: Ban Xia, CH: Chai Hu, DZ: Da Zao, FL: Fu Ling,
SJ: Sheng Jiang, GZ: Gui Zhi, DH: Da Huang, HQ: Sheng Jiang, RS: Ren Shen; A–H: Common components of different drugs.
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which may contribute to the development of novel therapeutic
strategies.

Next, according to the PPI network and molecular docking
analyses, MAPK3, TP53, MAPK1, STAT3, and PI3KR1 were
potential antidepressant targets of CLM. Similar to the above

results from the network pharmacology analysis, stigmasterol
showed high binding energy with PI3KR1, suggesting that CLM
alleviates depression via modulation of the PI3K/Akt signaling
pathway. In summary, the above evidence suggests that CLM is a
safe and effective antidepressant prescription with multiple pathways

FIGURE 8
GO and KEGG analysis; (A) BP, MF, and CC categories in GO analysis of 416 intersection targets; (B) top 20 signaling pathways in KEGG enrichment
analysis of 416 intersected targets.
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FIGURE 9
Interaction network diagramof 416predicted targets and topology analysis; (A)PPI network of 416 predicted targets; (B) topology analysis; BC: betweenness
centrality; CC: closeness centrality; DC: degree centrality; (C) network of the top 28 core proteins; (D) top 28 targets ranked by degree values.
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and targets. Its mechanism is likely related to the regulation of
neuronal synaptic plasticity, inflammation, and apoptosis.

6 Limitations

This study still exist limitations. The treatment time was not
explored on anti-depression efficacy. Secondly, it is still shallow that
the evidence for selecting serum IL-6 and TNF-α as inflammation
indicators. On the one hand, it is limited by available studies, on the
other hand, other indicators such as serum IL-1β and CRP also affect
the resistance to antidepressants. Meanwhile, the increase in these

indicators also indicates more severe disease course outcomes and
more extensive somatization symptoms (Kiecolt-Glaser et al., 2015).
Furthermore, the number of trials included in this studywas insufficient
to clearly state the specific efficacy of some subgroup analyses such as
HAMA and SAS, so part results have to be roughly concluded by
assessing the comprehensive efficacy of CLM alone or in combination
with antidepressants. Then, part of literature included by allocation
concealment and blinding is not yet clear. TCM has the characteristics
of personalized treatment, which is limited to the unique odor and
color, making it difficult to implement blind methods. In addition,
screening the active ingredients based on OB and DL may exist
inconsistency with the precise ingredients, and the predicted targets

TABLE 3 Specifc information of the 28 key target genes.

Uniprot ID Name Description Degree Betweenness centrality Closeness centrality

P27361 MAPK3 Mitogen-activated protein kinase 3 53 0.045746269 0.435103245

P05412 JUN Transcription factor Jun 52 0.084722588 0.44494721

P04637 TP53 Cellular tumor antigen p53 52 0.120920491 0.435745938

P28482 MAPK1 Mitogen-activated protein kinase 1 50 0.038943892 0.431918009

P40763 STAT3 Signal transducer and activator of transcription 3 47 0.058421284 0.421428571

P31749 AKT1 RAC-alpha serine/threonine-protein kinase 47 0.071162417 0.43318649

P27986 PIK3R1 Phosphatidylinositol 3-kinase regulatory subunit alpha 42 0.046009982 0.416666667

P07900 HSP90AA1 Heat shock protein HSP 90-alpha 40 0.0405667 0.411436541

P35222 CTNNB1 Catenin beta-1 39 0.059706312 0.411436541

Q16539 MAPK14 Mitogen-activated protein kinase 14 37 0.069980098 0.431918009

P03372 ESR1 Estrogen receptor 37 0.081274348 0.43255132

P00533 EGFR Epidermal growth factor receptor 36 0.033559803 0.412011173

P01100 FOS Protein c-Fos 34 0.024626294 0.408587258

P45983 MAPK8 Mitogen-activated protein kinase 8 30 0.032364484 0.409722222

P05231 IL6 Interleukin-6 29 0.01798382 0.380645161

P01375 TNF Tumor necrosis factor 29 0.027560775 0.387139108

P19838 NFKB1 Nuclear factor NF-kappa-B p105 subunit 28 0.032042801 0.402455662

P42224 STAT1 Signal transducer and activator of transcription 1-alpha/beta 28 0.015860428 0.398648649

P01116 KRAS GTPase KRas 28 0.017076325 0.39021164

P01111 NRAS GTPase NRas 25 0.024069906 0.37966538

P04150 NR3C1 Glucocorticoid receptor 24 0.014751511 0.399188092

P01133 EGF Pro-epidermal growth factor 23 0.014372036 0.380154639

O43524 FOXO3 Forkhead box protein O3 22 0.02241392 0.397039031

P01584 IL1B Interleukin-1 beta 22 0.012354862 0.380645161

P24385 CCND1 G1/S-specific cyclin-D1 21 0.014984121 0.383615085

P10275 AR Androgen receptor 21 0.016074494 0.392287234

P05305 EDN1 Endothelin-1 21 0.020720848 0.386125654

P05112 IL4 Interleukin-4 19 0.037711426 0.381630013
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are likely to be limited by the hot spots of current research. Finally, the
specific mechanism in this study still needs to be verified by further vivo
and vitro experiments.

7 Conclusion

This study analyzed the effectiveness andmechanism of CLM in the
treatment of depression. Our findings revealed that compared to
antidepressants, CLM had better clinical efficacy and fewer side
effects, especially in combination with SSRI. Its mechanism in
treating depression may be related to regulating neuronal synaptic
plasticity, inhibiting neuroinflammation, and improving neuronal
damage. Stigmasterol, β-stiosterol, and coumestrol, three components
of CLM. may play antidepressant roles via the targets of PIK3R1,
MAPK3, and AKT1. The PI3K/Akt signaling pathway may be one of
the main pathways for CLM to achieve its antidepressant effect.
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Pharmacological effects of
nicotine salts on dopamine release
in the nucleus accumbens
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Huaquan Sheng1, Ming Chen2,3*, Jiexiong Ru1* and Yihan Gao1*
1Shanghai New Tobacco Product Research Institute Co., Ltd, Shanghai, China, 2School of Life Science and
Technology, ShanghaiTech University, Shanghai, China, 3MOE Frontier Center for Brain Science, Institutes
of Brain Science, Fudan University, Shanghai, China

