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Background: Major depressive disorder (MDD) is a serious mental disorder that

represents a substantial public health problem. Several trials have been undertaken to

investigate the role of botulinum toxin type A (BTX-A) in the treatment of MDD, but

the conclusions were controversial. To examine the efficacy and safety of BTX-A vs.

placebo on patients with a clinical diagnosis of MDD, we conducted this systematic

review and meta-analysis.

Methods: A systematic search was conducted for all relevant randomized controlled

trials (RCTs) in PubMed and Web of Science from inception to June 17, 2020. All

published studies that investigated the efficacy and safety of BTX-A injections on patients

with a clinical diagnosis of MDD were included. The overall effect size was summarized

using a random-effects meta-analysis model. The primary outcomes of the present

meta-analysis were the changes in depressive rating scale at week 6 after BTX-A injection

compared with placebo. The safety of BTX-A injections also was assessed.

Results: Five RCTs with a total of 417 participants (189 patients in the BTX-A group,

228 patients in placebo group) were eligible in this meta-analysis. The results indicated

an overall positive effect of BTX-A injections for reducing the depressive symptoms of

patients with MDD (Hedges’ g, −0.82; 95% CI, −1.38 to −0.27) with large effect size.

Differences are likely explained by the dose of BTX-As and the gender of the participants.

Our findings also highlighted that BTX-A injections were generally well-tolerated, with only

mild and temporary adverse events reported.

Conclusions: The present meta-analysis provides evidence that BTX-A injections are

associated with a statistically significant improvement in depressive symptoms. BTX-A

injections are generally safe and may provide a new, alternative option for the treatment

of depression.

Keywords: botulinum toxin type A, antidepressant, depression, systematic review, meta-analysis
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INTRODUCTION

Major depressive disorder (MDD) is a common and severe
mental disorder among the general population. It is related
to psychosocial factors, heredity, and changes in the nervous
system (1–4). According to the latest data provided by the
Global Burden of Disease Study (GBD), ∼216 million people
suffered from MDD worldwide in 2015 (5). The core symptoms
of MDD include sadness, fatigue, and loss of interest or pleasure,
which incur a tremendous burden on health and finances
(6). Additionally, the high suicide rate associated with severe
depression is considered a serious public health concern (7).

Botulinum toxin type A (BTX-A), also known as
onabotulinumtoxinA or Botox R©, is widely known for its
cosmetic efficacy in treating glabellar frown lines (8). It was
estimated that more than 1 million cases of BTX-A treatment
were reported annually in the United States (9). Emerging
evidence suggests that BTX-A injections may exert psychological
effects (10, 11). In 2006, a case series first reported the role of
BTX-A in the treatment of depression (12). Since this initial
report, there has been a growing interest in studying the effect
of BTX-A on depression. Wollmer et al. (13) subsequently
conducted a randomized double-blind, placebo-controlled trial
to explore the effect of BTX-A injections as an adjuvant therapy
for MDD. The results showed that depressive symptoms were
significantly improved in patients receiving BTX-A injections.
The remission and response rates of MDD were also decreased
in the BTX-A group compared with the placebo group. Several
subsequent trials reported similar results (14, 15). However,
a recent large study in 2019 showed that the effects of the
high-dosage (50U) BTX-A injections were similar to effects in
the placebo group (16). Given the controversy among different
studies, and the growing interest toward complementary and
alternative medicine for depression, a systematic review and
meta-analysis regarding the efficacy and safety of BTX-A on
MDD is worth updating.

Hence, the objective of our study was to comprehensively
compile results from the randomized controlled trials (RCTs) and
to precisely investigate the efficacy and safety of BTX-A injections
as an adjuvant treatment for MDD in comparison to placebo
using a meta-analytic methodology. The evidence-based results
will benefit further research on MDD.

MATERIALS AND METHODS

Search Strategy
This systematic review and meta-analysis was conducted
following the guidelines of the Preferred Reporting Items of
Systematic Reviews and Meta-Analyses (PRISMA) statement
(17). We systematically searched PubMed and Web of Science
to identify all potential literature concerning the role of
BTX-A in depression, from inception to June 17, 2020.
The following search strategy was adopted: (“botulinum”
OR “botox” OR “abobotulinumtoxin” OR “onabotulinum” OR
“onabotulinumtoxin” OR “botulinumtoxin” OR “oculinum” OR
“dysport” OR “botulinotherapy”) AND (“antidepressant” OR
“depression” OR “depressive” OR “depressed” OR “melancholia”

OR “mood disorder∗” OR “affective disorder∗” OR “anxiety”). The
search results were restricted to articles published in English.
Moreover, we manually checked the reference citations of all
retrieved articles to identify additional publications.

Inclusion and Exclusion Criteria
Two independent investigators determined potentially relevant
studies by screening the titles and abstracts, in duplicate. Next,
the papers were assessed to identify eligible studies based on
the predefined inclusion criteria. Any discrepancies noted were
discussed and resolved with a third investigator.

According to the PICOS criteria, original articles that met the
following explicit criteria were eligible: (1) Patients: individuals
with the clinical diagnosis of MDD were recruited based on
validated and effective diagnostic criteria [e.g., Diagnostic and
Statistical Manual of Mental Disorders (DSM-V or DSM-
IV)]. We included studies that reported MDD of any severity
(mild, moderate, or severe). Studies that recruited patients with
depressive symptoms different from MDD or individuals who
did not meet the diagnostic thresholds of depression at baseline
were excluded; (2) Intervention: BTX-A was administered as
an effective intervention for MDD. No restrictions were placed
on the form, dosage, or injection site; (3) Comparison: BTX-
A injections vs. placebo injections; (4) Outcome: different
rating scales of depression were applied to assess the change
of depressive symptoms; (5) Study design: only randomized,
placebo-controlled trials were included in the present analysis.

Data Extraction
We extracted effective data from all eligible studies using
a standard data extraction checklist. Two independent
investigators completed this process. Any discrepancies were
discussed and resolved with a third investigator. We extracted
the descriptive information, including the first author’s name,
publication year, country of the participants, interventional
duration, study design, severity of depression, diagnosis criteria,
dosage of BTX-A, primary outcome measures, and injection
region, as well as number, mean age, and gender composition of
the participants. Moreover, the pre- and post-treatment means
and standard deviations (SDs) of depression scores or the pre-
and post-treatment differences of means and SDs of depression
scores from each included study were extracted. If a study
provided valid data at multiple points after intervention, the time
point of the primary outcome was utilized. If any of the eligible
studies provided insufficient data, the corresponding authors
would be contacted for further information.

Risk of Bias Assessment
Two investigators used the Cochrane risk of bias tool to
assess the methodological quality of each selected study (18).
Any discrepancies were discussed and resolved with a third
investigator. We evaluated the risk of bias according to the
seven following items: random sequence generation, allocation
concealment, blinding of participants and personnel, blinding
of outcome assessment, incomplete outcome data, selective
outcome reporting, and other bias. The potential bias of each item
was classified as high, low, or unclear risk. A study was considered
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high risk of bias if any of the six items were classified as high risk
(the item “other bias” was excluded). We assigned an overall low
risk of bias if a study was considered low risk in all six items.
Otherwise, the study was categorized as overall unclear risk of
bias (19).

Statistical Analysis
To investigate differences in depressive symptoms between BTX-
A injections vs. placebo, a meta-analysis method was used to
pool extracted data from the included studies. Given the impact
of a small sample size on the overall effect size, Hedges’ g with
corresponding 95% confidence interval (CI) were appropriate to
analyze the continuous variables (mean and SDs). When pre-
post changes of SDs in depression scores were not reported, an
imputed correlation coefficient of 0.5 was used (20), according to
the transformation formula in the Cochrane Handbook. When
SDs from the original articles were not available, we calculated the
estimates from the 95% CI (21). The effect sizes were interpreted
under the guidelines (i.e., 0.2, small; 0.5, medium; 0.8 large)
(22). We assessed the between-study heterogeneity of effect size
using the inconsistency index (I2) and Cochran Q-test (23). I2

> 50% or P < 0.05 was considered statistically significant. The
fixed-effects model was applied to calculate the pooled results
when no statistically significant heterogeneity was presented;
otherwise, a random-effects model was applied to provide more
conservative estimates.

Subgroup analysis was conducted using the number of
subjects, proportion of females, risk of bias, and measurement
tool to investigate the sources of heterogeneity. We performed
sensitivity analysis by successive exclusion of each study to test
the reliability of the main outcomes. All the statistical analyses of
this meta-analysis were performed with STATA software, version
15.1 (Stata Corp, College Station, TX, USA). P < 0.05 was
considered statistically significant.

RESULTS

Search Results and Study Characteristics
The detailed literature screening process is depicted in Figure 1.
Database searching yielded a total of 1,115 related studies, while
five potentially eligible studies were obtained from reference
citations of retrieved articles. After removing duplicates, 768
studies remained. We excluded 740 completely unrelated articles
by evaluating titles and abstracts. For the remaining articles, we
obtained the full-text articles for detailed assessment. Twenty-
three articles were excluded; the reasons are presented in
Figure 1. Finally, five RCTs met the inclusion criteria for this
meta-analysis (13–16, 24).

Baseline characteristics of the included studies are listed in
Table 1. We identified five eligible articles involving a total of
417 participants (189 patients in the BTX-A group, 228 patients
in the placebo group), all of which were randomized, placebo-
controlled trials published between 2012 and 2020. Notably, Brin
et al. (16) carried out a two-dose parallel groups study of low
dosage (30U) and high dosage (50U) BTX-A. There were 389
females and 28 males, with a mean (SD) sample size of 70 (44.0)
and a mean (SD) age of 46.4 (4.1). The total follow-up period

varied from 6 to 24 weeks after a single intervention at baseline.
Several countries were involved in the analysis. Three studies
were from America, one from Iran, and one from Switzerland
and Germany.

Risk of Bias Assessment
A summarization regarding the risk of bias for the five included
studies is presented in Table 2. All studies were blinded to
participants, investigators, and outcome assessment (24). Only
two articles were considered low risk of bias in terms of
incomplete outcome data (13, 16), while others were considered
high risk of bias because the data regarding the differences in
pre- and post-treatment means and SDs were not given directly.
For other bias, we only rated one study as high risk of bias (24),
but the risk of bias was unclear for four other studies. Three
articles were assigned an overall high risk of bias, but the rest were
categorized as an overall low or unclear risk of bias.

Efficacy of BTX-A in MDD
Primary outcomes of all included studies were the changes
in depressive rating scale at week 6 after BTX-A injections
compared with placebo. The forest plot for the efficacy of BTX-A
inMDD is shown in Figure 2. Compared with the placebo group,
we found a statistically significant efficacy of BTX-A injections
in MDD with a large pooled effect size (Hedge’s g, −0.82; 95%
CI, −1.38 to −0.27, for the random-effects model). Obvious
heterogeneity was observed across the study data (I2 = 84.5%,
P-heterogeneity < 0.001).

Subgroup analysis was performed to seek more information.
The results stratified by potential modifying factors are shown in
Table 3. There was no substantial difference in the overall results
of stratified subgroups. After stratifying the number of subjects,
the results showed that a relatively large sample size was a
momentous source of heterogeneity (I2 = 86.1%, P-heterogeneity
= 0.222), but not the small sample size. For studies with a high
proportion of females, the pooled Hedge’s g was −0.56 (95% CI,
−1.15 to 0.03; I2 = 85.2; P-heterogeneity< 0.001), but for studies
with a low proportion of females, the pooled Hedges’ g was
−1.43 (95% CI: −2.02 to −0.84; I2 = 0.0%; P-heterogeneity =

0.503).Moreover, statistically significant heterogeneity was found
in studies with low or unclear risk, as well as studies using the
Montgomery–Åsberg Depression Rating Scale (MARDS) as the
assessment for outcome.

We carried out sensitivity analysis to further explore the
potential sources of heterogeneity. After excluding one study,
(16) the heterogeneity decreased significantly (I2 = 0.0; P-
heterogeneity = 0.621), and a more significant effect of BTX-A
was observed for the treatment of MDD (Hedges’ g, −1.20; 95%
CI:−1.54 to−0.86).

Safety Assessments
In short, the BTX-A injections were well tolerated, and no serious
adverse events (AEs) were reported in any of the studies. Magid
et al. (14) did not provide data on treatment-related AEs. In
the RCT conducted by Zamanian et al. (24) none of the 28
patients with MDD experienced any AEs. The most common
AEs, including headache, upper respiratory infection, eyelid
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FIGURE 1 | PRISMA diagram of literature search and study selection for systematic review and meta-analysis.

ptosis, and injection pain, were noted in the remaining three
studies. Brin et al. (16) reported that more than 10% of all patients
experienced headaches, but the headaches seemed unrelated to
treatment. Moreover, the incidence rates of eyelid ptosis and
upper respiratory tract infection added up to 5% in the BTX-A
group, which was significantly higher than the placebo group.

Transient andmild headaches occurred in 3 of the 74 participants
in the study conducted by Finzi and Rosenthal (15), and one
patient in the placebo group also complained of nightmares and
night terrors. In the study by Wollmer et al. (13), headaches
occurred in 40.0 and 26.7% patients in the BTX-A and placebo
groups, respectively (Fisher’s exact, P = 0.700).
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TABLE 1 | General characteristics of the five RCTs included in the meta-analysis.

Study ID Country Study Design No. of Subjects

(BTX-A, placebo)

Mean Age

(range)

Gender (M/F) Main Diagnosis

(diagnostic tool)

InterventionDosage (M/F) Duration of Active

Treatment (Weeks)

Primary

Outcome

Injection Region

(16) USA Double-blind RCT Total dosage

(30U):

123 (65, 58)

43.90 (18–65) Only F Moderate to

severe MDD

(DSM-IV)

30U or 50U 24 Change in MADRS

score at week 6

after injection

Glabellar injections

Total dosage

(50U):

132 (65, 67)

(24) Iran RCT 28 (14,14) 39.43 14/14 MDD (DSM-V) NR 6 Change in BDI

score at week 6

after injection

NR

(14) USA Double-blind RCT 30 (11,19) 49.47 (24–65) 2/28 Mild to severe

MDD (DSM-IV)

39 U/29U 24 Change in

HAM-D21 score

at week 6 after

injection

Glabellar injections

(15) USA Double-blind RCT 74 (33,41) 48.40 (18–65) 5/69 MDD

(DSM-IV)

40 U/29U 6 Change in MADRS

score at week 6

after injection

Glabellar injections

(13) Switzerland and

Germany

Double-blind RCT 30 (15,15) 50.57 (25–65) 7/23 Mild to moderate

MMD (DSM-IV)

39 U/29U 16 Change in

HAM-D17

score at week 6

after injection

Glabellar injections

RCT, randomized controlled trial; BTX-A, botulinum toxin type A; MDD, major depressive disorder; M, male; F, female; U, units; DSM, Diagnostic and Statistical Manual of Mental Disorders; MADRS, Montgomery–Åsberg Depression
Rating Scale; NR, not reported; BDI, Beck Depression Inventory; HAM-D, Hamilton Depression Rating Scale.
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TABLE 2 | Risk of bias assessment of five RCTs included in the meta-analysis.

Study ID Random Sequence

Generation

(selection bias)

Allocation

Concealment

(selection bias)

Blinding of

Participants and

Personnel

(performance bias)

Blinding of Outcome

Assessment

(detection bias)

Incomplete Outcome

Data (attrition bias)

Selective Reporting

(reporting bias)

Other Bias

(16) Low Low Low Low Low Low Unclear

(15) Low Unclear Low Low High Low Unclear

(14) Low Unclear Low Low High Low Unclear

(13) Low Low Low Low Low Low Unclear

(24) Unclear Unclear High High High Low High

FIGURE 2 | Forest plot of the effect of botulinum toxin type A (BTX-A) injections on reducing the depressive symptoms compared with placebo.

DISCUSSION

This updated meta-analysis identified five independent studies
and examined the efficacy and safety of BTX-A injections as an
adjuvant treatment in MDD. The findings revealed that BTX-
A injections were associated with a significant improvement in
depressive symptoms when compared with placebo.

As observed in the sensitivity analysis, the study by Brin
et al. (16) was the main source of heterogeneity, which had a
significant impact on the summary results. That study used a
two-dose parallel design (30U BTX-A and 50U BTX-A) and
only recruited female patients with a clinical diagnosis of MDD.
However, in three other studies [Zamanian et al. (24) did not

report the dose of BTX-A injections], 39–40U and 29U BTX-
A were injected into the glabellar muscles of male and female
patients, respectively, and the proportion of male patients varied
from 6.8 to 23.3%. Therefore, the dose of BTX-A injections and
the gender of the participants may be the main reasons for the
difference. In the research conducted by Brin et al. (16), the effect
of high-dosage BTX-A injections (50U) on MDD was similar to
the placebo. One possible reason is that more placebo injections
may lead to a greater placebo response. In addition, 50U is higher
than the dose commonly used for cosmetic purposes in women.
It is possible that the women were actually over-treated and had
a worse outcome due to poor cosmetic outcome or some other
effect. Due to a limited number of studies, we failed to explore the
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TABLE 3 | Subgroup analyses results for the efficacy of BTX-A vs. placebo in MDD.