With the growing number of individuals regularly using e-cigarettes, it has become
increasingly important to understand the psychobiological effects of nicotine
salts. Nicotine increases the release of dopamine (DA) into the nucleus accumbens
(NAc), causing feelings of satisfaction. However, the differences in the DA-
increasing effects of different nicotine salts have not been reported. In this
study, we used a G protein-coupled receptor-activated DA fluorescent probe
(GRABDA1m) and optical fiber photometric recording equipment to monitor the
dynamic changes and kinetics of DA release in the NAc of mice exposed to
different e-cigarette aerosols, including nicotine, nicotine benzoate, nicotine
tartrate, nicotine lactate, nicotine levulinic acid, nicotine malate, and nicotine
citrate. The results of this study were as follows: 1) Different types of nicotine salts
could increase the release of DA in the NAc. 2) The slopes and half-effective
concentrations of the fitted curves were different, suggesting that each nicotine
salt had a difference in the efficiency of increasing DA release with concentration
changes. 3) The absorption rates of different nicotine salts containing the same
original nicotine concentrationwere significantly different bymeasuring the blood
nicotine content. The effect of nicotine salts on increasing DA was directly
proportional to the blood nicotine level. In conclusion, by observing the effects
of nicotine salts on DA release in real time in vivo, differences in the
pharmacological effects of nicotine salts are revealed to better understand the
mechanism underlying the regulatory effects of nicotine salts on the brain.

KEYWORDS

nicotine, nicotine salts, dopamine, nucleus accumbens, satisfaction

1 Introduction

In recent years, nicotine salt technology has been widely used in new tobacco products,
which form protonated nicotine using organic acid–nicotine complexes, and nicotine exists
mainly in the protonated form (Duell et al., 2020; Robichaud et al., 2020). The addition of
nicotine salts improves throat irritation caused by high release amounts of free-state
nicotine, resulting in a softer, smoother sensory experience and greater physiological
satisfaction (Gades et al., 2022; Lu et al., 2022).

The production of satisfaction is mainly related to the effect of nicotine on the dopamine
(DA) reward system in the brain, which produces euphoric and pleasurable sensory effects
(Balfour et al., 2000; Benowitz, 2010). Nicotine stimulates the release of DA from
dopaminergic neurons in the ventral tegmental area and acts on the nucleus accumbens
(NAc) brain region by activating nicotinic acetylcholine receptors in different brain regions
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(Di Chiara, 2000), resulting in a feeling of pleasure and the ability to
improve attention and learning memory (Benowitz, 1996; Benowitz,
2010). Nicotine administration or smoking causes the release of DA
from the NAc (Wonnacott et al., 2005; Tizabi et al., 2007). In animal
studies, microdialysis has revealed nicotine-induced DA release in
the Nac (Berrendero et al., 2005). In nonhuman primates, positron
emission tomography scans have confirmed that intravenous
nicotine administration induces DA release (Gallezot et al.,
2014). Similarly, studies in human smokers have demonstrated
that smoking induces DA release and that nicotine intake is an
important factor in DA release from smoking. A significant
association between DA release and behavioral responses to
smoking, such as enhanced pleasure, has been demonstrated in
human smokers (Balfour, 2004; Barrett et al., 2004). Therefore,
measuring the release of the reward neurotransmitter DA in the
brain is one of the most important objective indicators for evaluating
satisfaction produced by tobacco.

Compared with traditional methods, in recent years, in vivo
fluorescence imaging methods for monitoring changes in DA
release have been developed in the field of neuroscience (Sun
et al., 2018). The advantages of this method are that the animal is
awake and freely moving, avoiding the effects of some
anesthetized states on physiological effects. Second, it has
higher spatial and temporal resolution and is less invasive,
making it more suitable for measuring dynamic changes in
neurotransmitters. Third, it is a genetically encoded
fluorescent probe that can be expressed in specific brain
regions and used for long-term imaging (Sych et al., 2019).
The DA probe, developed using the G protein-coupled
receptor as a backbone, has advantages in affinity, selectivity,
kinetics, and pharmacological properties. It is designed to
fluoresce upon binding to DA, thus providing a powerful tool
for the fine detection of the dynamic modulation of DA
neurotransmission in vivo (Sun et al., 2018; Skirzewski et al.,
2022).

In this study, we aimed to investigate the effects of exposure to
various nicotine salts on the release of DA in the NAc, the reward
center of the brain, using a photometric recording method to
compare the pharmacological differences in the effects of
different nicotine salts.

2 Materials and methods

2.1 Experimental animals

This study comprised adult male C57BL/6 mice (aged
8–10 weeks) weighing 22–28 g (Shanghai Jihui Experimental
Animal Breeding Co., Ltd.), which were housed for at least
1 week in advance in an animal room with alternating cycles of
12 h of light and 12 h of darkness (lights on at 7:00 a.m. and off at 7:
00 p.m.) at 22°C–26°C temperature and 40%–60% humidity. All the
mice had free access to food and water. All experimental procedures
were approved by the Animal Ethics and Use Committee of
ShanghaiTech University (approval number: 20221020003) and
were performed in accordance with the National Institutes of
Health guidelines. The mice were randomly divided into cages
and labeled according to the experimental groups.

2.2 Drugs

Nicotine and nicotine salts were obtained from (Shanghai Yunyi
Biotechnology Co., Ltd.). Both nicotine formulations were mixed
with propylene glycol and vegetable glycerin in a 50:50 ratio (weight
ratio) at a final concentration of 10–60 mg/mL. For the different
formulations, the nicotine content was based on the molecular
weight of the free base to ensure that equal amounts of nicotine
were present.

2.3 Drug administration

Vaping machine: Vaping aerosol was produced using an
ethylene carbonate (EC) atomizer coupled to a variable voltage
EC battery. The specific EC battery had a 1,300 mA-h capacity
with a nominal voltage range of 3.3–4.8 V direct current. The
e-cigarette puffing curve was trapezoidal, determining a vaping
capacity of 55 mL, vaping time of 2 s, and vaping interval of 30 s
(Farsalinos and Gillman, 2017). Each animal was administered
60 puffs of aerosols for 30 min.

Oral and nasal exposure towers: The temperature and humidity
of the equipment environment were kept relatively stable at
20°C–24°C and 60% ± 5% humidity. The flow rate of diluted air
was calculated according to the number of exposure ports, with the
aerosol exposure tower having 12 smoke exposure ports, as follows:
air flow rate (L/min) = minimum respiratory volume (RMV) of
mice/min × number of exposure ports—smoke production/min and
RMV = 0.608 × body weight (kg) 0.852. Adult mice weighed
approximately 25 g, therefore, the minimum dilution of air was
set as follows: 0.608 × 0.0250.852 × 12–0.055 × 2 (2 mouths/min) =
0.204 L/min (Dawkins and Corcoran, 2014).

2.4 Stereotaxic surgery

The surgical procedures were as follows: the mice were
anesthetized with isoflurane; the surgery was performed under a
continuous gas mixture of oxygen and isoflurane. The mouse head
was adjusted to a horizontal position using the Bregma and Lambda
points on a stereotaxic instrument. Small holes were drilled above
the NAc brain region (anteroposterior, 1.54; mediolateral, 0.55;
dorsoventral, 4.05), and bleeding was promptly stopped if it
occurred. The virus was injected as a DA neurotransmitter probe,
rAAV-hSyn-DA1m-WPRE-pA, with an injection volume of 300 nL
and an injection rate of 30–50 nL/min, and the needle was stopped
for 10 min after the injection to allow complete virus diffusion. The
optical fiber was buried above the NAc of the mice using a specific
optical fiber holder, and the optical fiber was fixed with dental
cement. After the dental cement was completely dried, the mice were
removed from the operating table, and when they awakened, they
were marked and returned to the feeding cage.

2.5 Fiber photometry recording

After 3 weeks of virus expression, the fiber-optic patch cord of
the fiber-optic recording system was fixedly connected to the
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ceramic insert to test the fluorescent signal, and animals that
responded well were prepared for smoke exposure. Similarly, the
animals were placed in the smoke exposure tower for 3 days before
the smoke exposure test, from 9 to 11 a.m. each day for 3 consecutive
days, and exposed to air to allow them to adapt to the smoke
exposure tower environment and reduce the effects of stress. On the
fourth day, DA signals were observed in mice before and after
exposure to e-cigarettes and heated cigarettes. The value of ΔF/F =
(F-F0)/F0 was used to characterize the change in fluorescence
intensity around the event in response to the change in DA
neurotransmission under smoke exposure. The recorded data
were exported as MAT files for further analysis using the
MATLAB software and first preprocessed using the following
steps: 1) baseline calibration, 2) downsampling, and 3)
smoothing. The change in the neurotransmitter probe signal was
calculated using the following formula: F/F = (F-F0)/(F0-Foffset).
The significance of the parameters in this formula is as follows: F
represents the current signal value; F0 represents the mean signal
value 15 min before drug administration; F offset represents the
background noise value of the instrument; ΔF/F represents the
relative signal change value, expressed as a percentage; and the
percentage signal change before and after stimulation was plotted for
a single mouse using the MATLAB software plot function.

Experimental fiber-optic mice were anesthetized and perfused
with heart after completion of the experiment, 4%
paraformaldehyde-fixed mouse brain tissue, and 30% sucrose
dehydrated. Mouse brains were frozen, sectioned, and coronally
cut (50 μm). It was rinsed with 1 × phosphate-buffered saline, sealed
with 50% glycerol, and then photographed using Olympus
VS120 sweeper, and data with large deviations in position were
discarded.

2.6 Nicotine content in plasma and
Cambridge filter

We used high-performance liquid chromatography (HPLC) to
examine concentrations after vapor inhalation. The mice were then
immediately removed from the chambers and anesthetized with
CO2. Plasma was drawn via cardiac puncture and placed on ice.
Immediately after, the plasma was separated via centrifugation
(1.5 rpm for 15 min at 4°C). We followed the HPLC protocol to
assay plasma or Cambridge filter nicotine levels (Peace et al., 2018;
Lu et al., 2022). Identification and quantitation of nicotine was
performed using a 3200 Q Trap (Applied Biosystems, Foster City
CA) attached to a SCL HPLC system (Shimadzu, Kyoto Japan).
Chromatographic separation was performed on a Hypersil® Gold
3 mm × 50 mm, 5 μm column (Thermo Scientific, Waltham MA).
The injection volume was 10 μL with a flow rate of 0.5 mL/min, with
an isocratic mobile phase consisting of 90:10 Methanol: 10 mmol
ammonium formate in water. The ion spray voltage was set to
5,000 V with a declustering potential of 35 eV and the source
temperature was 600°C with 30 mL/min curtain gas flow, with
the ion source gas 1 at 50 mL/min and ion source Gas 2 at
30 mL/min. Total runtime for this method was 2 min, and the
instrument was operated in multiple reaction monitoring mode
monitoring the following m/z transitions: nicotine, 163 > 130 and
163 > 117; and nicotine-d4, 167 > 134. A seven-point calibration

curve was constructed with nicotine concentrations of 10, 25, 50,
100, 250, 500, and 1,000 ng/mL with 250 ng/mL of nicotine-d4 as
internal standard. Aliquots were fortified with internal standard
post-collection from the aerosol trap. A linear regression was
generated using the peak area ratio of nicotine to internal
standard versus nicotine concentration and r2 > 0.9985 for all
curves. The limit of quantitation was administratively set at
10 ng/mL and signal-to-noise ratio was greater than 10 times the
baseline. All determined sample concentrations were bracketed
within the calibration range 10–1,000 ng/mL. Six controls were
included with each analytical batch: a blank, a double blank,
limit of quantitation quality control (10 ng/mL), low-quality
control (30 ng/mL), mid-quality control (300 ng/mL) and high-
quality control (900 ng/mL). Intra-day (within-run) accuracy and
precision were determined by taking the largest percent coefficient
of variation (%CV) and most extreme accuracies for each control
concentration out of each of the three runs (n = 6). Carryover on the
instrument was assessed by running a nicotine-free negative control
immediately following the highest concentration calibrator
(1,000 ng/mL).

2.7 Statistical analyses

Numerical data are expressed as mean ± standard error of the
mean. Offline data analysis was performed using the GraphPad
Prism version 6 software (GraphPad Software, United States).
Statistical significance was determined by analysis of variance
(ANOVA) followed by Bonferroni post-tests for multiple
comparisons among more than two groups, where n denotes the
number of mice. Every group of mice in each experiment was from
at least three animals. For all results, p < 0.05 was considered
statistically significant.