Variable Number of Studies Hedges’ g (95% CI) P-value I2 (%) P-valuea Model

All studies 5 −0.82 (−1.38 to −0.27) 0.004 84.5 <0.001 Random

Number of subjects

>52 2 −0.38 (−0.98 to 0.23) 0.222 86.1 0.001 Random

≤52 3 −1.40 (−1.87 to −0.92) <0.001 0.0 0.785 Fixed

Proportion of female

>90% 3 −0.56 (−1.15 to 0.03) 0.063 85.2 <0.001 Random

≤90% 2 −1.43 (−2.02 to −0.84) <0.001 0.0 0.503 Fixed

Risk of bias

High risk 3 −1.19 (−1.57 to −0.81) <0.001 0.0 0.415 Fixed

Low or unclear risk 2 −0.38 (−0.99 to 0.23) 0.117 82.0 0.004 Random

Measurement tool for outcome

MADRS 2 −0.38 (−0.98 to 0.23) 0.222 86.1 0.001 Random

HAM-D 2 −1.29 (−1.86 to −0.72) <0.001 0.0 0.885 Fixed

BDI 1 −1.65 (−2.53 to −0.78) – – – –

BTX-A, botulinum toxin type A; MDD, major depressive disorder; CI, confidence interval; MADRS, Montgomery–Åsberg Depression Rating Scale; HAM-D, Hamilton Depression Rating
Scale; BDI, Beck Depression Inventory.
aP-value for heterogeneity within each subgroup.

association between different doses of BTX-A and MDD, as the
linear or nonlinear relationship between the dose of BTX-A and
MDDwas still unknown. Further clinical trials are encouraged to
explore the influence that BTX-A dose and gender composition
may have in utilizing BTX-A as a treatment for depression.

The results of this meta-analysis showed that BTX-A has a
unique advantage in the treatment of MDD. Although the risk
of AEs from the BTX-A injections was increased compared to
the placebo, the events were mild and brief. The safety of BTX-
A was also proven during the treatment of other diseases, such
as chronic migraine, primary hyperhidrosis, nocturnal molars,
and dystonia (25–28). The long-term effect of a single dose may
be conducive to improving compliance and cost-effectiveness.
Moreover, the role of BTX-A injections in improving patients’
quality of life, self-esteem, and satisfaction was gratifying (29, 30).
Thus, BTX-A may provide a new option for the treatment of
MDD in the future.

In the present meta-analysis, all trials recruited individuals
with a clinical diagnosis of MDD. The effect of BTX-A on
depressive symptoms secondary to other diseases or failing to
meet the diagnostic criteria of MDD was still unknown. In two
RCTs using BTX-A treatment for primary premature ejaculation
and chronic tension-type headache, respectively, there was no
significant difference in depressive scores between the trial and
the control group (31, 32). However, due to the differences in
study design and the lack of data, we failed to summarize the
results of the two studies. It is worth noting that anxiety disorder
is a common comorbidity of depression as nearly 85% of patients
with depression are also affected by severe anxiety (33). To date,
no RCT has been conducted that has studied the effect of BTX-A
on anxiety with/without depression.

Several potential mechanisms have been proposed to explain
the beneficial effect of BTX-A in depressive symptoms. The most
common theory is the “facial feedback hypothesis” posited by

Darwin in 1872, which states that facial expression can affect
emotional states (34–36). In 1894, the psychologist James further
elaborated this view. He proposed that emotions only change
as the body changes, such as blood pressure, heart rate, and
of course, expressive behavior (37). The evidence suggests that
when corrugator muscles are activated in the forehead, this
can lead to negative emotions (38). Furthermore, the study of
Schwartz et al. (39) found that the facial muscles of patients with
depression are relatively overactive compared to non-depressed
individuals. BTX-A injection into the corrugator muscle might
block normal sensory feedback from the nerves, especially the left
amygdala to the brain (36). Excessive activation of the amygdala
was associated with negative emotions (e.g., anger, anxiety,
depression, and fear), but the BTX-A reduced the activation of
the amygdala by blocking acetylcholine release to the synapses
(40), which has a positive effect on mood. In addition, a recently
published study has suggested that BTX-A may accomplish
antidepressant effects after systemic distribution, although the
content of circulating BTX-A is probably very low (41). This
theory provides novel insights into the possible mechanism of
BTX-A antidepressant effect.

There are some limitations that should be addressed. First, the
limited number of studies included was insufficient to support
the detection of publication bias. Second, it was difficult to
reliably blind participants due to the potential cosmetic effects of
BTX-A treatment; therefore, the antidepressant effects of BTX-
A may be overestimated. The extent to which the cosmetic
effect contributes to the observed improvement of depression
symptoms remains unclear. However, a previous work showed
that the antidepressant effect of BTX-A lasted for at least 24
weeks, which exceeds the duration of the cosmetic effect on
glabellar lines (∼12–16 weeks) (14). Third, the diagnosis of
MDD to date mostly relies on clinical review using depressive
rating scale (e.g., DSM criteria), which may bias the diagnosis
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results due to the subjectivity. Moreover, there is considerable
heterogeneity in the symptoms and severity among different
patients even if they were all diagnosed as depression. Fourth,
given the statistically significant heterogeneity observed among
studies, the use of the random-effects model allowed us to take
into consideration the heterogeneity among studies. Finally, the
patients included in the study were mainly female, which could
be explained by the different interest in cosmetic treatment.
Therefore, the results of this study may not be applicable to
males. Despite the above limitations, the strengths should also
be mentioned. First, considering the impact of the small sample
size on the overall effect size, Hedge’s g was adopted to analyze
the continuous variables. Furthermore, the primary outcome of
all the included studies was the changes in depressive rating
scale at week 6 after injection, and the injection dose of BTX-
A was essentially the same, which improved the comparability.
In addition, the main sources of heterogeneity were revealed by
sensitivity analysis.

CONCLUSION

The findings of this systematic review and meta-analysis
confirmed that the glabellar injections of BTX-A were
associated with a statistically significant improvement in
depressive symptoms. BTX-A injections are generally safe,

which may provide a new option for the treatment of
MDD. However, further clinical trials are still needed to
investigate the antidepressant effect of BTX-A and to explore the
underlying mechanisms.
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Introduction: It remains unknown whether volumetric alterations of ventricles are similar

or not in pediatric bipolar disorder (PBD) among different mood states. The present study

aims to estimate ventricular volumetric alteration of PBD patients in manic and euthymic

status, as well as the relationship between this alteration and cognitive changes.

Methods: T1 magnetic resonance images were obtained from 20 manic PBD patients,

21 euthymic PBD patients, and 19 healthy controls (HCs). Ventricular volumes were

automatically obtained via FreeSurfer 6.0 software. Ventricular volumes and cognitive

indices were compared among the three groups, and the relationship between ventricular

volumes and cognitive/clinical indices was analyzed.

Results: In contrast to HCs, manic and euthymic PBD patients exhibited decreased

cognitive scores of the Stroop color-word test and the digit span subtest. Manic PBD

subjects presented enlarged volumes in the bilateral ventricles, third ventricle, and whole

ventricles, and euthymic PBD participants displayed increased volumes in the third

ventricle, fourth ventricle, and whole ventricles. No significant differences in cognitive

performance and ventricular volumes were found between PBD groups. No significant

correlation was discovered between ventricular volumes and cognitive/clinical indices in

both manic and euthymic PBD patients.

Conclusions: No significant differences in cognitive performance and ventricle volume

were observed between euthymic and manic PBD groups, which may imply that the

alterations are not specific to mood state. It may indicate structural and functional

damage of corresponding brain circuits in euthymic PBD patients similar with that of

manic PBD, which may provide clues to the diagnosis and treatment of euthymic PBD.

Keywords: Pediatric bipolar disorder (PBD), mania, euthymia, ventricle volume, cognition
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INTRODUCTION

Pediatric bipolar disorder (PBD) is a severe psychiatric illness
that recurrently attacks patients, marked by manic or hypomanic
depressed episodes, and separated by euthymic periods. Manic
PBD can feature extreme joy or rage, full vigorousness and
inattention, difficultly falling asleep and reduced sleep needs,
and racing thoughts and increased speech, while depressed
PBD is characterized by inattention and suicidal tendencies,
increased sleep needs, and emotional instability, and euthymic
PBD generally shows no clinical psychiatric manifestations. With
heritability of about 59% (1), bipolar disorder (BD) is reported
to relate with considerably high prevalence and psychiatric
comorbidity rate (2), high risk of suicide (3), and impaired
cognition (4).

It has been found that BD patients exhibit alterations of
ventricular volume (5). Some studies reported enlarged lateral
ventricular volume in adult BD patients (6–10), while other
researchers reported no difference in lateral ventricular volume
between adult BD patients and healthy controls (HCs) (11,
12). Most studies have focused on ventricles’ alterations in one
mood state of BD. In the manic state, the third and lateral
ventricle volumes in the first episode of adult BD (13) and
the cerebral ventricular size in young male BD patients were
shown to be increased (14). In euthymic adult BD, the width
of the third ventricle exhibited an increase (15). Nevertheless,
different results have also been reported, such as finding no
lateral ventricle volume alteration in euthymic and manic BD
adults (16–18). One study compared the width of the third
ventricle in depressed, manic, and euthymic adult BD type
I (BD I), and the researchers found increased width of the
third ventricle in BD patients. No width difference of the
third ventricle was displayed among the three patient groups
(19). Several studies focused on ventricles in PBD and found
increased lateral ventricle volume (20), enlarged lateral ventricles,
and ventricle asymmetry in manic PBD subjects (21). The
ratio of ventricle cerebrospinal fluid to cerebral total tissue
volume, showing no difference between PBD and HCs, has
also been reported (22). The above studies mostly involved
one mood state of BD and have only reported alteration
of the lateral and third ventricles. However, the difference
in ventricular volume among different mood states and the
relationship between ventricular volume alteration and cognitive
tests remains unknown in PBD.

In the current study, we aimed to investigate alterations of
the ventricular volumes of PBD patients in manic and euthymic
states. According to prior research, we hypothesized that the
volumes of four ventricles would be larger in PBD patients than
those of the HCs. The current study was designed to: (1) evaluate
cognitive functions of the three groups; (2) compare volumes
of the left lateral ventricle, right lateral ventricle, third ventricle,
fourth ventricle, and whole ventricles (adding bilateral ventricles,
third ventricle, and fourth ventricle) among the three groups;
(3) evaluate left lateral ventricle-to-brain ratio (LLVBR), right
lateral ventricle-to-brain ratio (RLVBR), third ventricle-to-brain
ratio (TVBR), fourth ventricle-to-brain ratio (FVBR), and whole
ventricle-to-brain ratio (WVBR) among the three groups; and (4)

conduct a correlation analysis between ventricular volumes with
cognitive and clinical variables.

MATERIALS AND METHODS

Participants
In the current study, 60 subjects were enrolled, including 20
manic PBD patients, 21euthymic PBD patients, and 19 age- and
gender-matched HCs. All of the PBD patients were recruited
from the clinical psychiatric department in the Second Xiangya
Hospital of Central South University, while HCs were enlisted
via advertisement. This study was conducted from January 2012
to July 2014.

The inclusion criteria of PBD patients were: (a) having met
the Diagnostic and Statistical Manual for Mental Disorders,
Fourth Edition (DSM-IV) criteria for BD with current manic
and euthymic episodes; (b) manic PBD conformed to hypomania
(≥4 days) or mania (≥7 days) and euthymic PBD patients were
needed to have experienced a remission period for more than
four consecutive weeks prior to the study; (c) 10–18 years old;
and (d) right-handedness.

Exclusion criteria for all of the subjects were: (a) score of
intelligence quotient (IQ) <80; (b) contraindications for MRI
scanning, including the presence of a pacemaker, artificial metal
heart valves, aneurysm clip, other foreign metal matter in the
body, or claustrophobia; (c) history of alcohol or substance abuse
in the 2 months prior to the study; (d) history of cranial trauma;
and (e) other psychiatric illnesses, including schizophrenia,
attention-deficit hyperactivity disorder, or anxiety disorder.

The study obtained approval from the Ethics Committee of
the Second Xiangya Hospital of Central South University. All of
the participants and at least one parent or legal guardian signed
informed consent documents.

Clinical and Cognitive Evaluation
The children and at least one parent or legal guardian were
assessed employing Affective Disorders and Schizophrenia for
School-Age Children-Present and Lifetime Version (K-SADS-
PL) (23) by clinical interviews. The diagnosis of PBD was carried
out by two senior child psychiatrists who had extensive clinical
experience of diagnosis in PBD. Demographic, clinical, and
neurocognitive information was collected for all subjects. Clinical
scales, including IQ, Young Mania Rating Scale (YMRS), Mood
and Feelings Questionnaire (MFQ) scores, onset age, illness
duration, and onset frequency, were recorded. YMRS (24) and
MFQ (25) were used to evaluate the severity of manic and
depressive symptoms, respectively.

Cognitive functions were measured by Stroop color-word
test (SCWT), trail making test (TMT), and digit span subtest
(DST). SCWT was utilized to examine processing speed,
perceptual conversion, selective attention, and inhibition of
habitual response patterns and sensibility for plasticity of mental
control and response (26, 27). SCWT fell into three categories:
word reading test (SCWT-A), color naming test (SCWT-B), and
color word interference (SCWT-C). In SCWT-A, the subjects
were asked to name the word printed on a white piece of paper
(e.g., the word “red” printed in black) as quickly as possible.
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In SCWT-B, words printed in three colors were presented (e.g.,
“red” printed in red), and the subjects were asked to name
the color as quickly as possible. In SCWT-C, the subjects were
asked to name the color of words whose meanings were different
from the ink color (e.g., “blue” printed in red) as quickly
as possible, while trying to ignore the meaning of the word.
Participants were requested to finish every test within 45 s, and
the number of correct answers was recorded as the SCWT score.
TMT was used to assess the participants’ abilities in mental
processing speed, attention, cognitive order, spatial perception,
eye and hand coordination, and flexibility in thinking. TMT was
divided into TMT-A and TMT-B. In TMT-A, 25 consecutive
numbers surrounded by circles were randomly shown on a paper,
and subjects were asked to sequentially connect each circle in
ascending order (e.g., 1-2-3. . . ) as quickly as possible. In TMT-
B, 25 consecutive numbers and 25 letters enclosed by circles
were randomly displayed on a piece of paper, and participants
were asked to alternately link every circle by numerical ascending
order and alphabetical order (e.g., 1-a-2-b-3-c. . . ). The score of
TMT was the time taken to complete the task. DST is a part of
the Wechsler scale of intelligence and it is utilized to test short-
term memory attention, concentration, and memory. It includes
forward DST (DST-F) and backward DST (DST-B). The subjects
were required to repeat a series of random numbers from 1–9
in sequential order (DST-F) and in reverse order (DST-B) after
hearing them. The DST score was recorded as the maximum
number of digits that the subject was able to repeat correctly.

MRI Acquisition and Processing
MRI Scan
For the study, MRI scans were conducted using a Siemens 3.0T
Trio scanner (Siemens, Munich, Germany). During the MRI
scanning, foam pads were placed on two sides of the heads of
the subjects to restrict head motion, and cotton earplugs were
used to reduce noise and protect the hearing of the subjects.
Every subject was requested to stay awake with eyes closed
and not to think specific thoughts during the MRI scan. T1-
weighted images were obtained by employing three-dimensional
magnetization-prepared rapid acquisition gradient echo (3D
MPRAGE) protocol. Acquisition parameters covering the whole
brain included: repetition time (TR) = 2,300ms, echo time (TE)
= 2.98ms, inversion time = 900ms, thickness = 1mm, gap =

0mm, field of view (FOV) = 256mm × 256mm, matrix = 256
× 256, and flip angle= 9◦.

Image Processing and Calculation of Volumes
T1-weighted images were processed by FreeSurfer 6.0 software
(http://surfer.nmr.mgh.harvard.edu/). Ventricular volumes and
total intracranial volume (TIV) were obtained by recon stream
(“recon-all”). The procedure included steps such as: (a) Motion
correction was performed to reduce the effect of head movement
during scanning; (b) Skull stripping was conducted to remove
the skull and extract the brain; (c) Talairach transformation was
carried out for affine transformation from the original volume to
the MNI305 atlas; (d) Intensity normalization was conducted to
reduce the intensity difference in the same tissue due to a non-
uniformmagnetic field or other factors; (e) The brain was divided

into gray matter, white matter, and cerebrospinal fluid (CSF); and
(f) A transform was created in linear transform array format.
In addition, the tessellation of the boundary was conducted
between white and gray matter. To ensure proper segmentation
of ventricles, a trained physician re-inspected all segmented
ventricle borders and corrected them manually, if required. The
volumes of five ventricles, namely, the bilateral ventricles, third
ventricle, fourth ventricle, and whole ventricles, were used for
analysis in the current study. Ventricle-to-brain ratio (VBR)
was the value of dividing ventricle volume by TIV, and then
multiplying by 100 (22). LLVBR, RLVBR, TVBR, FVBR, and
WVBR were calculated for each subject.

Statistical Analysis
Statistical analysis was conducted using IBM SPSS (version 25.0,
Armonk, NY, United States). The Pearson chi-square test was
employed to evaluate categorical variables, including gender,
psychotic symptoms, BD subtype, and familial BD history.
Parametric tests were used when data satisfied both normal
distribution and homogeneity of variance at the same time.
When data did not satisfy normal distribution or homogeneity of
variance, non-parametric tests were used. Shapiro-Wilk test and
Levene’s test were used to assess the normality of distribution and
homogeneity of variance.

Age and gender were deemed as covariates in the comparison
of cognitive variables and VBR. TIV, age, and gender were
considered as covariates in the comparison of ventricular
volumes. One-way ANCOVA or Kruskal-Wallis H test was
applied for comparison of cognitive variables, ventricular
volumes, and VBR among the three groups. False discovery rate
(FDR) correction (http://www.sdmproject.com/utilities/?show=
FDR) was used in the comparison of the main effects. Two-
sample t-test or Kruskal–Wallis H test was employed for post
hoc analysis and Bonferroni correction was used for correction
of multiple comparisons. Because the sample size in each group
was relatively small, statistical power (Cohen’s d) was provided
to show differences between the PBD patients and the HCs.
Pearson correlation analysis was employed to assess correlations
between ventricular volumes and cognitive and clinical indices,
with age, gender, and TIV as covariates. Significant level for all
of the analyses was set as p < 0.05. Normal distributed data were
expressed as mean ± standard, and non-normal distributed data
were reported as median and inter-quartile range [M(QU-QL)].