3 Results

3.1 Effects of nicotine salts on dopamine
(DA) release in the nucleus accumbens (NAc)

Nicotine increases the release of DA from the NAc. To better
simulate the state of daily smoking, mice with good DA signaling in
the NAc were administered different concentrations of various nicotine
salts by oral and nasal exposure using a smoke tower to observe the effect
of nicotine salts on DA release (Figures 1A–D). Under different
concentrations of e-cigarette aerosol exposure (10, 20, 30, 40, and
60 mg/mL), a significant increase in the DA signal curve in the NAc
of mice could be observed (Figure 1E), with most nicotine or nicotine
salts reaching a peak signal and gradually falling back after
approximately 40 min of exposure, after calculating the highest point
peak and counting the intensity of the effect of different nicotine salts
(Table 1; Figure 1F). Each value represents the percentage increase inDA
signal. The statistical results showed elevated and statistically significant
DA signaling responses at different concentration gradients (10, 20, 30,
40, and 60mg/mL) (two-way ANOVA, concentration factor, F[7, 108] =
34.14, p < 0.0001; different nicotine salt factors, F[4, 108] = 62.51, p <
0.0001). This indicates that all seven nicotine salts increase DA release in
the NAc and show concentration-dependent effects.
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3.2 Dose–response curve of DA signal
changes and nicotine salts in the NAc

The above results suggest that nicotine salts can increase DA
release in a concentration-dependent manner. We further analyzed
the concentration-dependent increasing curves to compare the
pharmacological action characteristics of different nicotine salts.

The peak values of DA signal changes obtained from the above seven
datasets were non-linearly fitted with the Boltzmann equation to
further analyze and summarize the law of biological effects. The
concentration effects of each substance were well fitted, in
accordance with the general law of non-linearity of biological
effects. The different nicotine and nicotine salt groups showed a
nonlinear curve characteristic of stronger DA with increasing

FIGURE 1
Effects of nicotine salts on dopamine release in the nucleus accumbens (A) Experimental diagram. (B) Experimental timeline. (C) Schematic diagram
of virus injection. (D) Representative graph of virus injection. Scale bar: 500 μM. (E) Representative curve of dopamine signal. (F) Average ΔF/F in different
groups (two-way analysis of variance, concentration factor, F[7, 108] = 34.14, p < 0.0001; different nicotine salt factors, F[4, 108] = 62.51, p < 0.0001). **p <
0.01, ***p < 0.001, ****p < 0.0001. Data are shown as the mean ± standard error of the mean.

TABLE 1 Dopamine signal changes in the nucleus accumbens under different concentrations of nicotine salts exposure.

10 (mg/mL) 20 (mg/mL) 30 (mg/mL) 40 (mg/mL) 60 (mg/mL)

Nicotine 2.37 ± 0.34 2.37 ± 1.53 9.52 ± 0.74 13.87 ± 1.11 18.91 ± 4.87

Nicotine benzoate 9.82 ± 0.85 9.05 ± 1.00 24.64 ± 4.53 40.11 ± 3.32 39.95 ± 6.05

Nicotine lactate 12.40 ± 0.60 16.82 ± 2.00 29.45 ± 5.42 47.93 ± 3.96 53.08 ± 3.57

Nicotine malate 4.60 ± 0.69 10.81 ± 1.23 17.16 ± 4.39 23.35 ± 3.00 34.85 ± 6.18

Nicotine levulinic acid 4.43 ± 0.72 9.86 ± 0.45 16.3 ± 5.02 22.90 ± 2.64 34.22 ± 5.43

Nicotine ditartrate 2.36 ± 0.64 5.08 ± 1.45 12.10 ± 2.61 12.92 ± 1.80 18.70 ± 5.03

Nicotine citrate 5.47 ± 1.07 13.23 ± 1.50 21.00 ± 5.36 28.58 ± 3.67 42.65 ± 7.56
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concentration (Figures 2A–G), and the slope factor of each fitted
curve was statistically significant [Figure 2H, n = 3, one-way
ANOVA, F (Balfour, 2004; Benowitz, 2010) = 7.61, p = 0.0009],
indicating that each nicotine salt has a significant effect on the
efficiency of concentration change to enhance the release of DA.
However, there was a difference in the half-effective concentration
for each nicotine salt [Figure 2I, n = 3, one-way ANOVA, F (Balfour,
2004; Benowitz, 2010) = 7.43, p = 0.001]. These results indicate
differences in the pharmacokinetic effects of nicotine salts. The slope
for nicotine malate was the largest, indicating that the DA signal was
more sensitive to changes in the concentration under the action of
this substance. The half-effective concentration of nicotine lactate
was the lowest, indicating that this substance was the most potent at
increasing DA release.

3.3 Absorption efficiency among different
nicotine salts

Previous studies have shown differences in the absorption of
different nicotine salts into the blood via the mouth and nose. To
better assess the pharmacological effects of nicotine salts on DA release,
we further examined the nicotine content at the exit of the smoke
exposure tower and in the blood of the animals to determine whether
there were differences in the absorption rates of different nicotine salts
into the animals. We used multiple outlets of the exposure tower to
collect fumes simultaneously at one of the outlets through a Cambridge
filter while the animals were exposed to e-cigarette aerosol. Blood was
collected from the heart 30 min after aerosol exposure. The total nicotine
content of the Cambridge filter and blood was measured using HPLC.

FIGURE 2
Dose–response curve of dopamine signal changes and nicotine salts in the nucleus accumbens (A) Boltzmann fitting concentration effect curve of
nicotine. (B) Boltzmann fitting concentration effect curve of nicotine ditartrate. (C) Boltzmann fitting concentration effect curve of nicotine citrate. (D)
Boltzmann fitting concentration effect curve of nicotine levulinic acid. (E) Boltzmann fitting concentration effect curve of nicotine malate. (F) Boltzmann
fitting concentration effect curve of nicotine lactate. (G) Boltzmann fitting concentration effect curve of nicotine benzoate. (H) Average slope factor
in different group [n= 3, one-way analysis of variance (ANOVA), F[6, 14] = 7.61, p=0.0009]. (I) Average half of concentration in different groups (n= 3, one-
way ANOVA, F[6, 14] = 7.43, p = 0.001). **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are shown as the mean ± standard error of the mean.
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The results showed that there were differences in the total
nicotine content of Cambridge filters with 60 mg/mL nicotine
salt, with nicotine citrate having the highest total nicotine
content [Figure 3A, n = 3, one-way ANOVA, F (Di Chiara, 2000;
Sych et al., 2019) = 7.27, p = 0.0005], suggesting that there may be
differences in the ability of different nicotine salts to produce
nicotine after vaporization. The total nicotine content of nicotine
lactate and nicotine benzoate in the blood was significantly higher
than that of several other nicotine salts [Figure 3B, n = 3, one-way
ANOVA, F (Di Chiara, 2000; Sych et al., 2019) = 28.88, p < 0.0001].
By comparing the total nicotine in the blood with that in the filter,
we observed that the absorption rate of nicotine benzoate was
significantly greater than that of several other nicotine salts
[Figure 3C, n = 3, one-way ANOVA, F (Balfour, 2004; Benowitz,
2010) = 12.75, p < 0.0001]. Subsequently, we assessed the association
of strength and direction in nicotine levels between Cambridge
filters and blood using the Kendall rank correlation coefficient
(Figure 3D, n = 2, Kendall rank correlation coefficient, p < 0.05).

The results showed a strong correlation between the two variables
[p-value Sig.(two-tailed) < 0.05], indicating that the final
absorbed nicotine concentration in the blood was positively
correlated with the original concentration provided.

3.4 Relationship between nicotine levels and
DA release

Based on the fact that there was a difference in the absorption
rate of different nicotine salts, the difference in the ability of different
nicotine salts to increase DA release was correlated with the nicotine
content in the blood. To further investigate the pharmacological
effects of the different nicotine salts, we compared the correlation of
the DA signal with the filter and blood nicotine content at a
concentration of 60 mg/mL.

First, from the results of the increase in DA by different nicotine
salts at a concentration of 60 mg/mL, the ability of all nicotine salts

FIGURE 3
Absorption efficiency among different nicotine salts (A) Average concentration of nicotine in Cambridge filter in different groups [n = 3, one-way
analysis of variance (ANOVA), F[7, 16] = 7.27, p = 0.0005]. (B) Average concentration of nicotine in blood in different groups (n = 3, one-way ANOVA, F[7,
16] = 28.88, p < 0.0001). (C) Average absorption of nicotine in different groups (n = 3, one-way ANOVA, F[6, 14] = 12.75, p < 0.0001, p < 0.0001). (D) The
Kendall rank correlation coefficient between Cambridge filters and blood [p-value Sig.(two-tailed) < 0.05]. *p < 0.05, **p < 0.01, ***p < 0.001. Data
are shown as the mean ± standard error of the mean.
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to increase DA was higher than that of nicotine, and there were
differences in the ability of different nicotine salts to release DA,
among which nicotine citrate, nicotine lactate, and nicotine
benzoate were stronger than the other nicotine salts [Figure 4A,
n = 3, one-way ANOVA, F (Di Chiara, 2000; Sych et al., 2019) =
19.56, p < 0.0001]. By analyzing the Kendall rank correlation
coefficient to determine the correlation between the Cambridge
filter and blood nicotine content, absorption rate, and increased DA
signal, the results suggest that increased DA signal has a good
positive correlation with nicotine salt in the Cambridge filter and
blood nicotine content, whereas there was no correlation with
absorption rate [Figure 4B, p-value Sig.(two-tailed) < 0.05].

4 Discussion

The main findings of the present study were as follows: 1)
Different types of nicotine salts increased the release of DA in the
NAc. 2) The slopes and half-effective concentrations of the fitted
curves were different, suggesting that each nicotine salt had a
difference in the efficiency of increasing DA release with
concentration changes. 3) The absorption rates of different
nicotine salts containing the same original nicotine concentration
were significantly different by measuring the blood nicotine content.
The effect of nicotine salts on increasing DA was directly
proportional to the blood nicotine level.

This study has the following strength: this is the first study to
perform a more comprehensive comparison of the differences in
the real-time effects of multiple nicotinic salts on DA in awake
animals using a DA receptor fluorescent probe. Our results
showed that different nicotine salts both increased NAc DA
release, and their ability to increase it was higher than
nicotine alone, which is consistent with previous reports

(Wickham et al., 2018). However, at the same nicotine
concentration, nicotine salts induced more DA release,
providing new neurobiological evidence for the previous
reports that nicotine salts have stronger satisfaction compared
with nicotine (O’Connell et al., 2019). In addition, our technique
has a unique advantage in that previous studies mainly utilized
methods, such as HPLC, which has a lower temporal resolution.
We observed in real time that the DA signal would synchronously
increase to the highest point after giving half-hour smoke vapor,
and the DA signal would fall back to the baseline level a few
minutes after smoke vapor has stopped. This is closely related to
the timing of nicotine metabolism, providing new experimental
evidence to further understand the interrelationship between
nicotine metabolism and DA signaling. In future studies, we
will also further focus on the kinetic alterations of DA signaling
changes under the action of nicotine salts.

By analyzing the drug action concentration profiles, we also
found differences in the kinetics of the pharmacological effects of
different nicotine salts. The slope for nicotine malate was the largest,
indicating that the DA signal was more sensitive to changes in the
concentration under the action of this substance. The half-effective
concentration of nicotine lactate was the lowest, indicating that this
substance was the most potent at increasing DA release. These
results reveal the pharmacological kinetics of different nicotine salts,
which have not been reported in previous studies, and provide new
experimental evidence for an in-depth understanding of the
pharmacological effects of nicotine salts.

Nicotine salt formulations can accommodate high nicotine
concentrations without causing discomfort to the user. This is
particularly beneficial for individuals seeking a stronger nicotine
hit or for those trying to satisfy their nicotine cravings more
effectively. Nicotine salts are easily absorbed by the body,
allowing faster delivery of nicotine to the bloodstream compared