RESULTS

Demographic and Clinical Information
As shown in Table 1, there was no significant difference among
the three groups in gender, age, education, IQ, or MFQ scores.
YMRS scores showed a significant difference among the three
groups. No significant difference was found between manic and
euthymic patients in onset age, illness duration, onset frequency,
psychotic symptoms, BD subtype, and familial BD history.

Cognitive Variables Analysis
As shown in Table 2, significant differences of cognitive variables
among the three groups were found in SCWT-A, SCWT-B,
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TABLE 1 | Demographic and clinical information of the participants.

Characteristics Manic-PBD Euthymic-PBD Healthy controls (n = 19) H/U/T/χ2 P

(n = 20) (n = 21)

Gender (male/female) 7/13 11/10 7/12 1.54# 0.463

Age (years)b 14.50 (14.00–16.00) 15.00 (14.00–17.00) 15.00 (12.00–15.00) 3.82& 0.148

Education (years)b 8.00 (7.00–9.00) 8.00 (7.00–10.05) 8.00 (6.00–9.00) 1.97& 0.374

IQb 97.00 (90.50–114.75) 111.00 (99.00–114.50) 106.00 (100.00–113.00) 3.58& 0.167

YMRS scoresb 34.50 (29.25–40.00) 6.00 (4.00–7.00) 3.00 (2.00–5.00) 43.17& <0.001

MFQ scoresb 7.00 (5.25–8.75) 7.00 (2.50–10.00) 6.00 (3.00–9.00) 0.84& 0.657

Onset age (years)a 14.15 ± 1.87 13.57 ± 2.06 - 0.94∧ 0.354

Illness duration (months)b 12.00 (6.00–17.00) 13.00 (11.50–39.00) – 139.50∼ 0.065

Onset frequency (times)b 3.00 (2.00–3.75) 3.00 (2.00–5.50) – 190.50∼ 0.790

Psychotic symptoms (yes/no) 9/11 12/9 – 0.61# 0.437

BD-I/BD-II 16/4 13/8 – 1.62# 0.203

Familial BD history (yes/no) 7/13 6/15 – 0.20# 0.658

Medications

Lithium 9 (45%) 8 (38%) – – –

Valproate 10 (50%) 14 (67%) – – –

Atypical antipsychotics 14 (70%) 16 (76%) – – –

Antidepressants 3 (15%) – – – –

amean ± standard deviation; bMedian (range).
#Pearson chi-square test; &Kruskal-Wallis H test; ∧Two-sample t-test; ∼Mann–Whitney U test.

IQ, intelligence quotient; YMRS, Young Manic Rating Scale; MFQ, Mood and Feelings Questionnaire; BD-I, bipolar disorder type I; BD-II, bipolar disorder type II.

Bold values indicated significant difference with p < 0.05.

SCWT-C, and DST-B. In comparison with the HCs group, the
manic group and the euthymic group presented reductions of
score in SCWT-A, SCWT-B, SCWT-C, and DST-B.

Ventricle Volume Analysis
As shown in Table 3, significant differences of ventricular
volumes among the three groups were found in five ventricles,
namely, the left lateral ventricle, right lateral ventricle, third
ventricle, fourth ventricle, and whole ventricles. In comparison
with the HCs group, the manic group presented enlarged
volumes in the left lateral ventricle, right lateral ventricle, third
ventricle, and whole ventricles, and the euthymic group displayed
increased volumes in the third ventricle, fourth ventricle, and
whole ventricles. No difference in ventricle volume was found
between the manic and euthymic PBD patients.

Ventricle-To-Brain Ratio Analysis
As shown in Table 4, no significant difference of VBR among the
three groups was found in five ratios: LLVBR, RLVBR, TVBR,
FVBR, and WVBR.

Correlation Analysis
Pearson correlation analysis was performed between ventricular
volumes with clinical and cognitive indices. No significant
correlation (p > 0.05) was found between ventricular volumes or
VBR with clinical and cognitive indices in either the manic PBD
groups or euthymic PBD groups.

DISCUSSION

In the current study, cognitive function and brain ventricle
volumes were evaluated among manic PBD patients, euthymic
PBD patients, and healthy adolescents. When compared with
HCs, the manic and euthymic PBD patients showed decreased
scores of SCWT and DST-B. In terms of ventricle volume
comparison, larger bilateral ventricle volumes in the manic PBD
group, larger fourth ventricle volume in the euthymic PBD group,
and enlarged third ventricle and whole ventricle volumes were
found in both PBD groups.

In the current study, the manic as well as euthymic PBD
patients exhibited significant impairment in cognitive tests
compared with the HCs. The damage in cognition included
poor performance in tests of processing speed, concentration and
attention, working memory, and executive function. Specifically,
the manic and euthymic PBD patients performed worse on
SCWT and DST-B compared with the HCs. SCWT is a test of
processing speed, cognitive flexibility, and response inhibition.
Deficits of SCWT may imply that the manic and euthymic
PBD subjects were damaged in brain areas such as the anterior
cingulate cortex, dorsolateral prefrontal cortex, lingual gyrus, and
extrastriate cortex, which are involved in executive control, speed
of color processing, and word-form processing (28). Current
results were in line with those of a previous study, that showed
poorer performance of SCWT was discovered in PBD patients
than in HCs (29). DST is a test of attention and concentration. A
prior study found that DST-B of BD was obviously different than
HCs, while no difference was displayed in DST-F between adult
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TABLE 2 | Cognitive variables in Manic-PBD, Euthymic-PBD, and Healthy controls.

post hoc

Cognitive

scales

MPBD EPBD HCs Main effect MPBD < HCs EPBD < HCs MPBD < EPBD

F/H P-value T/H P-value d T/H P-value d T/H P-value d

SCWT-Ae 54.63 ± 15.32 53.38 ± 13.92 66.00 ± 12.26 11.25b <0.001 3.72c 0.001 1.23 4.44c <0.001 1.47 −0.63c 1.000

(MPBD >

EPBD)

−0.19

SCWT-Bf 74.00

(56.00–88.00)

76.00

(57.00–80.50)

89.00

(81.00–94.00)

21.04a <0.001 20.95a 0.001 1.48 22.75a <0.001 1.70 1.80a 1.000 0.06

SCWT-Ce 29.74 ± 7.05 31.57 ± 8.98 40.74 ± 9.43 14.75b <0.001 4.93c <0.001 1.62 4.48c <0.001 1.32 0.58c 1.000 0.20

TMT-Ae 39.42 ± 11.90 38.76 ±12.79 29.74 ± 9.63 2.97b 0.083 - - - - - - - - -

TMT-Bf 81.00

(70.00–98.00)

90.00

(67.50–119.00)

69.00

(63.00–93.00)

1.32a 0.518 - - - - - - - - -

DST-Ff 8.00 (7.00–9.00) 8.00 (8.00–9.00) 9.00 (8.00–10.00) 3.88a 0.168 - - - - - - - - -

DST-Be 4.42 ± 1.17 4.67 ± 1.62 5.95 ± 1.68 7.79b 0.002 3.55c 0.002 1.21 3.31c 0.005 0.95 −0.33c 1.000 0.11

aKruskal-Wallis H test; bOne-Way ANCOVA; cTwo-sample t-test; dadjusted Cohen’s d.
emean ± standard deviation; fMedian (range).

MPBD, manic pediatric bipolar disorder; EPBD, euthymic pediatric bipolar disorder; HCs, healthy controls; SCWT, Stroop color-word test; TMT, trail making test; DST, digit span test.

FDR correction for main effect comparison; Bonferroni correction for post hoc analysis; Presented adjusted p < 0.05 was considered to indicate a significant difference.

Bold values indicated significant difference with p < 0.05.

TABLE 3 | Ventricular volumes in Manic-PBD, Euthymic-PBD, and Healthy controls.

post hoc

Regions MPBD EPBD HCs Main effect MPBD > HCs EPBD > HCs MPBD < EPBD

F/H P-value T/H P-value d T/H P-value d T/H P-value d

Left lateral

ventriclef
6.52

(5.37–9.97)

6.85

(5.75–9.91)

5.57

(4.17–6.60)

7.90a 0.024 14.09a 0.035 0.93 13.12a 0.053 0.88 0.97a 1.00 0.22

Right lateral

ventriclef
5.61

(4.87–7.83)

5.73

(4.36–7.64)

4.06

(3.32–6.11)

8.60a 0.023 15.26a 0.019 0.91 12.92a 0.059 0.84 2.34a 1.00 0.22

Third ventriclee 1.22 ± 0.43 1.28 ± 0.30 0.94 ± 0.21 5.19b 0.020 2.79 c 0.022 0.90 2.83 c 0.019 1.08 0.01c 1.00 0.00

Fourth ventriclef 2.04

(1.60–2.34)

2.10

(1.77–2.72)

1.56

(1.39–1.83)

7.39a 0.025 12.52 a 0.076 0.81 13.71 a 0.039 0.99 1.19 a 1.00 0.12

Whole ventriclesf 15.58

(13.15–21.63)

16.50

(12.94–21.83)

11.12

(10.11–15.57)

10.83a 0.020 16.57a 0.009 1.02 15.27a 0.017 1.08 1.30a 1.00 0.20

aKruskal–Wallis H test; bOne-Way ANCOVA; cTwo-sample t-test; dadjusted Cohen’s d.
emean ± standard deviation; fMedian (range); nit: cm3.

MPBD, manic pediatric bipolar disorder; EPBD, euthymic pediatric bipolar disorder; HCs, healthy controls.

FDR correction for main effect comparison; Bonferroni correction for post hoc analysis; Presented adjusted p < 0.05 was considered to indicate a significant difference.

Bold values indicated significant difference with p < 0.05.

BD and HCs (30). Impairment of executive function was found
in the manic, depressive, and euthymic BD I patients, including
initial reaction, inhibition control, and strategic thinking (31).
It had been reported that euthymic PBD patients exhibited
impairment of cognitive functions, including verbal learning
and working memory (32). That more severe damage of the
DST-B in PBD patients than that of the HCs shown in the
current study suggests a related dysfunction of executive control
of phonological information in the manic and euthymic PBD
patients. It is worth noting thatmanic and euthymic PBD patients
exhibited similar cognitive damage, and no significant difference
in SCWT and DST was found between the two groups. This may

imply that although euthymic PBD patients expressed relatively
stable mood states, they had cognitive impairment similar to that
of manic patients, indicating impairment of brain structures and
function in related cognitive circuits in euthymic PBD patients.

Bilateral ventricles’ volumes were found to be increased
in manic PBD compared to those of HCs in the study. No
significant difference of lateral ventricles’ volumes was found
between euthymic patients and HCs, or between euthymic and
manic patients. Similar results were reported in a study of adult
BD, which showed the larger lateral ventricular volumes were
related to the number of manic episodes in adult BD (10). It
had been shown that patients with 22q11.2 deletion syndrome
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TABLE 4 | Ventricle-to-brain ratio in Manic-PBD, Euthymic-PBD, and Healthy controls.

Main effect

Regions MPBD EPBD HCs F/H P-value

LLVBRd 0.50 (0.36–0.66) 0.48 (0.39–0.66) 0.35 (0.28–0.47) 5.17a 0.076

RLVBRc 0.45 ± 0.17 0.42 ± 0.13 0.31 ± 0.10 4.04b 0.057

TVBRd 0.08 (0.06–0.10) 0.09 (0.08–0.10) 0.07 (0.05–0.08) 6.78a 0.057

FVBRd 0.14 (0.11–0.16) 0.14 (0.12–0.18) 0.11 (0.10–0.13) 5.30a 0.076

WVBRd 1.10 (0.90–1.47) 1.12 (0.93–1.45) 0.82 (0.68–1.05) 8.21a 0.057

aKruskal–Wallis H test; bOne-Way ANCOVA.
c mean ±standard deviation; dMedian (range).

MPBD, manic pediatric bipolar disorder; EPBD, euthymic pediatric bipolar disorder; HCs, healthy controls; LLVBR, left lateral ventricle-to-brain ratio; RLVBR, right lateral ventricle-to-brain

ratio; TVBR, third ventricle-to-brain ratio; FVBR, fourth ventricle-to-brain ratio; WVBR, whole ventricle-to-brain ratio.

FDR correction for main effect comparison; Presented adjusted p < 0.05 was considered to indicate a significant difference.

(22q11DS) exhibited enlarged lateral ventricle volumes compared
with HCs (33). The 22q11DS, which affected multiple genes
involved in neurodevelopment, was also reported to be related
with early-onset BD (34). This may imply that the 22q11DS
is a genetic risk factor for BD. In animal experiments with
mice, ongoing dysregulation of neural cell adhesion molecules in
neuropsychiatric disorders led to an increase in lateral ventricular
volumes, and affected cognitive function via learning, synaptic
plasticity, and long-term potentiation influences (35).

Concerning the third ventricle, we found that third ventricular
volume in manic and euthymic PBD patients was larger than
that of the HCs, and that third ventricle volume was not an
obvious discrepancy between manic and euthymic patients. The
result in PBD was not in line with that of previous studies
in which adult BD patients were grouped into those with and
without psychotic forms, and enlarged third ventricle volume
was only discovered in psychotic BD patients (36). Increased
third volume may be related to the surrounding anatomical
boundary, such as decreased volumes of the thalamus and
hypothalamus (5). In post-mortem BD research, total selective
neurons robustly decreased by about 50% in the paraventricular
nucleus of hypothalamus (37). In other ongoing research,
we found a decrease of thalamic volume in the same PBD
samples, matching the increased third ventricular volumes in the
current study.

We found that the fourth ventricle of euthymic PBD was
markedly greater than that of HCs. The shape and size of
the fourth ventricle was believed to be influenced by the
surrounding brainstem structure. The variation of CACNA1C
gene was reported to increase the risk of mental diseases,
particularly BD, and to affect brainstem volume (38). Few
previous studies focused on the volume of the fourth ventricle in
PBD. However, two studies reported larger volumes of the fourth
ventricle in schizophrenia (39, 40). To some extent, previous
findings elucidated that BD and schizophrenia partially shared
heritability and showed some similar clinical features (1, 41,
42). In mental disorders, the region of the brainstem reticular
activating system may play an essential role in supporting
attention, but it was easily influenced by environmental and

genetic influences, and these influences may be the etiology of
attention impairment (43, 44). These research studies disclosed
that impaired subcortical structures near the fourth ventricle
likely indicated pathophysiology of sustained inattention in
psychiatric disorders. Considering that euthymic PBD patients
also show daily clinical presentation of inattention, the increased
fourth ventricular volume exhibited in the current study may
indirectly indicate a similar inattention mechanism in euthymic
PBD with that of schizophrenia.

In the current study, increased whole ventricular volumes
were found in manic and euthymic PBD patients compared to
those of HCs. The differences in RLVBR, TVBR, and WVBR
among the three groups closely reached statistical significance
and the three ratios in manic and euthymic PBD patients were
larger than those of the HCs, as shown in Table 4. Previous
studies found increased LVBR in older BD patients (45) or else
no alterations of LVBR and TVBR in adult BD patients (46).
Nevertheless, two studies did not find the volumetric alteration
of ventricles in adult BD (47, 48). The underlying mechanisms
for BD seemed different in adults and children (49). Our results
regarding whole ventricular volume and VBR provided more
clues in the field of PBD.

Several limitations should be acknowledged in the current
study. First, the sample size of our study was relatively
small, which may cause an inability to observe some subtle
changes in the ventricular volume or significant correlations
between alterations of ventricular volume and cognitive and
clinical indices. In our future work, much more data will
be extracted to make the study more convincing. Second,
medical treatment was a potential obstruction in interpreting the
present results. Some studies, however, reported no significant
effect of medication in behavioral (50) and neural differences
between patients and HCs (51). Third, the ventricular volume
corrected by the two methods in the present study, that
is, the regression-based residuals in calculating brain volume
(the residual method, Table 3) and the region-to-ICV ratio
(the proportion method, Table 4), were different. After FDR
correction, the significant differences in VBR among the
three groups disappeared. This may be due to the influence
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of random errors, which were combined in the numerator
and denominator, and then the sources of the error were
hidden in the final ratio values (52). In future work, some
improvement may be needed to reduce the influence of the
random errors.

In the current study, enlarged ventricle volumes were found
in manic and euthymic PBD patients compared with those of
HCs, which may provide some new clues to brain structural
impairment of child and adolescent BD patients. No significant
difference of cognitive performance and ventricle volume was
observed between manic and euthymic PBD patients, which
may imply that the alterations are not specific to mood state.
However, when in remission, euthymic PBD patients behaved
with similar abnormalities in cognition and ventricle volume
as the manic patients, which may indicate damage of the
brain structure and function of corresponding brain circuits in
euthymic PBD patients.
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Despite the overwhelming prevalence of anxiety disorders in modern society, medications

and psychotherapy often fail to achieve complete symptom resolution. A complementary

approach to medicating symptoms is to address the underlying metabolic pathologies

associated with mental illnesses and anxiety. This may be achieved through nutritional

interventions. In this perspectives piece, we highlight the roles of the microbiome and

inflammation as influencers of anxiety. We further discuss the evidence base for six

specific nutritional interventions: avoiding artificial sweeteners and gluten, including

omega-3 fatty acids and turmeric in the diet, supplementation with vitamin D, and

ketogenic diets. We attempt to integrate insights from the nutrition science-literature in

order to highlight some practices that practitioners may consider when treating individual

patients. Notably, this piece is not meant to serve as a comprehensive review of the

literature, but rather argue our perspective that nutritional interventions should be more

widely considered among clinical psychiatrists. Nutritional psychiatry is in its infancy and

more research is needed in this burgeoning low-risk and potentially high-yield field.

Keywords: anxiety, inflammation, microbiome, nutrition, mental illness

INTRODUCTION

Anxiety disorders are the most common type of psychiatric condition in the United States, with
one-third of individuals suffering from some form of anxiety during their lifetime (1). Standard of
care medications and psychotherapy are only successful in treating about half of patients, and only
one-quarter experience complete symptomatic resolution (2).