FIGURE 4
Relationship between nicotine levels and dopamine release (A) Average ΔF/F in different groups at 60 mg/mL (n = 3, one-way analysis of variance,
F[7, 16] = 19.56, p < 0.0001). (B) The Kendall rank correlation coefficient among ΔF/F, Cambridge filters, blood, and absorption [p-value Sig.(two-tailed) <
0.05]. *p < 0.05, **p < 0.01, ***p < 0.001. Data are shown as the mean ± standard error of the mean.
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with freebase nicotine (Gholap et al., 2020; Taylor et al., 2021).
Previous studies have used serum nicotine or cotinine levels in
e-cigarette smokers to conduct nicotine exposure assessments
(Flouris et al., 2013; Marsot and Simon, 2016; Rapp et al., 2020).
In this study, we selected five concentration gradients of nicotine or
nicotine salts. In the pre-pre-experiment, the blood nicotine levels
measured at the low concentration (20 mg/ml) for half an hour of
vaping were similar to the blood nicotine levels in humans after
smoking the same concentration of e-cigarettes for half an hour, and
we believe that this concentration better mimics the reality of human
smoking. In order to have a more comprehensive understanding of
the pharmacological properties, we therefore set up five
concentration gradients. We also measured the amount of
nicotine in the blood of mice and the amount of nicotine
released from the exposed tower after 30 min of exposure to
comprehensively assess the pharmacological effects of nicotine
salt exposure. The total nicotine content of nicotine lactate and
nicotine benzoate in the blood was significantly higher than that of
several other nicotine salts, and the absorption rate of nicotine
benzoate was remarkably higher than that of several other nicotine
salts. Recent clinical studies evaluating nicotine salt-based e-liquids
have shown that nicotine salts lead to higher and faster nicotine
absorption compared with nicotine (Mobarrez et al., 2020; Han
et al., 2022a). A study by O’Connell et al. (2019) demonstrated that
using the same device and vaping conditions, nicotine salts provided
higher maximum plasma nicotine concentrations than similar
concentrations of nicotine. Our study was conducted at only one
time point and could not indicate whether and when the different
nicotinate salts reached their highest blood concentrations. This will
be further improved in future experiments. However, using the
Kendall rank correlation coefficient, we determined that the final
absorbed nicotine concentration in the blood was positively
correlated with the original concentration.

Furthermore, our results suggest that the effect of nicotinic
salts on increasing DA release is positively correlated with blood
and filter nicotine levels; however, the strength of the increase
varies among nicotinic salts. Nicotine satisfaction is closely
related to the protonated and free states of nicotine in the
blood (El-Hellani et al., 2015; Talih et al., 2020), and different
pH values and organic acid nicotine salts have important effects
on the protonated state and stability of nicotine (Han et al.,
2022b; Pennings et al., 2023). Our study found that nicotine
benzoate and nicotine lactate had a greater ability to increase DA
release, and the relationship between their stronger ability and
the protonated and free states of nicotine requires further
exploration.

In conclusion, we observed the pharmacological effects of
multiple nicotine salt e-cigarette exposures on brain DA release
using animal models that partially simulate human smoking
behavior using in vivo fluorescence imaging techniques and
found differences in the effects of multiple nicotine salts,
providing a new experimental basis for understanding the
pharmacological effects of nicotine salts. Notably, the changes
reflect only the immediate effects of acute exposure, whereas the
clinical population may reflect long-term use. Future studies
should investigate the effects of different nicotine salt
formulations and concentrations on DA release after long-
term e-cigarette use.
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Background: There is sufficient evidence of the high prevalence of obesity in
schizophrenia (SZ) compared to the general population. Previous studies have
reported that weight gain correlated with the response to antipsychotics in
patients with SZ. Nonetheless, the relationship between body mass index (BMI)
and therapeutic benefits remains unclear. This study was designed to investigate
the association between baseline BMI and improvements in clinical symptoms after
treatment with antipsychotics in first-episode and medication-naïve SZ (FEMNS).

Methods: A total of 241 FEMNS patients were enrolled and received risperidone over
12 weeks. The severity of symptoms was assessed by the Positive and Negative
Syndrome Scale (PANSS) and BMI was measured at baseline and 12-week follow-up.

Results: We found that risperidone treatment raised the body weight of FEMNS
patients and baseline BMI was negatively correlated with the improvement in
negative symptoms (r = −0.14, p = 0.03) after 12-week treatment. Linear
regression analysis indicated that baseline BMI was an independent predictor
of response to risperidone in the early stage of SZ.

Conclusion: The current study suggests a close relationship between baseline BMI
and improvement in negative symptoms in SZ.

KEYWORDS

schizophrenia, weight, improvements, negative symptoms, risperidone

1 Introduction

Atypical antipsychotics are reported to be associated with severe side effects like weight
gain, obesity, and metabolic dysfunction (Li et al., 2018; Luckhoff et al., 2019; Li et al., 2021).
It is reported that the prevalence of obesity ranges from 10% to 60% in SZ patients (Naslund
et al., 2016; Annamalai et al., 2017). Weight gain/obesity impacts the quality of life and
adherence to antipsychotic drugs in SZ (Dibonaventura et al., 2012; Pillinger et al., 2020).

A large of evidence has identified weight gain as a prognosis biomarker of the response to
antipsychotic drugs (Ascher-Svanum et al., 2005; Bai et al., 2006; Sharma et al., 2014), underscoring
the need for early monitoring of weight in SZ patients. Even in adolescents with SZ, substantial
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decreases in global psychopathology have been reported to be associated
with weight gain after taking antipsychotic medications (Sharma et al.,
2014). Studies have demonstrated that risperidone was associated with
intermediate weight gain (1.76 kg), compared with olanzapine with the
highest (3.45 kg) (DeHert et al., 2011). It is reported that individuals who
were younger, female and first-episode and were less exposed to
antipsychotics previously were more likely to increase the risk of obesity.

Antipsychotics have different treatment outcomes for patients with
SZ (Zhu et al., 2022). Some studies have revealed the prognostic role of
weight gain after treatment with antipsychotics in favorable treatment
outcomes (Chen et al., 2021). However, considering the independence
from confounding factors, such as treatment adherence and duration,
the clinical significance of such a relationship has been questioned
(Correll et al., 2011; De Hert et al., 2011; Hermes et al., 2011).
Notably, a previous study has reported that baseline BMI correlated
with antipsychotic-induced weight gain, and it was a predictive
biomarker in the therapeutic response to antipsychotics (Verma
et al., 2009). Another study in adolescents with SZ revealed that
olanzapine-associated weight gain was not independently correlated
with therapeutic response to olanzapine, but baseline obesity was
related to more olanzapine-associated weight gain and symptomatic
outcome (Kemp et al., 2013).

Studies have shown that the first-episode and medication-naive SZ
(FEMNS) patients display the advantage of reducing the possible impacts
of the use of antipsychotics, the duration of illness, and the impact of
comorbidities associated with chronic illness (Xiu et al., 2020). In
exploring the link between BMI and response to antipsychotics, thus,
we recruited FEMNS patients in the current study. This study was
designed to determine the predictive role of baseline BMI in the
symptom improvements after 12-week treatment with risperidone in SZ.