While medications and behavioral therapies certainly have their place as part of a multifaceted
approach to treat anxiety, the relatively high failure rate of such approaches is consistent
with the broader failure of drug treatments for most neurological conditions. For example,
antidepressants are efficacious in only about one-third of clinical cases (3) and there are no
established disease-modifyingmedications formajor neurodegenerative conditions like Parkinson’s
disease or Alzheimer’s disease. With respect to the latter, the drug discovery failure rate for
mere symptomatic management is 99.6% (4). It is therefore feasible, if not probable, that we
are approaching neurological conditions with the wrong paradigm. As neurological conditions
and mental illnesses (5) are characterized by a subset of fundamental metabolic disturbances
[such as oxidative stress (6), insulin resistance (7), inflammation (8), and microbiome dysbiosis
(9)] to which lifestyle factors are a contributor, it would makes sense that mental illnesses
deserve complementary lifestyle approaches. In effect, lifestyle interventions for mental illness
are a form of metabolic medicine complementary to metabolic disease (5). Nutrition is one such
metabolic medicine.
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Herein, we discuss the pathological correlates of anxiety
disorders specifically, emphasizing the possible roles of
microbiome dysbiosis and inflammation. We chose to structure
this perspective piece as follows: First, we discuss microbiome
dysbiosis and inflammation, pathologies that are particularly
relevant to anxiety disorders in order to establish anxiety as a
metabolic disease. Second, we discuss six nutritional strategies
for which there is emerging evidence of their efficacy in anxiety.
These are elimination of (i) artificial sweeteners and (ii) gluten,
inclusion (iii) omega-3 fatty acids and (iv) turmeric (curcumin),
maintaining adequate levels of (v) vitamin D, and (vi) and
ketogenic diets. Within each section, we build up the evidence
hierarchy from a mechanistic metabolic perspective, to animal
models, to human studies. The purpose of this piece is not to
delve into all the mechanisms of interventions (for which there
is currently limited data), but demonstrate that anxiety is a
metabolic disease and that nutritional therapy can be efficacious
in its treatment.

MICROBIOME

The gut contains ∼40 trillion microorganisms and is the largest
endocrine organ in the body. By communicating to the brain
via the Vagus nerves, regulating hormones, and influencing
inflammation, the gut can impact mental health (10). More
specifically, the compositions of individuals’ gut microbial
ecosystems can regulate mental status and anxiety (11). It is,
therefore, unsurprising that microbiome dysbiosis is associated
with anxiety (9).

As a comprehensive description of the mechanisms by which
the microbiome and gut-brain axis influence the neuroanatomy
and neurochemistry of anxiety is beyond the scope of this
piece, we will emphasize the role of the amygdala, short chain
fatty acids (SCFAs), and gut peptides as examples [Please see
the following references as starting points for further reading
on the Vagus nerve (12) or microbiome influence of cytokine
production (13)].

The amygdala is a structure in the brain largely responsible
for the threat response that is hyperactive in anxiety disorders
(14). Interestingly, germ-free mice exhibit larger and more active
amygdalae (15, 16). Furthermore, fecal transplantation, or the
introduction Bifidobacterium infantis, has been shown to correct
excessive stress response in such germ-free mice (17), implicating
the microbiome in amygdala dysfunction.

The amygdala has receptors for gut peptides, including
neuropeptide Y (NPY), pancreatic polypeptide (PP), and

Abbreviations: AGEs, advanced glycation end products; ALA, alpha-linolenic
acid; BDNF, brain-derived neurotrophic factor; CRP, C-reactive protein; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; FFARs, free fatty acid receptors;
GABA, gamma-aminobutyric acid; GLP-1, glucagon-like peptide 1; HDACs,
histone deacetylases; IBDs, inflammatory bowel diseases; IBS, irritable bowel
syndrome; IL, interleukin; LPS, lipopolysaccharide; MSFD2A, major facilitator
superfamily domain-containing protein 2A; NFκB, nuclear factor κ-light-chain
enhancer of activated B cells; NLRP3, NOD-LRR-and pyrin domain-containing
protein 3; NPY, neuropeptide Y; PP, pancreatic polypeptide; PTSD, post-traumatic
stress disorder; SAD, Standard American Diet; SCFAs, short chain fatty acids;
TNFα, tumor necrosis factor α.

glucagon-like peptide 1 (GLP-1) (11, 18). Addressing each of
these, there is evidence that the NPY system affects anxiety
(19, 20); the PP Y4 receptor has been shown to modulate anxiety
in rodents (21); and multiple GLP-1 receptor agonists have been
used to address anxiety in animal models (22, 23). The release
of each of these gut peptides is regulated by SCFAs produced by
certain gut bacteria, which act through the G-protein coupled
receptors, free fatty acid receptors 2 (FFAR2) and FFAR3 (11).
Notably, populations of SCFA producing species tend to be
reduced in individuals with anxiety (9).

In review, food influences the microbiome (24) and microbe-
derived SCFAs bind to receptors on enteroendocrine cells to
regulate the secretion of gut peptides, which themselves bind to
receptors on the amygdala to influence the stress response and
anxiety. This is just one cascade by which diet can influence
the brain. SCFAs from gut microbes can also act through
immune, inflammatory, and other endocrine mechanisms (25,
26), and lipopolysaccharide (LPS) from gram-negative bacteria
can induce anxiety when leaked into circulation through a
compromised gut barrier (27, 28). The mechanisms are many,
but the point is simple: diet and nutrition influence anxiety by
modulating the microbiome.

It is also to be emphasized that the microbiome-brain axis
is a bidirectional relationship. Negative emotions can shift
the microbial ecosystem by the release of stress hormones
sympathetic neurotransmitters (29). Therefore, even if the
current state of science does not enable precisionmedicine aimed
at the microbiome, it is still important to consider the role that
positive feedback loops between the gut and brain may be playing
in anxiety disorders.

INFLAMMATION

Chronic inflammation is a feature of almost all neurological and
neurodegenerative disorders, including anxiety (30). Individuals
suffering from anxiety and anxiety-related disorders, like panic
disorder (31), generalized anxiety disorder (32), and post-
traumatic stress disorders (PTSD), exhibit elevated levels of
inflammatory markers in their circulation and cerebral spinal
fluid (33). These include C-reactive protein (CRP), IL-1β,
IL-6, and TNFα (31, 34–38). These cytokines contribute to
neurotransmitter imbalances in the brain (including, serotonin,
dopamine, glutamate/GABA) and can pathologically increase
amygdala responsivity (30).

Suggestions of causality exist in the literature and, because
the existing literature is most highly focused on PTSD, we too
will focus on PTSD as a case in point of potential causality. As
examples, polymorphisms in CRP predict increased likelihood
of being diagnosed with PTSD, and predict worse symptoms if
diagnosed (36); a study on immune cells taken from patients
with anxiety showed increased reactivity and secretion of the
cytokines, IL-17 and TNFα (39); and, administration of LPS to 39
healthy subjects doubled amygdala activity, as measured by fMRI,
in response to socially threatening images (40). Admittedly,
the state of research on the mechanisms of inflammation-
induced anxiety is in its infancy. Nevertheless, it is probable that
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inflammation contributes to anxiety in at least some, and possibly
a majority, of patients.

The menu of “inflammatory foods” is extensive, but generally
includes foods associated with the Standard American Diet
(SAD). Holistically speaking, the two most metabolically
challenging components of SAD are refined sugars and processed
vegetable oils, both of which can contribute to inflammation
through myriad mechanisms (41–43). To mention a few
as illustrative points, refined sugars, and in particular high
fructose corn syrup, contribute to de novo lipogenesis of pro-
inflammatory visceral fat (43), and fructose now composes 10%
of caloric intake in the United States (42). Sugar also attaches
to molecules throughout the body to generate inflammatory
advanced glycation end products (AGEs). It has even been
demonstrated that sugar can increase the production of AGEs in
the brain and that these AGEs increase neuroinflammation and
contribute to metabolic diseases (41).

Processed vegetable oils, such as corn oil and soybean oil,
that contain high levels of the omega-6 fatty acids, linoleic
acid, are likewise inflammatory. Having been stripped of the
antioxidants that protect omega-6 fats in whole foods, the linoleic
acid in processed vegetable oils incorporates into cells and tissue
throughout the body, gets oxidized, and can initiate a vicious
cycle of oxidation, insulin resistance, and inflammation that
perpetuates metabolic and inflammatory diseases from the gut
to the brain (7, 44–46). Increased consumption of linoleic acid-
containing vegetable oils has even been proposed as a driver
of cardiovascular disease (47), an inflammatory disease and
comorbidity of anxiety disorders (46, 48, 49). Elimination of
refined sugars and processed vegetable oils from the diet, and
their replacement with whole foods, is foundational for good
physical, cognitive, and mental health. However, more specific
dietary and nutritional interventions have been explored in the
context of anxiety, and it is to these which we turn.

NUTRITIONAL STRATEGIES

Artificial Sweeteners
Administration of artificial sweeteners to animals has been shown
to precipitate anxiety (50). The anxiolytic effects of sweeteners
are likely mediated by their adverse impacts on the microbiome
and inflammation. Negative effects of certain sweeteners on
systemic metabolism have been shown to be causal in animal
models and humans, although the precise pathways are unknown
(51, 52). Other mechanisms exist as well. For example, aspartame
given to rats increased the levels of stress hormones in the
animals’ amygdalae (53). Aspartame can also block the transport
of dopamine and serotonin precursors into the brain and can
increase the levels of excitatory neurotransmitters, shifting brain
chemistry toward an anxiety prone state (54).

In humans, artificial sweeteners have been associated with
neuropsychiatric problems, including anxiety (55). Further, it has
been proposed that individuals suffering from mental disorders
may be particularly susceptible to the adverse effects of artificial
sweeteners. For example, a randomized, placebo-controlled,
crossover study designed to assess the impact of aspartame on
mood was prematurely terminated because of the severity of

reactions in patients with a history of depression (56), which is
highly comorbid with anxiety (57).

Unfortunately, the literature is currently limited to the
investigation of only a narrow range of sweeteners (and
predominantly the sweetener, aspartame, found under the
trade names Equal and NutraSweet, and in popular low-fat
snacks and drinks, like Diet Coke). Future human studies will
hopefully reveal associations between specific sweeteners and
specific neurological disorders so that nutritional psychiatrists
can provide more specific recommendations.

For patients unwilling to give up sweeteners, stevia (a natural
non-caloric, non-insulinogenic sweetener) and erythritol [a non-
insulinogenic sugar alcohol that gets absorbed in the small
intestine and is not fermented by gut bacteria (58)] may be
reasonable alternatives to recommend to patients in a practical
clinical setting because they are presumed to have minimal
negative impact on insulin sensitivity and the microbiome
and are, therefore, less likely to cause metabolic dysfunction.
However, as absence of evidence does not equate to evidence
of absence, the most conservative approach is still the complete
elimination of sugar and sweeteners.

Gluten
Gluten can induce inflammation by causing “leaky gut.”
Gluten proteins increase zonulin expression, which increases
gut permeability (59, 60). Thereafter, immune stimulating
compounds, like LPS, leak from the gut into the bloodstream,
leading to inflammation.

Zonulin protein is overexpressed in celiac disease, a condition
that itself is associated with social phobias, panic disorder,
and other forms of anxiety (61–63). Generalizing beyond
celiac disease, zonulin has been linked as a biomarker of
mental illnesses such as autism, attention deficient hyperactivity
disorder, and schizophrenia (64). Even in anxiety patients with
no reported history of gastrointestinal disturbances, zonulin
and LPS are found at elevated levels in the blood relative
to non-anxious control subjects (65). This is consistent with
the hypothesis that gluten can cause “leaky gut” to precipitate
inflammation and anxiety and suggests patients with anxiety may
be particularly sensitive to gluten.

At this time, a gluten-free diet has been shown to decrease
anxiety only in celiac patients (66). Nevertheless, we feel it is
reasonable to include a gluten-free diet in the arsenal of metabolic
treatments for anxiety, given the mechanistic link to “leaky gut”
and associations between zonulin and mental illness and zonulin
levels and anxiety.

Omega-3s
Omega-3 fatty acids, particularly the long-chain omega-3s,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
are potent anti-inflammatory signaling molecules that support
the microbiome (67, 68) and are important in cognition
and mental health (69, 70). Direct evidence that omega-
3s themselves are healthful, in addition to their whole food
sources, comes from the comparison of genetically engineered
mice that can biosynthesize omega-3 and/or omega-6 fats. On
identical diets, mice that biosynthesize omega-3s and have lower

Frontiers in Psychiatry | www.frontiersin.org 3 February 2021 | Volume 12 | Article 59811923

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Norwitz and Naidoo Nutritional Psychiatry for Anxiety

omega-6/omega-3 ratios and exhibit healthier microbiomes, less
inflammation, and less chronic disease (71). In preclinical studies
on rats suffering from inflammation-induced anxiety, omega-3-
rich diets have been shown to normalize dopamine levels (72)
and reduce anxiety-like behaviors (73). And, in mice, omega-
3s have been shown to improve serotonergic neurotransmission
and increase levels of brain-derived neurotrophic factor (BDNF)
(74). Thus, while the mechanisms by which omega-3s assist in
addressing the metabolic foundations of anxiety are manifold,
they likely include improving microbiome balance, decreasing
inflammation, and balancing neurochemistry.

Turning to humans, Green et al. demonstrated that, in patients
with social anxiety disorder, erythrocyte EPA and DHA levels
are reduced 18–34%. Moreover, an inverse correlation exists
between levels of these omega-3s and severity of anxiety (75).
Similar observations have been made by others (76), and these
associations are backed by interventional trials.

A randomized, double-blinded, placebo-controlled trial on
68 medical students showed that 12 weeks of omega-3
supplementation lowered anxiety by 20%. This study also
revealed that lower omega-6/omega-3 ratios predicted lower
levels of inflammatory markers and anxiety (77). Lastly, a meta-
analysis of nineteen clinical trials, including 2,240 participants
across eleven countries, concluded that omega-3 treatment is
effective in reducing anxiety (78).

The aforementionedmeta-analysis also highlights the fact that
dose and omega-3s type are important to consider. Studies that
used doses lower than 2 grams per day tended not to be effective
in treating anxiety. Furthermore, subgroups analyses found that
supplements with lower proportions of DHA were less effective
in reducing anxiety, with supplements containingmore than 60%
EPA having no significant effect (78).

Practically speaking, on the topic of omega-3 types and
sources, plant sources of omega-3 (such as flax seeds and chia
seeds) contain primarily alpha linolenic acid (ALA), a shorter
chain omega-3 that is converted in to the more bioactive EPA
and DHA only at very low levels, on the order of 5% conversion
(79–81). Fatty fish, such as mackerel, sardines, and Alaskan
sockeye salmon are far richer in EPA and DHA. Salmon, in
particular, includes the antioxidant, astaxanthin, which not only
gives salmon their pink-red color but also protects omega-3s
from oxidation and itself has neuroprotective properties (82). It is
also worth mentioning that there is diversity among DHA forms.
Specifically, lysophosphatidylcholine-conjugated DHA, found at
its highest levels in fish roe and krill oil, has privileged transport
to the brain via the major facilitatory superfamily domain-
containing protein (MSFD2A) transporter, a transmembrane
protein that exists within endothelial cells at the blood-brain
barrier. Whereas, free DHA bound in the blood crosses into
the brain via passive diffusion, the MSFD2A transporter actively
shuttles lysophosphatidylcholine-conjugated DHA into the brain
using energy derived from the sodium electrochemical gradient
(83). This active transport mechanisms may be particularly
beneficial in inflamed brains in which the blood-brain barrier is
compromised. Therefore, when recommending omega-3 sources
to patients, fish roe and krill oil may be the best options, followed
by salmon and other fatty fish.

Thus, there is mechanistic rationale, animal and human data
supporting the emphasis of dietary omega-3 for the treatment
of anxiety.

Turmeric (Curcumin)
Turmeric is probably the most heavily studied spices for
brain health. Its active component, curcumin, has been
explored as a treatment for Alzheimer’s disease, Parkinson’s
disease, depression, comorbidities of anxiety, and anxiety itself
(84, 85). Curcumin’s mechanisms of action are many and
include improving the gut microbial ecosystem (86), decreasing
inflammation by inhibiting NFκB and the NLRP3 inflammasome
(87–90), altering dopamine, serotonin, and cortisol levels
(91), and regulating microRNAs and histone deacetylases
(HDACs) (92).

Preclinical trials of curcumin for anxiety in rodent models add
to the promise of curcumin as an anti-anxietolytic. In rats treated
with a food preservative to induce anxiety, curcumin treatment
completed rescued anxiety-like behaviors (93). Similar findings
have been reported in other animal models of anxiety (94, 95). In
these and other studies, curcumin significantly reduced anxiety-
like behaviors concomitant with complementary improvements
in neurotransmitter and hormone levels (91, 94, 95).

Multiple randomized, double-blinded, placebo-controlled
trials have shown that curcumin supplementation can reduce
anxiety in human patients. In patients with diabetes, 8 weeks of
curcumin supplementation decreased anxiety (96). A crossover
trial on 30 obese individuals likewise found that curcumin
supplementation for 30 days reduced anxiety scores (97). And, a
meta-analysis of five studies reported an overall significant effect
of curcumin on anxiety with a large effect size [Hedge’s g =

−2.62 (84)].
Admittedly, there are limitations to the curcumin literature.

Some have challenged that the health benefits of turmeric
and its active components are over sensationalized. Specifically,
Nelson et al. performed a careful analysis of the medical
chemistry of curcumin and make a compelling case that the
positive results in model systems may be confounded by
curcumin’s chemical instability and potential for interfering
with assay readouts. Furthermore, they point out that there
is a great degree of variability among studies with respect
to supplement purity and formulations, which confound the
reproducibility of studies (98). For example, curcuminoids are
fat-soluble and exhibit <1% bioavailability when administered
alone or an aqueous solution (99). For this reason, curcuminoids
should be consumed with fats, and lipid-based delivery systems
have been and are being developed for the administration
of curcumin, including liposomes and nanoparticles (100).
Indeed, the two randomized controlled trials referenced in
the previous paragraph that reported positive findings for
curcumin on anxiety each employed techniques to increase the
bioavailability of curcumin, including nano-curcumin (96) and
co-administration of bioperine (97) (also known as piperine),
which enhances curcumin absorption 20-fold (101). Thus, future
research resources should be devoted to the study of these
more bioavailable forms of curcumin, and also to the impact of

Frontiers in Psychiatry | www.frontiersin.org 4 February 2021 | Volume 12 | Article 59811924

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Norwitz and Naidoo Nutritional Psychiatry for Anxiety

curcumin on the human microbiome, as this does not require
systemic absorption.

Turmeric also relates to the previous section on omega-3s.
Recall that humans are inefficient at converting ALA into EPA
and DHA. Curcumin can increase ALA to DHA conversion
by increasing levels of the DHA synthesis enzymes (102). This
not only increases DHA in the brain but has direct functional
implications on anxiety. Rodents treated with a combination of
ALA and curcumin exhibit decreased anxiety (102).

Vitamin D
As most modern humans spend most of their time inside, fully
clothed, or simply living at high latitudes, endogenous vitamin D
production is often inadequate. It is also difficult to get enough
vitamin D from the diet. Even using the most favorable numbers
for vitamin D content of milk, one would need to consume
five gallons of whole milk daily to meet the recommended 600
IU (103), ignoring that many practitioners believe higher doses
may be optimal. On a population level, vitamin D insufficiency
(<30 ng/mL) has been estimated at 77% in the United States
(104), making low vitamin D levels a hormonal epidemic.

In the brain, vitamin D regulates calcium homeostasis and ion
channels (105, 106), neurotransmitter levels, including dopamine
and serotonin (107–110), and the secretion of nerve growth
factor and BDNF (111, 112). The benefits of vitamin D are
also likely mediated by its role in shaping the microbiome and
reducing inflammation (113–117).

Lower levels of vitamin D are associated with multiple mental
disorders, including schizophrenia (118), depression (119), and
anxiety (120–122). One such association study found that
vitamin D levels in patients with a wide range of anxiety disorders
were <60% those of healthy controls (120).

In interventional studies, vitamin D supplementation to those
with vitamin D deficiency has been effective in addressing
anxiety. In a study of 30 anxiety patients, once weekly vitamin
D supplementation at 50,000 IU for 3 months significantly
improved symptoms (123). A similar study in 51 women with
type II diabetes also showed that 50,000 IU vitamin D fortnightly
decreased inflammation and reduced symptoms of anxiety over 4
months (124).

It may be that vitamin D supplementation for anxiety is
only effective in those with vitamin D insufficiency, with one
association study finding elevated anxiety only on those with
extreme vitamin D deficiency (<10 ng/mL) (125). Nonetheless,
vitamin D insufficiency persists amongst Americans, sufficient
vitamin D intake is difficult to obtain through diet or sun
exposure, when living at higher latitudes, and adequate vitamin
D levels are important to overall health. Therefore, vitamin D
supplementation should be considered for patients with anxiety
as most will be vitamin D insufficient and the collateral effects on
patient health are likely to be positive.

Ketogenic Diets
Ketogenic diets—high-fat, low-carbohydrate diets that induce
the body to produce ketones, a fuel source for the brain—are
gaining traction as a metabolic treatment for a wide range of
chronic metabolic diseases (126–131). Ketogenic diets have been

FIGURE 1 | Nutrition regulates anxiety disorders by influencing the

microbiome and inflammation. The gut microbiome and inflammation are

interrelated and influence anxiety. By acting on the gut microbial ecosystem,

regulating inflammation, as well as through other pathways mentioned in the

text, particular nutritional strategies have been suggested to either harm or

help disorders of anxiety. Sugar, processed vegetable oils rich in inflammatory

omega-6 fatty acids, artificial sweeteners, and gluten have a negative effect on

anxiety, whereas omega-3 fatty acids, turmeric (curcumin), vitamin D, and

ketogenic diets are thought to have a therapeutic effect.

used for a century to treat drug-resistant pediatric epilepsy, are
still widely used for epilepsy (132, 133), and are gaining in
popularity for the treatment of neurodegenerative conditions,
such as Parkinson’s disease (131, 134, 135) and Alzheimer’s
disease (128, 130, 136). For reviews specifically on the topic of
ketogenic diets for neurological diseases and mental illnesses,
we recommend the following recent reviews, both published
this year, which cover the literature supporting the therapeutic
implementation of ketogenic diets for a wide range of conditions
including attention deficit hyperactivity disorder (ADHD),
bipolar disorder, schizophrenia, autism spectrum disorder, major
depressive disorder, and binge eating disorder (5, 137).

Ketogenic diets help to address many of the biopathological
foundations of chronic neurological diseases and mental
illnesses, including glucose hypometabolism, neurotransmitter
imbalances, oxidative stress, and inflammation (5). Ketones
produced by the liver during carbohydrate restriction are not
only a more efficient fuel substrate for the brain, but are also
signaling molecules that bind their own G-protein coupled
receptors, inhibit HDACs, directly modify histones, shift the
gut microbiome and improve gut barrier function, and reduce
oxidative stress and inflammation (134, 138–142).

Preclinical models offer promise. Rats orally administered
exogenous ketone supplements to achieve ketone levels
comparable to those achieved by patients on ketogenic diets
(∼0.8 mmol/L) exhibited significant decreases in anxiety (143).
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Another rat study found that ketosis induced anti-anxiolytic
changes in brain metabolism in association with a reduction
of anxiety-like behaviors (144). There is also evidence that
intermittent fasting, an intervention that induces ketosis, induces
neurological adaptations overtime (including an upregulation of
the mitochondrial sirtuin, SIRT3, and GABAergic activity) that
and neuroprotective and reduce anxiety (145). No clinical trials
assessing the efficacy of ketogenic diets for anxiety have yet been
conducted. We include ketogenic diets as a potentially promising
future option and to provide clinicians with a perspective on the
emerging research on nutrition and mental health.

Other Strategies
Additional nutritional strategies hold potential for the treatment
of anxiety disorders, including caffeine reduction (146, 147),
prebiotics (148, 149), and probiotics (150) to support the
microbiome, and supplementation with or magnesium (151, 152)
or tryptophan (153) to potentially increase serotonin synthesis.

CONCLUSION

Herein, we provide biological rationales and translational
evidence that nutritional strategies aimed at addressing
disturbances in metabolism and brain function can protect
against anxiety disorders (Figure 1). Anxiety and other mental
illnesses are metabolic diseases as much as they are psychological.
And, in our opinions, metabolic diseases deserve metabolic
medicine. Nutrition is one form of metabolic medicine, and
one which patients and clinicians interact with every day. It is
important to leverage this metabolic tool to better offer persons
suffering with anxiety a full spectrum of relief.

However, the clinical challenge of bioindividuality persists.
Different patients are afflicted with different deficiencies and

comorbidities. We each carry genetic polymorphisms and have
distinct microbiomes. Therefore, future research should be
focused on determining the mechanisms by which various
interventions operate such that the medical community can turn
nutritional psychiatry from a shotgun approach into precision
personalized medicine.

In closing, we pose the question, “if patients needs to eat
everyday anyway, why not turn a gustatory pleasure into an
experimental one as well?”
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Mounting evidence demonstrates a close relationship between sleep disturbance and

mood disorders, including major depression disorder (MDD) and bipolar disorder (BD).

According to the classical two-process model of sleep regulation, circadian rhythms

driven by the light–dark cycle, and sleep homeostasis modulated by the sleep–wake

cycle are disrupted in mood disorders. However, the exact mechanism of interaction

between sleep and mood disorders remains unclear. Recent discovery of the glymphatic

system and its dynamic fluctuation with sleep provide a plausible explanation. The

diurnal variation of the glymphatic circulation is dependent on the astrocytic activity

and polarization of water channel protein aquaporin-4 (AQP4). Both animal and human

studies have reported suppressed glymphatic transport, abnormal astrocytes, and

depolarized AQP4 in mood disorders. In this study, the “glymphatic dysfunction”

hypothesis which suggests that the dysfunctional glymphatic pathway serves as a bridge

between sleep disturbance and mood disorders is proposed.

Keywords: glymphatic system, depression, sleep, bipolar disorder, astrocyte, aquaporin-4

INTRODUCTION

Mood disorders are a group of complex debilitating psychiatric diseases identified by symptoms
centered on markedly disrupted emotions, including major depressive disorder (MDD) and
bipolar disorder (BD) (1). Due to their high prevalence, the risk for recurrence and suicide, they
remain a serious health concern worldwide (2, 3). However, the exact neurobiological mechanisms
underlying mood disorders remain unclear, resulting in unsatisfactory treatment (2, 3).

Sleep disturbance is a common concomitant and prodromal symptom of mood disorders (1, 4,
5). Specifically, both the two processes of sleep regulation—circadian oscillator and sleep pressure—
are disrupted in mood disorders (4, 6). On one hand, circadian rhythms are approximately 24-h
patterns in physiology and behavior, which are regulated bymolecular clocks in the suprachiasmatic
nuclei (SCN) of the hypothalamus (7). Mounting evidence suggests that there are abnormalities
of the clock genes in mood disorders, such as single nucleotide polymorphisms (SNPs) (8–13),
gene expression (14, 15), and gene–gene interactions (8). Excitingly, antidepressants including
fluoxetine (16–18), ketamine (19, 20), and agomelatine (21) can reset the circadian clock along
with the amelioration of mood symptoms. On the other hand, sleep pressure fluctuates with the
sleep–wake cycle (6). Whereas, disturbance of the sleep–wake cycle has often been reported in
mood disorders (22–24). Disturbed sleep architecture, especially decreased percentage of stage 3
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non-rapid eye movement sleep (NREM III), represents decreased
homeostatic drive for sleep (6). Actually, NREM III serves
as a deep and recovery sleep, playing a vital role in the
operation of the glymphatic system, and clearance of metabolic
wastes (25, 26).

The glymphatic system is considered as an effective waste-
removal system in the brain, which facilitates the exchange
between the cerebrospinal fluid (CSF) and interstitial fluid
(ISF), along with the potentially neurotoxic proteins such
as amyloid-β (Aβ) (27), tau protein (28), and α-synuclein
(29). Therefore, glymphatic impairment caused by sleep
disturbance results in protein aggregation and increased
risk for neurological diseases, such as Alzheimer’s disease
(AD) (30), Parkinson’s disease (PD) (31), stroke (32, 33),
and idiopathic normal cranial pressure hydrocephalus
(iNPH) (34, 35). The water channel protein aquaporin-
4 (AQP-4) is highly expressed on astrocytic endfeet and
exerts significant influence in glymphatic transport (36).
At present, accumulating evidence suggests the presence of
abnormal astrocytes (37–43), depolarized AQP-4 (44–46), and
dysfunctional glymphatic system (47, 48) in mood disorders.
Therefore, we speculated that glymphatic dysfunction serves as
an imperative intermediary factor between sleep disturbance
and mood disorders.

In this study, we integrated available data from both
animal and human studies regarding sleep in mood disorders
and highlighted the core role of the glymphatic system.
Furthermore, we discussed the glymphatic system dysfunction
in mood disorders and identified the potential therapeutic
opportunities for mood disorders based on sleep regulation and
the glymphatic pathway.

SLEEP DISTURBANCE AND MOOD
DISORDERS

The Model of Sleep Regulation
The classical two-process model of sleep regulation was first
proposed by Borbély, and it consists of the process controlled
by the circadian oscillator (Process C) and the homeostatic drive
for the sleep–wake cycle (Process S). The two processes closely

Abbreviations: MDD, major depression disorder; BD, bipolar disorder; AQP4,
aquaporin-4; SCN, suprachiasmatic nuclei; SNP, single nucleotide polymorphisms;
NREM III, stage 3 non-rapid eye movement sleep; CSF, cerebrospinal fluid; ISF,
interstitial fluid; Aβ, amyloid-β; AD, Alzheimer’s disease; PD, Parkinson’s
disease; iNPH, idiopathic normal cranial pressure hydrocephalus; EEG,
electroencephalogram; DLMO, dim light melatonin onset; MDR, multifactor-
dimensionality reduction; REM, rapid eye movement sleep; MT, melatonin; SSRI,
selective serotonin reuptake inhibitor; LHb, lateral habenula; ROS, reactive oxygen
species; CNS, central nervous system; PET, positron emission tomography; RBD,
REM sleep behavior disorder; DTI, diffusion tensor imaging; ALPS, analysis
along the perivascular space; CUMS, chronic unpredictable mild stress; PUFA,
polyunsaturated fatty acid; GFAP, glial fibrillary acidic protein; TMS, transcranial
magnetic stimulation; BA, Brodmann area; ADC uh, the apparent diffusion
coefficient from ultra-high b-values; eDWI, enhanced diffusion-weighted imaging;
SCP, superior cerebellar peduncles; PVS, perivascular space; ALDH1L1, aldehyde
dehydrogenase 1 family member L1; qPCR, quantitative polymerase chain
reaction.

interact with each other but are also relatively independent (6)
(Figure 1).

Circadian rhythms (Process C) are approximately 24-h
rhythms in physiology and behavior, which are primarily driven
by a hierarchy of cellular pacemakers located in the SCN (7).
The most common measurements of the circadian rhythm
are core body temperature and endogenous melatonin, other
than the chronotype or morningness-eveningness (49). In fact,
circadian rhythms are generated by a molecular clock in a
network of positive and negative feedback loops. At the core
of SCN timekeeping, the heterodimeric transcription factors
CLOCK/BMAL1 translated from CLOCK and Brain and muscle
ARNT-like 1 (BMAL1) genes, activate the Period (PER1–3) and
Cryptochrome (CRY1–2) genes and initiate the circadian cycle.
In turn, the dimer complex protein PER/CRY inhibit the activity
of the CLOCK/BMAL1 proteins (50), exerting dominant effect
in the negative feedback. As a critical complementary loop, the
BMAL1 transcription is activated by the retinoic acid-related
orphan receptor (ROR) protein at night, and repressed by the
nuclear receptors REV-ERB α/β (encoded by NR1D1/2 genes)
at daytime (51), respectively. In addition, other clock genes
also participate in the regulation of circadian rhythms. The
neuronal PAS domain protein 2 (NPAS2) functions similarly
to CLOCK, while albumin gene D-site binding protein (DBP)
acts cooperatively with CLOCK/BMAL1 (52, 53). The casein
kinase I isoform δ/ε (CSNK1D/E) regulates levels of PER by
phosphorylation-mediated degradation, and thus inhibits the
activity of CLOCK/BMAL1 (54). The basic helix-loop-helix family
40/41 (BHLHE40/41, also known as DEC1/2) suppresses PER
gene transcription via competing with CLOCK-BMAL1 for e-box
element binding (55). The TIMELESS gene is also conceived
required for circadian rhythmicity, however, the exact role in
human clockwork is still unclear (56). These circadian genes
expression rise and fall in rhythm, contributing to the regulation
of 24-h physical and behavioral cycles (15).

Process S, also referred to as the sleep pressure gradually
accumulates during wakefulness and declines during sleep (6).
Especially, as deep sleep (NREM III) dominates in the early
phases of sleep and dwindles with decreasing sleep pressure in
the late phases. Conversely, sleep deficit such as sleep deprivation
results in a longer and deeper NREM III to achieve recovery
(57), implying greater sleep pressure. Therefore, NREM III
sleep is considered as a representation of sleep pressure (6).
Sleep electroencephalogram (EEG) and actigraphy are effective
assessments of sleep pressure to detect sleep architecture.

According to the two-process model, proper alignment of
Process C and S is essential for recovery sleep. Otherwise,
the daytime sleep fails to fulfill the homeostatic sleep
drive, manifesting as lighter and lacking of recovery sleep
(NREM III) (58). Moreover, the daytime sleep decreases sleep
pressure, causing a negative influence on the more effective
nighttime sleep.

Sleep Disturbance in Mood Disorders
Disturbed Circadian Rhythms in Mood Disorders
Disruptions of the circadian rhythms are common in people
exposed to jet-lag, social jet-lag, shift-work, as well as light
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FIGURE 1 | Diagram illustrating the two-process model of sleep regulation. (A) In normal circumstances, sleep regulation depends on the interaction between

process C and process S. Specifically, process C represents the circadian rhythm driven by light–dark cycles, and circadian genes deliver circadian information via

transcriptional–translational feedback loops and control physical and behavioral states. Process S means sleep pressure influenced by sleep–wake cycles, and

include sleep architecture and daytime wakefulness. (B) In mood disorders, circadian rhythms (process C) are misaligned with light–dark cycles due to events such as

jet-lag, social jet-lag, shift-work, light pollution, and so on; while sleep pressure (process S) is remarkably decreased due to longer sleep onset latency, a higher

percentage of REM sleep, daytime sleepiness, or reduced need for sleep.

pollution (light exposure at night) (59), and may lead to
mood alterations (60, 61). Recently, a large population cross-
sectional study (n = 91,105) using a wrist-worn accelerometer
reported that lower relative amplitude of the circadian rhythm
is associated with the lifetime prevalence of both MDD and
BD (4). Individuals with circadian misalignment have higher
depressive scores (62, 63). Moreover, a strong correlation
between depressive symptoms and advances in dim light
melatonin onset (DLMO) has been reported following an
adjunctive multimodal chronobiological intervention organically
combining psychoeducation, behavioral manipulation, and
agomelatine intake (64). Bipolar disorder patients show
delayed and decreased melatonin secretion during depressive
and euthymic episodes (24, 65), with impaired psychosocial
functioning and worse quality of life (24). In addition, manic and

mixed episodes present with sustained phase advances, as well
as a lower degree of rhythmicity corresponding to the severity
of manic symptoms (66, 67). Apart from the daily (solar) cycle
mentioned above, the lunar tidal cycles seem to entrain the
mood cycles. In patients with rapid cycling BD, the periodicities
in mood cycles have been observed to be synchronous with
multiples of bi-weekly lunar tidal cycles (68).