2 Materials and methods

2.1 Patients

FEMNS patients were recruited from Beijing Hui-long-guan
Hospital and Zhu-ma-dian Hospital. Patients were diagnosed with SZ
as the Structured Clinical Interview for DSM-IV (SCID). The inclusion
criteria were: 1) male and female inpatients; 2) first onset of psychosis; 3)
between the ages of 18 and 45; 4) duration of illness less than 5 years; 5)
previous antipsychotics exposure less than 14 days; 6) without substance
abuse except for tobacco; 7) without major medical illness, such as
diabetes, metabolic syndrome, hypertension, and cardiovascular disease;
and 8) without taking weight-loss drug.

FEMNS patients received a flexible dose of risperidone for
12 weeks. During this 12-week study, all participants were
hospitalized and nurses monitored compliance with risperidone.
The protocol was approved by the ethical committee of Beijing Hui-
long-guan Hospital (Ethic No.: 2011-4). Written informed consent
was obtained from each patient.

2.2 BMI measurement

Height was determined by a metric stadiometer after removing the
shoes. Weight was determined following overnight fasting at baseline
and 12-week follow-up.Weightwasmeasured in a hospital uniformwith

the pocket empty and without shoes. BMI was calculated using the
weight divided by the height. All measurements were taken twice for
each patient, and the mean was recorded.

In the present study, patients were classified into a high-BMI
group when their BMI was 24 kg/m2 or higher and a low BMI group
when their BMI was lower than 24 kg/m2, as in previous studies (An
et al., 2018; Chen et al., 2023).

2.3 Clinical symptoms

The severity of symptoms was evaluated using the Positive and
Negative Syndrome Scale (PANSS). The interviewers were trained
before the assessment. After training, the inter-observer correlation
coefficient for the PANSS total score was maintained at >0.8 during
repeated assessments. PANSS scales were assessed at baseline and
the end of 12 weeks. Improvement in clinical symptoms was
calculated as the changes in PANSS score between baseline and
12-week follow-up after treatment with risperidone.

2.4 Statistical analysis

All statistical analyses were conducted using SPSS version 20.0.
Statistical significance was defined as p < 0.05.

As described previously, the Last-observation-carried-forward
(LOCF) was used for the data of the last time point of patients who
dropped out (Wang et al., 2014; Raven et al., 2020;Wimms et al., 2020).
ANOVA and X2 test were used to investigate whether there was a
difference in demographic and clinical characteristics, body weight and
BMI between the groups at baseline. If there were differences between
the two groups, then the analysis of covariance (ANCOVA) was
performed after controlling for the confounding variables. Then,
Pearson correlation analysis was used to explore the relationship
between BMI and PANSS scores at baseline, and further the
relationship between baseline BMI and reductions in PANSS scores
after treatment. Further regression analysis was performed to assess the
association of BMI at baseline with the decrease in PANSS scores after
12 weeks of treatment after adjusting for various confounding factors.

3 Results

The sample included 241 FEMNS patients (128 men, 113 women).
Thirty-eight participants were lost before the 2-month follow-up and
53 patients were lost after 2 months of treatment with risperidone.
Finally, a total of 91 patients were lost. Table 1 shows the differences
between completers and those who dropped out in the follow-up. There
were no significant differences in the demographic characteristics and
clinical data between completers and drop-outs (all p > 0.05).

After treatment, themean changes in weight were 2.7 kg (SD = 3.8).
According to the criteria of obesity, we identified 34 patients in the high
BMI group and 207 patients in the low BMI group. Comparisons of
demographic characteristics and clinical data between the high BMI and
low BMI groups are shown in Table 1. The mean changes in weight
were 0.4 (95%CI: −0.7–1.5) in the high BMI subgroup and 3.1 (95%CI:
2.5–3.6) in the low BMI subgroup. Significant differences were observed
inweight gain between the lowBMI and high BMI subgroups (p< 0.01).
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After treatment with risperidone, clinical symptoms were
significantly improved (Bonferroni corrected all p < 0.05) (Table 2).
Pearson correlation analysis revealed that baseline BMI was negatively
correlated with the improvement in negative symptoms (r = −0.14, p =
0.03). After subgroup analysis, we found that the negative association

was only present in the high BMI group (r = −0.43, p = 0.01), but not in
the low BMI group (Figure 1). Moreover, baseline BMI was not
associated with the improvement in positive symptoms, general
psychopathology, and PANSS total score (all p > 0.05). Further linear
regression analysis confirmed that baseline BMI (β = −0.15, t = −2.2, p =
0.027) was a predictive factor for negative symptom improvements,
while sex, age and years of education were not associated with negative
symptom improvement (all p > 0.05).

Further, among those with low BMI, we found 28 patients were
underweight or with undernutrition. To rule out their influence on
the results, we reanalyzed the data without these 28 patients and
there was no difference in the result (Supplementary Tables S1).

4 Discussion

We here found that baseline BMI was associated with weight
gain and negative symptom improvements in this relatively large
sample of FEMNS patients on 12-week treatment with risperidone.
However, we did not find an association between female sex,
younger age education levels, and symptom improvements.

This study found that baseline BMI was significantly associated
with weight gain after 3 months of risperidone monotherapy. Patients
with a lower baseline BMI gained more weight after risperidone

TABLE 1 Demographic characteristics and clinical data.

Variable Completers
(n = 150)

Dropouts
(n = 91)

F or χ2

(p-value)
Low BMI group

(n = 207)
High BMI group

(n = 34)
F or χ2

(p-value)

Sex (M/F) 80/70 48/43 0.01 (0.93) 109/98 19/15 0.1 (0.73)

Age (y) 28.1 ± 9.3 26.8 ± 9.0 1.1 (0.31) 27.1 ± 9.3 30.8 ± 8.3 4.8 (0.03)

Weight (kg) 59.6 ± 11.9 57.1 ± 9.8 2.9 (0.09) 56.1 ± 8.3 78.2 ± 10.3 <0.001

BMI (kg/m2) 21.6 ± 3.6 20.9 ± 3.0 2.1 (0.15) 20.3 ± 2.1 27.7 ± 2.8 <0.001

Age of
onset (y)

26.3 ± 9.2 25.7 ± 9.1 0.3 (0.59) 26.0 ± 9.3 28.2 ± 8.5 1.5 (0.23)

PANSS score

Positive 21.6 ± 6.3 22.3 ± 6.2 0.8 (0.38) 22.0 ± 6.8 22.8 ± 5.3 0.4 (0.55)

Negative 19.1 ± 6.5 18.3 ± 7.2 0.8 (0.37) 18.9 ± 7.2 18.1 ± 6.2 0.3 (0.58)

General 35.1 ± 10.0 36.1 ± 8.9 0.6 (0.44) 35.7 ± 10.3 37.0 ± 8.9 0.4 (0.52)

Total 75.6 ± 17.7 76.5 ± 16.8 0.1 (0.70) 76.4 ± 18.7 78.0 ± 14.9 0.2 (0.67)

Abbreviations: y, years; ms, months; BMI, body mass index.