The relationship between circadian rhythms and mood
disorders is further supported by emerging genomic studies. In
depressive cases, genetic association analyses have found SNPs
in PER2 (10870), BMAL1 (rs2290035), NPAS2 (S471L), CRY2
(rs10838524), BHLHB2 (rs6442925), CLOCK (rs12504300),
CSNK1E (rs135745), and TIMELESS (rs4630333 and rs1082214)
(8, 9, 13). Single nucleotide polymorphisms in CSNK1E
(rs135745), TIMELESS rs4630333, CRY2 (rs10838524), PER3
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(rs707467 and rs10462020), RORB (rs1157358, rs7022435,
rs3750420, and rs3903529), REV-ERBA (rs2314339) are strongly
related to BD (8, 10–12, 69). In particular, CLOCK SNP
rs1801260 contribute to the recurrence of mood episodes,
while CRY2 SNP rs10838524 is significantly associated to rapid
cycling BD (10, 70). Moreover, the arrhythmic expression of
circadian genes including BMAL1, PER1–3, REV-ERBA,DBP, and
BHLHE40/41, has been observed in postmortem brain tissues of
MDD patients (15). Reduced amplitude of rhythmic expression
for BMAL1, REV-ERBα, and DBP has been reported in fibroblast
cultures of 12 BD patients (14). Recently, Park et al. have
explored gene–gene interactions of clock genes using the non-
parametric model-free multifactor-dimensionality reduction
(MDR) method, and revealed optimal SNP combination models
for predicting mood disorders (8). Specifically, the four-locus
model differs between MDD (TIMELESS rs4630333, CSNK1E
rs135745, BHLHB2 rs2137947, CSNK1E rs2075984) and BD
(TIMELESS rs4630333, CSNK1E rs135745, PER3 rs228669,
CLOCK rs12649507), supporting the clinical observation of
different circadian characteristics in two disorders.

The Unbalanced Homeostatic Drive of Sleep in Mood

Disorders
The sleep–wake cycle is significantly affected by mood disorders.
Firstly, a disturbed sleep–wake cycle is one of the most common
diagnostic criteria for mood disorders. Individuals suffering from
manic or hypomanic episodes often show a reduced demand
for the sleep, while depressive patients experience insomnia
or hypersomnia (1). Delayed sleep–wake phase and evening
chronotype is common in patients with mood disorders (24,
71, 72), and strongly associated with the severity of mood
symptoms (73). Sleep deficits predict a poor prognosis with a
higher risk of suicide (74). Furthermore, both polysomnography
and self-reported studies have revealed longer sleep onset
latency, a higher percentage of rapid eye movement (REM)
sleep, more fragmentation of the sleep/wake rhythm, and
daytime dysfunction in patients with mood disorders during the
remission state relative to healthy controls (22, 75, 76). More
importantly, sleep disturbance often serves as a prodrome of
manic or depressive episodes. Several retrospective studies have
revealed that sleep disturbance is the most robust early symptom
of manic episodes and the sixth most common prodromal
symptom of manic episodes (5, 23). Recently, a 10-year
prospective study among adolescents and young adults reported
that the sleep problem is a risk factor for the development of
BD (77). Sleep abnormalities have also been highly related to
subsequent depression (23, 78, 79). Moreover, sleep deprivation
is reported to trigger manic-like behavior in animal models
(80). Thus, some researchers speculate that a disturbed sleep–
wake cycle is probably a causal factor triggering mood episodes.
However, because of ethical reasons, sleep generally cannot be
manipulated in human research and this weakens the causal
evidence between the sleep–wake rhythm and mood disorders.

Chronotherapeutic Treatments in Mood Disorders
In response to the vital roles that Process C and S play in the onset
and course of mood disorders, chronotherapeutic interventions

have been successfully used. Sleep deprivation combined with
bright light therapy has been implicated in improving depressive
symptoms (72, 81–83), while virtual darkness therapy via blue-
light-blocking increases the regularity of sleep and a rapid decline
in manic symptoms (84). These treatments exert great influence
on mood recovery by resetting the circadian clock. Also, the
hormonemelatonin (MT) secreted by the pineal gland acts on the
circadian clock via MT1 receptors (85, 86), while the MT agonist
agomelatine shows important properties for phase shifts of the
clock and anti-depressive effects (21). Additionally, agomelatine
functions as an antagonist for 5-HT2c receptors and modulates
the master SCN clock via 5-HT innervations (87, 88). Similarly,
other antidepressants can regulate the expression of the clock
genes and thus affect the circadian rhythms (89). Fluoxetine, a
selective serotonin reuptake inhibitor (SSRI) can shift electrical
rhythms of the SCN and thus affect the behavior rhythm (16–
18). Ketamine results in a rapid increase in glutamate level in the
SCN and directly acts on NMDA receptors of the circadian clock
in the epi-thalamic lateral habenula (LHb) (19, 20), suggesting
that the rapid anti-depressive effects of ketamine might also be
through the resetting of the circadian system (90). However, the
mood stabilizer lithium is considered a clock-modifying drug in
that it delays the sleep–wake cycle in healthy human and increase
the length of the circadian period in non-human primates (91,
92). At the molecular level, lithium treatment can not only
regulate the rhythm period via increasing PER2 mRNA levels,
but also significantly augment the oscillation amplitude PER2
and CRY1 protein rhythms via inhibiting the phosphorylation
of glycogen synthase kinase 3β (GSK3B) (93, 94). Furthermore,
the lithium efficacy is influenced by two GSK3B SNPs (rs334558
and rs3755557) (95). Considering all the above evidence, more
pharmacological manipulations targeting the circadian rhythm
and sleep drive are increasingly becoming plausible in the
treatment of mood disorders.

Taken together, there seems to be a clear link between
sleep disturbance and mood disorders, even though the
underlying mechanisms remain unclear. The discovery of the
glymphatic system provides researchers with insights into sleep-
related diseases.

SLEEP AND THE GLYMPHATIC SYSTEM

Overview of the Glymphatic System
The lymphatic system accounts for the clearance of ISF and it
is also critical to both hydrostatic and homeostatic maintenance
(96). With regard to lymphatic system in central nervous system
(CNS), it consists of two interacting system, the glymphatic
(glia-lymphatic) system and the meningeal lymphatic vessels
(97). The glymphatic system is responsible for exchanging
between CSF and ISF, and clearing solutes and metabolites
from the brain parenchyma through a unique system of
perivascular tunnels. More specifically, CSF produced by the
choroid plexus and capillary influx is pumped deep into the brain
parenchyma via arterial pulsation (36, 98). In the perivascular
space (PVS), CSF exchanges with ISF, accompanied by clearance
of soluble metabolic waste like Aβ (36). Indeed, large and
eccentric PVS provides considerably less hydraulic resistance
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to CSF-ISF flow compared to concentric annular tunnel (99,
100). During the clearance of solutes, convection coexists with
diffusion in the glymphatic system (101–103). It is argued
that in the brain interstitium, small molecule transport is
best explained by diffusion while convection becomes more
predominant with increasing molecular size (104). However, the
exact contributions of the two processes are highly dynamic
and remain controversial, with one of the reasons being that
the glymphatic influx and efflux are influenced by arousal
state, pulse, respiration, body position, and more (98, 103, 105,
106). Moreover, CSF–ISF and solutes drain from the CNS via
meningeal and cervical lymphatic vessels, as well as the cranial
and spinal nerve roots (107, 108). Therefore, interference of the
lymphatic system, such as ultraviolet photoablation of meningeal
lymphatic vessels and ligation of cervical lymphatics, accounts for
the stagnation of glymphatic flow and aggregation of metabolic
wastes like Aβ (109, 110).

More importantly, the glymphatic system is supported by
the water channel AQP4 which is primarily expressed by the
astrocytic endfeet (36). Animals lacking AQP4 exhibit slower
CSF influx and less interstitial solute clearance (70% reduction)
(36, 111, 112). Deletion of the AQP4 in APP/PS1 transgenic
mice results in increased interstitial Aβ plaque accumulation,
cerebral amyloid angiopathy, as well as loss of synaptic protein
and brain-derived neurotrophic factor in the hippocampus and
cortex (113). However, it should be noted that the role of AQP4 in
glymphatic clearance function are debated (103, 106). Smith et al.
have found that AQP4 gene deletion mice exhibited a similar Aβ

distribution as wildtypemice, suggesting thatAQP4 gene deletion
did not impair clearance of Aβ (114).

Sleep-Dependent Glymphatic Cycling
Emerging evidence reveals that the function of the glymphatic
system fluctuates daily along with the sleep–wake cycle. A
two-photon imaging study reported a 60% increase in the
interstitial space and two-fold faster clearance of Aβ in natural
sleep or anesthesia mice compared with awake mice (27). A
coherent pattern of slow-wave activity and CSF influx has been
observed during NREM sleep in humans, supporting the exciting
possibility of sleep-regulated glymphatic function (25). However,
recent evidence using contrast-enhanced MRI has revealed that
the glymphatic system is controlled by the circadian rhythm
rather than by the sleep–wake cycle (115, 116). The parenchymal
redistribution of contrast agent is lowest during the light phase
and highest during the dark phase in fully awake rats, regardless
of normal or reversed light–dark cycles (115). The diurnal
variation of glymphatic cycling persists even under constant
light or anesthesia, suggesting the hypothesis that endogenous
circadian oscillations determine glymphatic function (116). The
discrepancy may be related to the extreme differences in the
circadian rhythm between humans and rodents (117). Rodents
are nocturnal animals with opposite circadian phase, and they
are also poly-phasic sleepers with relatively low sleep drive (118).
Presently, the exact contributions of the light–dark cycle, sleep–
wake cycle, and other physiological rhythms remain unknown
(116). Further studies are warranted to confirm the circadian
control of the glymphatic system in humans.

Surprisingly, the deletion of AQP4 effectively eliminates
the circadian rhythm in glymphatic fluid transport (116). A
recent genomic study reports that AQP4-haplotype influences
sleep homeostasis in NREM sleep and response to prolonged
wakefulness (119), providing supporting evidence for the sleep-
dependent glymphatic pathway. The high polarization of AQP4
in astrocytic endfeet is under the control of the circadian rhythm,
and thus, modulates bulk fluid movement, CSF–ISF exchange,
and solutes clearance (116). Conversely, there is also evidence
that astrocytes repress SCN neurons and regulate circadian
timekeeping via glutamate signaling (120). Thus, astrocytes and
AQP4 present a checkpoint for the functional glymphatic system
during deep sleep.

Considerable evidence suggests a causal relationship between
sleep and regulation of the glymphatic flow, thus modulating
protein clearance. Sleep disturbance (including shorter total
sleep time, sleep fragmentation, and lack of NREM III) causes
suppressed glymphatic function and a decline in the clearance
of metabolic waste, hence contributing to the development and
progression of various neurological diseases including AD (30),
PD (31), stroke (32, 33), and iNPH (34, 35).

Taken together, the glymphatic function is considered as a
brain fluid transport with astrocyte-regulated mechanisms, while
glymphatic dysfunction is intimately associated with neurological
diseases, especially neurodegenerative diseases with cognitive
decline (30, 31).

GLYMPHATIC DYSFUNCTION IN MOOD
DISORDERS

Abnormalities of Glymphatic Flow,
Astrocytes, and AQP4 in Depression
Individuals suffering from depressive episodes always show
diverse cognitive decline (1), including attention, memory,
response inhibition, decision speed, and so on. Depression has
been considered as a prodrome of dementia (121), with increased
Aβ deposition reported in an (18) F-florbetapir positron emission
tomography (PET) imaging study (122). These observations
raise the exciting possibility that wide-spread disruption of the
glymphatic system exists in depression. Recent animal studies
using chronic unpredictable mild stress (CUMS) model have
provided supporting evidence for the glymphatic dysfunction
in depression (47, 48) (Table 1). In the CUMS model, animals
were exposed to the various stressors randomly for several
weeks and injected with fluorescence tracers from cisterna
magna to estimate the glymphatic function (47, 48). The
CSF tracer penetration in the brain of CUMS-treated mice
was significantly decreased, and recovered to the control level
after fluoxetine administration or polyunsaturated fatty acid
(PUFA) supplementation (47, 48). In parallel with the impaired
glymphatic circulation, the increased deposition of Aβ has been
observed (47, 48). Amyloid-β accumulation along the blood
vessels, in turn, could impair glymphatic function by reducing
PVS and increasing hydraulic resistance, and thus result in a
more severe parenchymal build-up of Aβ and neuronal death
(134). Another plausible explanation of PVS closure induced
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by CUMS is the alteration of arterial pulsation and compliance
that triggered by neuroinflammation and restored by daily PUFA
supplementation (48) (Table 1).

During the neuroinflammatory response, reactive
astrocytosis, and AQP4 depolarization have been widely
reported in depression (48). Abundant evidence indicated
astrocytic abnormalities in patients with depression (Table 2).
Golgi-staining of postmortem tissues from depressed suicide
cases has revealed reactive astrocytosis within the cingulate
cortex (37). Additionally, glial fibrillary acidic protein
(GFAP), one of the astrocyte-specific biomarkers, is reduced
in depression-associated brain regions including the prefrontal
cortex, cingulate cortex (38, 39), hippocampus (40), amygdala
(41), locus coeruleus (44), cerebellum (146), thalamus, and
caudate nuclei (42). A lower density of S100β-immunopositive
astrocytes has been reported in the bilateral hippocampus
and locus coeruleus of depressive patients compared to that
of healthy controls (44, 135). Downregulated expression of
AQP4 has been found in postmortem locus coeruleus and
hippocampus in MDD patients (44, 136). More importantly,
the reduction in astrocyte density is passed on to offsprings of
depressive females via an epigenetic mechanism (123) (Table 1).
Nevertheless, there are several contradictory results (Table 2).
The density of astrocytes has been observed unchanged in
the cingulate cortex and hippocampus of MDD patients
(142, 144). A postmortem study using quantitative polymerase
chain reaction (qPCR) have observed upregulated expression
of GFAP and aldehyde dehydrogenase 1 family member L1
(ALDH1L1) in the basal ganglia of MDD patients (145).
Another postmortem study using microarray analysis and
qPCR has found upregulated expression of AQP4 in the
prefrontal cortex of MDD patients. Obviously, the variety of
studied methods involving Glogi-staining, Nissl-staining, qPCR,
western blotting, and immunohistochemistry, contributes to
the discrepancies.

However, emerging animal studies provide powerful evidence
implying the pathological alterations of astrocytes and AQP4
in depression. Decreased astrocytes and downregulated AQP4
expression have been reported in various animal models
of depression (47, 48, 123, 124, 130) (Table 1), supporting
dysfunctional glymphatic transport in depression. Effective
antidepressant therapy, such as fluoxetine (47, 124, 125),
escitalopram (48), mirtazapine (126), ketamine (127, 128), and
repetitive high-frequency transcranial magnetic stimulation
(TMS) (129) could benefit the functioning of both astrocytes
and AQP4, and hence alleviate depressive-like behaviors.
Additionally, the synergistic agents of antidepressant—
lithium—can attenuate the reduction of AQP4 and disruption
of the neurovascular unit in the hippocampus of CUMS
rats (130), resulting in a functioning glymphatic system.
These therapeutic effects can be suppressed by AQP4
knockout. More specifically, AQP4 deficiency abolishes
fluoxetine treatment-induced hippocampal neurogenesis
and behavioral improvement in depressive mice (133).
Recent studies indicate that the therapeutic option for
depression is via the restoration of astrocytes function,
AQP4, and glymphatic system (131, 132), which provide further

supporting evidence for the critical role of glymphatic flow
in depression.

Abnormalities of Astrocytes and AQP4 in
Bipolar Disorders
To date, the role of the glymphatic function in BD has not been
widely studied. However, astrocytic dysfunction has undoubtedly
been implicated in the development of BD (43). Different from
MDD, pictures from human postmortem studies in BD appear
to be highly heterogeneous (Table 2). The density of GFAP-
positive astrocytes is reported to be significantly increased in
Brodmann area (BA) 9 (137) and reduced in BA10 (138), BA24
(38), BA11, and BA 47 (139), while the level of S100β has
been reported to be increased in BA40 and reduced in BA9
(140). Other studies on human postmortem tissues from BD
exhibit an unchanged density of astrocytes in the frontal cortex
(141), cingulate cortex (142), amygdala (41, 143), hippocampus
(144), entorhinal cortex (143), basal ganglia (145), dorsal raphe
nucleus, and cerebellum (146). The considerable discrepancy is
on account of various confounding factors, including phenotype
(depressive episode, manic episode, or remission state) (150),
cause of death (depressive suicide or physical diseases) (141,
144), comorbidity (150, 151), the methodology used (137,
144), and the brain regions studied (139, 140). Therefore,
additional studies regarding diverse phenotypes of BD are
essential to investigate state-related abnormalities of astrocytes
(152). In patients with bipolar depression, a reduction in S100β-
immunopositive astrocytes has been observe, but with no change
in GFAP-immunopositive astrocytes (135, 147). As for manic
states, in vivo studies have revealed increased serum levels of
S100β, suggesting astrocytic activation (148).

Upregulated expression of AQP4 in the prefrontal cortex
has been revealed in BD (149). Evaluation of the qualitative
alterations of astrocytes (especially AQP4 function) is far much
valuable than quantitative alterations. The apparent diffusion
coefficient from ultra-high b-values (ADC uh), a parameter
of enhanced diffusion-weighted imaging (eDWI), can reflect
the function of AQP4 (45). In individuals suffering from
bipolar depression, increased ADC uh values in bilateral
superior cerebellar peduncles (SCP) and cerebellar hemisphere
is positively associated with depressive scores, implying that a
positive correlation exists between the upregulated expression of
AQP4 and severity of depression (46). A plausible explanation is
that increased and depolarized AQP4 impair water homeostasis
and glymphatic transport in BD (149). Lithium is a classical
mood-stabilizer, and its effect of regulating AQP4 function is
discussed above (130). Additionally, other mood-stabilizers such
as valproic acid, topiramate, and lamotrigine have been shown to
inhibit AQP4 (153), and hence regulate directed glymphatic flow.

Even though direct evidence for glymphatic impairment in
mood disorders is lacking, astrocytes and AQP4 abnormalities
provide support to the hypothesis that glymphatic dysfunction
functions as a bridge between sleep disturbance and mood
disorders. Additionally, treatments for mood improvement,
including medicines, light therapy, sleep invention, and TMS can
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TABLE 1 | Glymphatic flow, astrocytes, and AQP4 in animal studies.

References Studied cohort Method Main findings

Xia et al. (47) CUMS model mice Injection of tracers,

immunohistochemistry

Impaired glymphatic circulation and increased accumulation

of Aβ42, which can be reversed by fluoxetine treatment.

Downregulated AQP4 expression in cortex and

hippocampus, which can be reversed by

fluoxetine treatment.

Liu et al. (48) CUMS model mice Injection of tracers,

immunohistochemistry

Impaired glymphatic circulation and cerebrovascular

reactivity, which can be reversed by PUFA supplementation.

Decreased Aβ40 clearance, which can be reversed by PUFA

supplementation and escitalopram treatment.

Decreased astrocytes and AQP4 expression, which can be

reversed by PUFA supplementation and

escitalopram treatment.

Gong et al. (123) CMS model mice Immunohistochemistry Decreased hippocampal astrocyte is passed on to offsprings

via an epigenetic mechanism.

Czéh et al. (124) Chronic

psychosocial

stress mice

Immunohistochemistry Fluoxetine treatment prevented the stress-induced numerical

decrease of astrocytes.

Kinoshita et al.

(125)

VNUT-knockout

mice

Immunohistochemistry,

qPCR

Fluoxetine increased ATP exocytosis and BDNF

in astrocytes.

Hisaoka-

Nakashima et al.

(126)

Rat primary

astrocytes, C6

astroglia cells

qPCR, ELISA, western

blotting

Mirtazapine treatment increased mRNA expression of GDNF

and BDNF in astrocytes.

Wang et al. (127) Mice Western blotting Ketamine promotes the activation of astrocyte.

Lasič et al. (128) Rat primary

astrocytes

Structured illumination

microscopy and image

analysis

Ketamine induced cholesterol redistribution in the

plasmalemma of astrocytes.

Xue et al. (129) CUS model rats Immunohistochemistry,

qPCR

Repetitive TMS at 5Hz increased the expression of DAGLα

and CB1R in hippocampal astrocytes and neurons.

Taler et al. (130) CUMS model rats Immunohistochemistry,

western blotting,

ELISA

Lithium can attenuate the reduction of AQP4 and disruption

of the neurovascular unit in hippocampus.

Wang et al. (131) LPS-induced

depression model

mice

Immunohistochemistry,

qPCR

Inhibition of activated astrocytes ameliorates LPS-induced

depressive-like behavior.

Portal et al. (132) Cx43 KD male

mice

Immunohistochemistry,

western blotting

Inactivation of astroglial connexin 43 potentiated the

antidepressant-like effects of fluoxetine.

Kong et al. (133) CMS model mice Immunohistochemistry,

western blotting

AQP4 knockout disrupted fluoxetine-induced enhancement

of hippocampal neurogenesis, as well as

behavioral improvement.

Aβ, amyloid-β; AQP4, aquaporin-4; ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; CB1R, cannabinoid type 1 receptor; CMS, chronic mild stress; CUMS,

chronic unpredictable mild stress; CUS, chronic unpredictable stress; Cx43 KD, connexin 43 knock-down; DAGLα, diacylglycerol lipase alpha; ELISA, enzyme-linked immunosorbent

assays; GDNF, glial cell line-derived neurotrophic factor; GFAP, glial fibrillary acidic protein; LPS, lipopolysaccharide; mRNA, messenger RNA; PUFA, polyunsaturated fatty acid; qPCR,

quantitative polymerase chain reaction; TMS, transcranial magnetic stimulation; VNUT, vesicular nucleotide transporter.

regulate the function of astrocytes and AQP4. Therefore, AQP4-
dependent glymphatic system may serve as a new therapeutic
target in mood disorders.

CONCLUSION AND OUTLOOK

Mood symptoms often occur with the onset of sleep disturbance
and ameliorate with improved sleep disturbance. Moreover,
early-life sleep problems due to jet-lag, social jet-lag, shift-work,
or light pollution can significantly increase the lifetime risk of
mood disorders (60). In addition, sleep deprivation can directly
trigger mania-like symptoms (80). Based on considerable

evidence, a causal relationship between sleep disturbance
and mood disorders is hypothesized (154). Therefore, how
does disrupted sleep affect the development and phenotype
of mood disorders? An intriguing possibility has emerged
that glymphatic dysfunction serves as a bridge between sleep
disturbance and mood disorders. Adequate sleep, especially
deep sleep (NREM III), is a key factor in the functioning
of the glymphatic system which accounts for the clearance
of metabolic wastes. The effects of sleep on the glymphatic
system are mainly dependent on the dynamic alterations of
astrocytic function and AQP4 distribution (113, 119, 155).
Significantly, suppressed glymphatic circulation, astrocytic
abnormalities, and AQP4 depolarization are consistently
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TABLE 2 | Astrocytes and AQP4 in patients with mood disorder.

References Studied cohort Tested sample Method Main findings

Torres-Platas et al.

(37)

10 Depressed

suicides, 10HC

Postmortem tissue Golgi-staining Reactive astrocytosis within the cingulate cortex of

depressive patients.

Torres-Platas et al.

(42)

22 Depressed

suicides, 22HC

Postmortem tissue Immunohistochemistry,

qPCR

Downregulation of GFAP mRNA and protein in the

mediodorsal thalamus and caudate nucleus of

depressed suicides.

Webster et al. (38) 15MDD, 15BD,

15HC

Postmortem tissue In situ

hybridization

Decreased level of GFAP mRNA in the cingulate cortex of

BD patients.

Decreased level of GFAP mRNA in the cingulate cortex of

MDD patients (not significantly).

Gittins et al. (39) 5MDD, 2BD, 9HC Postmortem tissue Immunohistochemistry Decreased GFAP protein in the anterior cingulate cortex of

patients with mood disorders.

Cobb et al. (40) 17MDD, 17HC Postmortem tissue Immunohistochemistry Decreased GFAP-positive astrocytes in the left

hippocampus of depressive patients.

Altshuler et al. (41) 11MDD, 10BD,

14HC

Postmortem tissue Immunohistochemistry Decreased GFAP-positive astrocytes in the amygdala of

depressive patients.

Unchanged GFAP-positive astrocytes in the amygdala of

BD patients.

Bernard et al. (44) 12MDD, 6BD,

9HC

Postmortem tissue In situ

hybridization

Downregulated expression of GFAP, S100B and AQP4 in

locus coeruleus of MDD patients.

Gos et al. (135) 9MDD, 6BD,

13HC

Postmortem tissue Immunohistochemistry Decreased S100β-immunopositive astrocytes in the

bilateral hippocampus of depressive patients.

Medina et al. (136) 13MDD, 10HC Postmortem tissue Microarray

analysis, qPCR

Downregulated AQP4 mRNA expression in hippocampus of

MDD patients.

Feresten AH et al.

(137)

34BD, 35HC Postmortem tissue Western blotting Increased GFAP expression of in BA9 of BD patients.

Unchanged levels of vimentin and ALDH1L1 in BA9 of

BD patients.

Johnston-Wilson

et al. (138)

19MDD, 23BD,

23HC

Postmortem tissue Western blotting Decreased GFAP-positive astrocytes in BA10 of

BD patients.

Toro et al. (139) 15MDD, 15BD,

15HC

Postmortem tissue Immunohistochemistry Decreased GFAP-positive astrocytes in BA11/47 of

BD patients.

Dean et al. (140) 8BD, 20HC Postmortem tissue Western blotting,

qPCR

Increased S100β in BA40 of BD patients.

Decreased S100β in BA9 of BD patients.

Hercher et al. (141) 20BD, 20HC Postmortem tissue Immunohistochemistry Unchanged density of astrocytes in the frontal cortex of

BD patients.

Williams et al.

(142)

20MDD, 16BD,

20HC

Postmortem tissue Immunohistochemistry Unchanged density of astrocytes in the cingulate cortex of

patients with mood disorder.

Pantazopoulos

et al. (143)

11BD, 15HC Postmortem tissue Immunohistochemistry Unchanged density of astrocytes in the amygdala and

entorhinal cortex of BD patients.

Malchow et al.

(144)

8MDD, 8BD,

10HC

Postmortem tissue Nissl-staining Unchanged density of astrocytes in the hippocampus of

patients with mood disorder.

Barley et al. (145) 14MDD, 14BD,

15HC

Postmortem tissue qPCR Upregulated expression of GFAP and ALDH1L1 the basal

ganglia of MDD patients.

Upregulated expression of GFAP and ALDH1L1 the basal

ganglia of BD patients (not significantly).

Fatemi et al. (146) 15MDD, 15BD,

15HC

Postmortem tissue Western blotting Decreased GFAP in the cerebellum of patients with

mood disorders.

Steiner et al. (147) 9MDD, 5BD,

10HC

Postmortem tissue Immunohistochemistry No change in GFPA-immunopositive astrocytes of patients

with mood disorder.

da Rosa et al.

(148)

52 manic BD,

52HC

Serum meta-analysis Increased S100β levels in serum of patients with

manic episodes.

Zhao et al. (46) 50BD II, 43HC eDWI ADCuh Increased ADCuh values in bilateral SCP and cerebellar

hemisphere, which positively associated with

depressive scores.

Iwamoto et al.

(149)

11MDD, 11BD,

15HC

Postmortem tissue Microarray

analysis, qPCR

Upregulated expression of AQP4 in the prefrontal cortex of

patients with mood disorders.

AQP4, aquaporin-4; ADCuh, apparent diffusion coefficient from ultra-high b-values; ALDH1L1, aldehyde dehydrogenase 1L1; BA, Brodmann area; BD, bipolar disorder; eDWI,

enhanced diffusion-weighted imaging; GFAP, glial fibrillary acidic protein; HC, health control; mRNA, messenger RNA; qPCR, quantitative polymerase chain reaction; SCP, superior

cerebellar peduncles.
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reported in mood disorders, providing support for the
posited hypothesis.

However, several limitations exist in this study. First, much
of the existing evidence on the glymphatic system has been
conducted in rodents and only a few in humans. Although
sleep is an evolutionarily conserved physiological behavior,
the reversed circadian rhythms and polyphasic sleep which
reduces sleep pressure in rodents make it less representative.
Most of the current human studies use invasive methods such
as intrathecal injection of contrast agents, while the ADCuh
value obtained from the emerging eDWI fails to identify
the distribution of AQP4. Therefore, non-invasive methods to
explore the glymphatic system in humans are necessary for
future studies. Secondly, there is a lack of evidence of known
metabolic wastes that fail to be cleared by the glymphatic
system and trigger or exacerbate mood symptoms, such as
Aβ in AD and α-synuclein in PD. Exploring the excessive
metabolic wastes in mood disorders is warranted, and can
provide promising biomarkers for indicating the occurrence and
severity of mood disorders.
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The anesthetic drug ketamine has been successfully repurposed as an antidepressant

in human subjects. This represents a breakthrough for clinical psychopharmacology,

because unlike monoaminergic antidepressants, ketamine has rapid onset, including in

Major Depressive Disorder (MDD) that is resistant to conventional pharmacotherapy. This

rapid therapeutic onset suggests a unique mechanism of action, which continues to be

investigated in reverse translational studies in rodents. A large fraction of rodent and

human studies of ketamine have focused on the effects of only a single administration

of ketamine, which presents a problem because MDD is typically a persistent illness

that may require ongoing treatment with this drug to prevent relapse. Here we review

behavioral studies in rodents that used repeated dosing of ketamine in the forced swim

test (FST), with an eye toward eventual mechanistic studies. A subset of these studies

carried out additional experiments with only a single injection of ketamine for comparison,

and several studies used chronic psychosocial stress, where stress is a known causative

factor in some cases of MDD. We find that repeated ketamine can in some cases

paradoxically produce increases in immobility in the FST, especially at high doses such as

50 or 100mg/kg. Several studies however provide evidence that repeated dosing is more

effective than a single dose at decreasing immobility, including behavioral effects that last

longer. Collectively, this growing literature suggests that repeated dosing of ketamine

has prominent depression-related effects in rodents, and further investigation may help

optimize the use of this drug in humans experiencing MDD.

Keywords: chronic ketamine, forced swim test, major depression, literature search, sex differences, strain

differences, sustained effects, subchronic

INTRODUCTION

In the last two decades, the anesthetic drug (R,S)-ketamine (this racemic mixture is
referred to as “ketamine” hereafter) has been successfully repurposed as an antidepressant in
humans suffering from Major Depressive Disorder (MDD) (1–4). This has been a significant
advance in clinical psychopharmacology because, unlike commonly used monoaminergic
antidepressants such as selective serotonin reuptake inhibitors (SSRIs), ketamine has rapidly
acting antidepressant properties, including in treatment resistant MDD (2, 4, 5). Monoaminergic
antidepressants are also not therapeutically effective in all individuals, and can have
significant side effects, creating demand for novel agents such as ketamine (6). The initial
repurposing of ketamine was based on a foundation of rodent behavioral studies largely
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conducted in the 1990’s, using a variety of compounds that,
like ketamine, block glutamatergic NMDA receptors (7–11),
although the detailed molecular mechanisms of ketamine (a non-
competitive NMDA receptor antagonist) began being elucidated
later (8, 12). Thus, a combination of preclinical and clinical
studies, a large number of which continue to be carried out, has
established that use of ketamine is an important pharmacological
option for clinicians in the treatment of MDD.

Rodent neuroscience models offer an excellent opportunity to
elucidate the neural network mechanisms of new or repurposed
medications such as ketamine. This in turn would enable us
to understand limbic circuitry itself in new ways. Many studies
have focused on this and an ongoing debate, particularly in
the rodent preclinical literature, concerns the precise molecular
and circuit-basedmechanisms through which ketamine produces
its favorable effects (13–16). This ongoing debate includes
investigating the efficacy of the R enantiomer of ketamine in a
rat learned helplessness model (15), and also potentially dose-
dependent sex differences in response to ketamine (16). It is
not clear at this time whether the molecular or circuit-based
mechanisms of single dose ketamine differ just in magnitude or
instead qualitatively from those of repeated administration, but
qualitative differences are possible (17).

To date most rodent studies have used only single doses
of ketamine, whereas in clinical settings repeated dosing is
increasingly used to treat MDD (18–20). These rodent studies
typically administer a single, systemic injection of ketamine,
and then monitor behavior in the acute period afterward, or
24 h or more later (14). It is important to measure behavior
beyond the acute time window, such as at the 24 h point,
since ketamine has acute dissociative-like properties that can
result in hyperlocomotion (21, 22) and be confounded with
immobility-related behavior in the FST. For these reasons, when
studying any drug in the FST it is important to also measure
locomotor activity in an assay such as the open field test, to
gauge whether changes observed in the FST are confounded
with generalized hyperactivity (or hypoactivity). The topic of
dosing frequency of ketamine is of particular importance, since in
clinical settings multiple doses are often given over the course of
weeks to months in individuals withMDD (18–20, 23) to prevent
relapse (19, 20). While understanding the effects of repeated
dosing of ketamine is important clinically, this topic is only
beginning to be addressed preclinically in rodent settings where
neural mechanisms can be deciphered. We can then ask, why
does ketamine initially produce favorable effects? And why do
these favorable effects then typically fade? These questions can
only be answered if we have effective and reliable behavioral
models in rodents to allow us to subsequently delve deeper into
neural mechanisms.

In this brief review, we investigate the behavioral effects of
repeated dosing of ketamine in rodents, focusing on the widely
used behavioral assay of antidepressant compounds, the forced
swim test (FST) (24, 25). We focus on the FST since at this time
there are only a limited number of studies on the behavioral
effects of repeated dose ketamine and those using the FST are
the most numerous. That said, this appears to be a growing
literature, which we summarize below. Importantly, some of

these studies use chronic psychosocial stress, such as chronic
unpredictable stress (CUS) [also known as unpredictable chronic
mild stress (UCMS)], to determine how this affects treatment
with ketamine. This is crucial since chronic stress often triggers
MDD (26, 27) and stress models in rodents are one of our
primary means for studying mood-related brain circuits (28).
The single injection ketamine literature in the FST provides
conflicting evidence as to whether prior chronic stress exposure
modulates the behavioral response to this drug, with some studies
showing stress-sensitivity (28, 29) and a number of others not
(16, 30). This topic remains to be adequately addressed in future
studies that use repeated ketamine administration.

We should point out that in recent years, the FST has
been increasingly criticized as not being a direct measure of
depression-related behavior (31). For example, it has been
suggested that immobility in the FST represents a passive
coping strategy that is a behavioral adaptation to an inescapable
acute stressor, rather than modeling depression-like behavior
(32–34), or represents an extinction-like response (35). In
this scenario, the FST may be more of a screening test for
putative antidepressant compounds in response to an acute
stressor, although questions remain regarding the utility of the
FST for predicting response to non-monoaminergic, fast-acting
glutamatergic agents (33, 35). For all of these reasons, future
rodent studies aimed at investigating the putative antidepressant
properties of ketamine (or other drugs) should consider
including a battery of other behavioral tests [sucrose preference,
novelty suppressed feeding, splash; as well as open field (to
test generalized hyperactivity)] in addition to the FST. Repeated
ketamine administration is only beginning to be investigated in
these other tests (36–38).