TABLE 2 Reduction of symptoms after 12-week treatment with risperidone in the low BMI and high BMI groups.

Changes in PANSS and weight (95% CI)a

High BMI group Low BMI group

n = 34 n = 207

Positive subscore 10.2 (7.8–12.6)** 8.5 (7.6–9.5)**

Negative subscore 2.9 (1.3–4.5)** 4.1 (3.2–4.9)**

General subscore 10.7 (8.2–13.3)** 9.1 (7.7–10.4)**

PANSS total score 28.0 (23.1–32.9)** 21.5 (18.7–24.2)**

aPaired t-test to compare the changes of PANSS, and its subscores after treatment with risperidone between baseline and week 12 after treatment. **p < 0.01, *p < 0.05.

FIGURE 1
There were significant associations between baseline BMI and
improvements in negative symptom improvements after 12 weeks of
treatment with risperidone in high BMI group (p < 0.05), but not in low
BMI group.
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medication than those with a higher baseline BMI. Our findings are in
line with most previous studies (Jones et al., 2001; Leucht et al., 2013;
Huhn et al., 2019) and the recent longitudinal cohort study in FEMN
patients with SCZ (Vázquez-Bourgon et al., 2022), providing further
evidence for a relationship between baseline BMI/bodyweight and
antipsychotic-induced weight gain in SCZ (Gentile, 2009; Verma
et al., 2009). Notably, previous evidence-based data reveal that a
variety of other risk factors, including ethnicity, young age, recent
onset of psychotic symptoms, unemployment, unhealthy lifestyle and
low income,may contribute to the rate or magnitude of antipsychotic-
induced weight gain during long-term treatments (Gentile, 2009).
However, in this study, we did not find an association between weight
gain and education years, which was well-known to be strongly
associated with unemployment, unhealthy diet and low income.
This may be due to the differences between the patients with SCZ
we recruited in this study and those in previous studies, considering
that a majority of previous studies have investigated weight gain in
outpatients on long-term antipsychotic medication.

We further found that baseline BMI was an independent predictor
for the improvement of negative symptoms after treatment, after
controlling for age, sex, and education years. Indeed, there is
evidence to show a close relationship between negative symptoms in
SZ patients and BMI at baseline (Jones et al., 2001; Leucht et al., 2013;
Sharma et al., 2014; Raben et al., 2017; Huhn et al., 2019), which is
consistent with our findings. The findings in the current study were also
in line with the studies on FEMNS patients (Zipursky et al., 2005;
Venkatasubramanian et al., 2010; Kemp et al., 2013). Importantly, the
abovementioned studies have all controlled for confounding factors,
such as sex, age, antipsychotic medications, and duration of illness.

However, the exact mechanism remains unclear. It may be due to
the shared mechanistic pathway between body weight regulation and
negative symptom improvements after antipsychotics. Risperidone has
been reported to have a relatively high affinity for D2, 5-HT2, histamine
H1 receptors, and NE alpha-2 receptors (Nasrallah, 2008). Animal
studies also revealed that obesity induced by a high-fat diet and
increased food intake correlated with 5-HT2 deficiency (Mercer et al.,
1994). In particular, the use of antipsychoticsmay lead to the preferential
metabolism of carbohydrates over fats and further lead to increased fat
storage (Tiwari et al., 2018; Kaar et al., 2019). Leptin, a key signal for
determining the size of fat depots in the brain, was found to be increased
following atypical antipsychotic medication (Brömel et al., 1998; Kraus
et al., 1999). On the other hand, dopamine D2 receptors play an
important role in the reward circuit and in mediating both obesity
and therapeutic response to antipsychotics, which may explain the
association between BMI and therapeutic benefits in SZ.

Higher BMI was associated with fewer negative symptom changes
in this study. It is reported that in patients with higher BMI in the early
phase of SZ, brain functional connectivity associated with food
cravings and weight control was decreased (Homan et al., 2019).
Additionally, the prefrontal cortex of obese patients exhibited altered
insulin and DA gene expression, resulting in relatively poorer
outcomes than those with lower BMI (Mansur et al., 2018).
Altogether, this study suggests that BMI at baseline may be a more
sensitive indicator of the therapeutic benefits in the early stage of SZ,
as most of the reported correlations between weight gain and
therapeutic responses to antipsychotics are mixed.

Some strengths should be mentioned in this study. This is a
prospective and longitudinal study examining a well-characterized

group of FEMNS patients. Standardized treatment with a single
antipsychotic excluded the different impacts of antipsychotic drugs.
However, this study has several limitations. First, in this study, obesity-
related biomarkers such as glucose, cholesterol, insulin resistance, and
lipids were not recorded. Additionally, other metabolic parameters, such
as food preference, dietary record, and caloric intake were also not
collected. Second, only risperidone was assessed in our study. Therefore,
the results of this study may not be generalized to other types of
antipsychotics that may be different in metabolic disturbance. Third,
the criteria for obesity in our study are only for Chinese, thus the
conclusions in this study cannot be generalized to other populations.
Fourth, the regulation of body weight may overlap with the
pharmacological mechanisms of antipsychotic drugs. Genetic factors
are known to be associated with the pharmacodynamics,
pharmacokinetics, and adverse effects of antipsychotics. Additional
pharmacogenetic analyses may provide new insights into the current
findings. Fifth, considering the role of lifestyle, diet, and exercise in
explaining the contradictory findings across studies, we did not collect
the detailed diet and exercise in the present study.

In conclusion, the current study found that BMI was negatively
correlated with the improvements in negative symptoms after treatment
with risperidone for 12 weeks in FEMNS patients. In addition, we
identified baseline BMI as an independent predictor for negative
symptom improvements in SZ. Our study underscores the key role
of BMI in the clinical management of patients in the early stage of SZ.
These findings provide further evidence that greater efforts should be
made to prevent obesity in clinical practice from the early phase of SZ.
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