LITERATURE SEARCH DETAILS

As recently as July 6, 2020, we conducted a literature
search of PubMed using the following terms: ketamine +

repeated/twice/subchronic/chronic + “forced swim”/“forced
swimming.” We identified 24 relevant studies that used repeated
administration of ketamine to mice or rats. These FST data
are summarized in Table 1, and comprise immobility as a
behavioral readout. In the studies described in Table 1, ketamine
was injected from 2 to 30 times (and in one study was orally
administered), over a period of up to 7 weeks, at a dose
that varied from 0.1 to 100 mg/kg. The time delay between
the final administration of ketamine and when the FST was
conducted varied greatly, from 30min to 2 months, which
should be considered when interpreting acute versus sustained
effects of this drug. A subset of these publications also used a
single injection of ketamine for comparison with the multiple
injections, and these data were also included in Table 1. During
some of the experiments, chronic unpredictable stress (CUS) or
unpredictable chronic mild stress (UCMS) was used, prior to the
FST. The table consists of mice and rats of both sexes and various
strains, ranging in age from adolescents to adults. The studies
primarily used racemic (R,S)-ketamine, although one study (42)
as noted in the table only used the (S)-ketamine enantiomer.
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TABLE 1 | Summary of repeated dosing of (R,S)-ketamine in the rodent forced swim test (FST).

Publication Species Strain Sex Age at start Dose

(mg/kg)

# of repeats Time delay Stressor Immobility

Thelen et al. (39) Mice C57 M 8–12 wk 3 Once daily for 21 days 24 h Unstr No Ch

C57 M 8–12 wk 5 Once daily for 21 days 24 h Unstr No Ch

C57 M 8–12 wk 10 Once daily for 21 days 24 h Unstr Decr

C57 F 8–12 wk 3 Once daily for 21 days 24 h Unstr No Ch

C57 F 8–12 wk 5 Once daily for 21 days 24 h Unstr No Ch

C57 F 8–12 wk 10 Once daily for 21 days 24 h Unstr Incr

Clarke et al. (40) Mice CD-1 M 8–10 wk 10 Single injection 1 h Unstr Decr

CD-1 M 8–10 wk 10 Single injection 2, 5, or 8 days Unstr No Ch

CD-1 M 8–10 wk 10 3 repeats over 2 weeks 2 days Unstr Decr

CD-1 M 8–10 wk 10 3 repeats over 2 weeks 8 days Unstr Decr

Krimmel et al.

(41)

Mice CD-1 M 7 wk 10 Single injection 1 h Unstr Decr

CD-1 M 7 wk 10 Single injection 24 h Unstr Decr

CD-1 F 7 wk 10 Single injection 1 h Unstr Decr

CD-1 F 7 wk 10 Single injection 24 h Unstr No Ch

CD-1 M 7 wk 10 Every 2nd week for 4

weeks

1 h Unstr Decr

CD-1 M 7 wk 10 Every 2nd week for 4

weeks

24 h Unstr Decr

CD-1 F 7 wk 10 Every 2nd week for 4

weeks

1 h Unstr Decr

CD-1 F 7 wk 10 Every 2nd week for 4

weeks

24 h Unstr No Ch

CD-1 M 7 wk 10 Every 2nd week for 3

weeks

1 h Unstr Decr

CD-1 M 7 wk 10 Every 2nd week for 3

weeks

24 h Unstr Decr

CD-1 F 7 wk 10 Every 2nd week for 3

weeks

1 h Unstr No Ch

CD-1 F 7 wk 10 Every 2nd week for 3

weeks

24 h Unstr No Ch

Neves et al. (42) Mice CF-1 M Adult 30 (S-ket) Single injection 24 h Unstr No Ch

CF-1 M Adult 30 (S-ket) Once daily for 14 days 2 days Unstr Decr

CF-1 M Adult 30 (S-ket) Once daily for 14 days 4 days Unstr No Ch

CF-1 M Adult 30 (S-ket) Once daily for 14 days 8 days Unstr No Ch

CF-1 M Adult 30 (S-ket) Once daily for 14 days 15 days Unstr No Ch

CF-1 M Adult 30 (S-ket) Once daily for 14 days 22 days Unstr No Ch

CF-1 M Adult 30 (S-ket) Once daily for 5 days 24 h Unstr No Ch

Kara et al. (43) Mice ICR Mix 10–12 wk 5 Single injection 30min Unstr No Ch

ICR Mix 10–12 wk 10 Single injection 30min Unstr Decr

ICR Mix 10–12 wk 5 Once daily for 3 weeks 30min Unstr No Ch

ICR Mix 10–12 wk 10 Once daily for 3 weeks 30min Unstr No Ch

Suárez-Santiago

et al. (38)

Mice NIH M 2 months 10 Once daily for 5 days 20min Unstr Incr

Chatterjee et al.

(44)

Mice Swiss M Not stated 100 Single injection 24 h Unstr No Ch

Swiss M Not stated 100 Once daily for 10 days 30min Unstr Incr

Swiss M Not stated 100 Once daily for 10 days 5 days Unstr Incr

Swiss M Not stated 100 Once daily for 10 days 10 days Unstr Incr

Popik et al. (45) Mice Swiss M Not stated 1.25 Single injection 30min, 2 weeks Unstr No Ch

Swiss M Not stated 2.5 Single injection 30min, 2 weeks Unstr No Ch

Swiss M Not stated 5 Single injection 30min, 2 weeks Unstr No Ch

(Continued)
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TABLE 1 | Continued

Publication Species Strain Sex Age at start Dose

(mg/kg)

# of repeats Time delay Stressor Immobility

Swiss M Not stated 10 Single injection 30min, 2 weeks Unstr No Ch

Swiss M Not stated 50 Single injection 30min, 2 weeks Unstr Decr

Singh et al. (46) Mice Swiss M Adult 100 Once daily for 10 days 24 h Unstr Incr

Hou et al. (47) Mice Sw-K M Not stated 25 Single injection 24 h Unstr No Ch

Sw-K M Not stated 50 Single injection 24 h Unstr No Ch

Sw-K M Not Stated 100 Single injection 24 h Unstr No Ch

Sw-K M Not stated 25 Once daily for 7 days 24 h Unstr No Ch

Sw-K M Not stated 50 Once daily for 7 days 24 h Unstr No Ch

Sw-K M Not stated 100 Once daily for 7 days 24 h Unstr Incr

Owolabi et al.

(48)

Mice Albino Mix Adult 3 Single injection 5min Unstr Decr

Albino Mix Adult 15 Single injection 5min Unstr Decr

Albino Mix Adult 15 Once daily for 21 days 24 h Unstr Incr

Zhang et al. (49) Rat S-D M 7 wk 10 Once daily for 3 days 15–17 h UCMS Decr

S-D M 7 wk 10 Once daily for 7 days 15–17 h UCMS Decr

S-D M 7 wk 10 Once every 3 days for

21 days

15–17 h UCMS Decr

S-D M 7 wk 10 Once every 7 days for

21 days

15–17 h UCMS Decr

Jiang et al. (50) Rat S-D M 35–49 days 10 Once daily for 14 days 1 week CUS No Ch

S-D M 35–49 days 10 Once daily for 14 days 7 weeks CUS Decr

Li et al. (51) Rat S-D M 28 days old 20 Once daily for 21 days 24 h Unstr No Ch

S-D M 28 days old 30 Once daily for 21 days 24 h Unstr No Ch

Parise et al. (36) Rat S-D M 35–49 days 20 Single injection 1 h CUS Decr

S-D M 75–89 days 20 Twice daily for 15 days 2 months CUS Decr

S-D M 35–49 days 20 Twice daily for 15 days 2 months CUS Decr

S-D M 35–49 days 5 Twice in a day 24 h Unstr No Ch

S-D M 35–49 days 10 Twice in a day 24 h Unstr Decr

S-D M 35–49 days 20 Twice in a day 24 h Unstr Decr

Getachew and

Tizabi (52)

Rat Wist M 8–10 wk 2.5 + alc Once daily for 7 days 18 h Unstr Decr

Garcia et al. (53) Rat Wist M 60 days 5 Once daily for 14 days 1 h Unstr Decr

Wist M 60 days 10 Once daily for 14 days 1 h Unstr Decr

Wist M 60 days 15 Once daily for 14 days 1 h Unstr Decr

Chindo et al. (54) Rat Wist Mix Adult 30 Single injection 24 h Unstr No Ch

Wist Mix Adult 1 Once daily for 10 days 24 h, then

weekly

Unstr No Ch

Wist Mix Adult 10 Once daily for 10 days 24 h, then

weekly

Unstr No Ch

Wist Mix Adult 30 Once daily for 10 days 24 h, then

weekly

Unstr Incr

Wist Mix Adult 50 Once daily for 10 days 24 h, then

weekly

Unstr Incr

De Cartágenes

et al. (55)

Rat Wist F 35 days 10 Once daily for 3 days 3 h Unstr Incr

Réus et al. (56) Rat Wist M 3 months 30 Once daily for 14 days 1 h Unstr Decr

Ecevitoglu et al.

(57)

Rat Wist M Adult Up to

0.2/day

16 days in drinking

water

24 h then 48 h Unstr No Ch

Wist M Adult Up to

0.4/day

16 days in drinking

water

24 h then 48 h Unstr Decr

Popik et al. (45) Rat Wist M Not Stated 160 Single injection 6 days, 7 days Unstr No Ch

(Continued)
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TABLE 1 | Continued

Publication Species Strain Sex Age at start Dose

(mg/kg)

# of repeats Time delay Stressor Immobility

Wist M Not Stated 50 Once daily for 2 days 40min Unstr Decr

Wist M Not Stated 50 Twice daily for 2 weeks 40min Unstr Decr

Aricioglu et al.

(58)

Rat Wist M 8–10 wk 10 Single injection 12 h UCMS No Ch

Wist M 8–10 wk 10 Once daily for 3 weeks 12 h UCMS Decr

Tizabi et al. (59) Rat Wist F Adult 0.5 Single injection 30min Unstr No Ch

Wist F Adult 2.5 Single injection 30min Unstr No Ch

Wist F Adult 5 Single injection 30min Unstr No Ch

WKY F Adult 0.5 Single injection 30min Unstr No Ch

WKY F Adult 2.5 Single injection 30min Unstr Decr

WKY F Adult 5 Single injection 30min Unstr Decr

Wist F Adult 0.5 Once daily for 10 days 20–22 h Unstr No Ch

Wist F Adult 2.5 Once daily for 10 days 20–22 h Unstr No Ch

Wist F Adult 5 Once daily for 10 days 20–22 h Unstr No Ch

WKY F Adult 0.5 Once daily for 10 days 20–22 h Unstr No Ch

WKY F Adult 2.5 Once daily for 10 days 20–22 h Unstr Decr

WKY F Adult 5 Once daily for 10 days 20–22 h Unstr Decr

WKY F Adult 2.5 Once daily for 10 days 1 week Unstr Decr

WKY F Adult 2.5 Once daily for 10 days 2 weeks Unstr No Ch

Akinfiresoye and

Tizabi (60)

Rat WKY M Adult 0.25 Once daily for 11 days 20min Unstr No Ch

WKY M Adult 0.5 Once daily for 11 days 20min Unstr Decr

This table comprises the 24 mice and rat studies from our literature search that used repeated administration of ketamine in the FST. The “Immobility” column in table indicates whether
ketamine decreased or increased this measure relative to vehicle-injected animals subjected to the same stress condition (i.e., stressed or unstressed), in a statistically significant manner
where p < 0.05. The “Time Delay” column represents the amount of time between the last (or only) administration of ketamine and when the FST was carried out. All experiments that
used a single injection are marked in yellow, and those that used chronic stress are marked in red. Experiments that showed a statistically significant decrease in immobility are marked
in green, whereas those with a significant increase are marked in blue. C57, C57BL/6J; Sw-K, Swiss-Kunming; S-D, Sprague-Dawley; Wist, Wistar; M, male; F, female; Mix, males and
females; wk, weeks; S-ket, (S)-ketamine; alc, alcohol; Unstr, unstressed; Decr, decreased; Incr, increased; No Ch, no change; UCMS, unpredictable chronic mild stress; CUS, chronic
unpredictable stress.

SUMMARY OF LITERATURE

While the literature on repeated ketamine administration in
the FST is somewhat limited at this time, we summarize these
findings inTable 1. This table may already yield several principles
or themes. One principle is that when the effects of ketamine
are acutely measured in the FST (within an hour of final
administration), whether after only a single injection or multiple
injections, this drug tends to decrease immobility [for example:
(41, 53)]. However, as noted above, this time window comprises
the acutely intoxicating or dissociative-like effects of ketamine,
and one remarkable aspect of this drug is its capacity to affect
brain and behavior for hours or days after it has been largely
systemically eliminated in vivo (in about 4 h). Therefore, we focus
on the time period in the FST beginning 24 h or later after the last
drug administration (14). While a number of the studies listed
in Table 1 investigated acute effects of ketamine, many examined
longer time delays after drug injection.

Inspection of Table 1 also reveals that not many studies of
repeated ketamine have used chronic stress, even though as
described earlier chronic stress or trauma is an etiological factor
in human MDD (26, 27). While we identified only four studies
(all carried out in rats) that used chronic stress in Table 1, in

each of the experiments carried out there was a decrease in
immobility, after either a single injection or multiple injections,
that was statistically significant in most cases and lasted up
to 2 months for repeated injections (36, 49, 50, 58). These
daily unpredictable stress procedures varied in length from 15
(36) to 42 days (50, 58), and used either one (58) or two
(36, 49, 50) stressors per day, such as cage tilting or placing
wet bedding in the cage. These behavioral findings after chronic
stress was administered are consistent with experiments from
our laboratory that used C57BL/6J mice, and found that chronic
stress was either necessary for (28) or amplified (29) the increases
in swimming or decreases in immobility produced by a single
injection of ketamine. Future studies should further investigate
how repeated ketamine modulates the behavioral and neural
effects of chronic stress.

In comparing mice with rats in Table 1: while studies often
used different parameters such as varied dosing and none of
the mouse studies used chronic stress, we can conclude that
repeated ketamine is capable of producing either decreases or
increases in immobility in the FST in both species, under various
experimental conditions, with higher doses such 50 or 100 mg/kg
favoring immobility. Regarding different strains of mice or rats:
the three studies that used CD-1 and CF-1 mice only found
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decreases in immobility (40–42), whereas studies of other albino
mouse strains and C57BL/6J mice showed either increases or
decreases in immobility depending on the study parameters and
strain used (39, 44–48). Likewise, Sprague-Dawley or WKY rats
were only observed to have decreases in immobility (36, 49–
51, 59, 60). One of these studies directly compared female
Wistar and WKY rats, and found that the latter strain was more
responsive to the immobility decreasing effects of this drug (59).
As mentioned above, Neves et al. (42) was the only study in
Table 1 that used the enantiomer, (S)-ketamine. It is noteworthy
that this study showed an advantage of repeated over single dose
ketamine at 30 mg/kg administered daily for 2 weeks, although
the favorable effect of repeated drug did not persist beyond 2
days (42).

These preliminary observations on species and strain should
be tested in further studies in a controlled manner. It is not
clear whether these differences in the FST reflect differential
response to ketamine or qualitatively different engagement by
the strains with the FST itself. For example, in one strain, higher
mobility may indicate more motivation or exploratory drive, but
in another it may indicate depressive-like behavior that resembles
psychomotor agitation—-which are on opposing ends of the
typical spectrum of neuropsychiatric health states. Some of our
own recent data suggest that male C57BL/6J mice, for example,
differ in FST behavior from other common inbred and outbred
strains, perhaps showing greater sensitivity to the immobility
enhancing effects of one injection of 10 mg/kg ketamine in
unstressed animals (14).We have also recently demonstrated that
female C57BL/6J mice can be more sensitive than males to the
favorable effects of a single dose of 30 mg/kg ketamine in the FST,
an effect that is amplified by prior exposure to chronic stress (29).
Finally, there is growing evidence that, in addition to factors such
as animal strain, sex, and age, the sex of the experimenter may
play a prominent role in the outcomes of behavioral experiments
such as the FST (61, 62). These factors need to be considered in
future studies that investigate repeated dosing of ketamine and
other drugs.

Most of the experiments in Table 1 used male rather than
female mice and rats. Inspection of the table reveals that both
male and female mice and rats are capable of exhibiting either
increases or decreases in immobility in response to repeated
ketamine under different experimental conditions. For example,
in females repeated doses as low as 10 mg/kg can produce
increases in immobility (39, 55). There appears to be only a
limited literature directly comparing males and females after
repeated dosing of ketamine in the FST, although studies such
as Thelen et al. (39) and Krimmel et al. (41) suggest that
female mice may be less sensitive than males to the immobility
decreasing effects of repeated ketamine. Several studies in the
single injection ketamine literature suggest that female mice or
rats show decreased immobility after lower doses (such as 10
mg/kg or less), but the duration of action may be longer in males,
although our recent study may be an exception to this latter point
(29, 63–65).

Is there an optimal dose for repeated ketamine that emerges
from these studies? High doses, such as 50 or 100 mg/kg, can be
associated with increases in immobility in Table 1 both acutely

and up to 10 days later (44, 46, 54), although 50 mg/kg is still
a subanesthetic dose. While we have previously suggested (14)
that the field has converged on using 10 mg/kg as a standard
dose in single injection rodent FST experiments (16), our own
data have suggested that 30 mg/kg is more effective at reducing
immobility in male C57BL/6J mice (28). A repeated dose as low
as 10 mg/kg in Table 1 has actually been associated with increases
in immobility in mice (38, 39, 55). The field has not converged
on a single repeated dose found to be generally efficacious in all
labs and contradictory results are frequent. This will encumber
efforts to consistently study these phenomena. The variety of
results may stem from strain differences (including between
inbred versions of the same strain from different vendors or
laboratories), handling differences (both by laboratory staff and
animal housing staff), environmental differences, or differences
in the testing and quantification itself. These problems are not
new to behavioral pharmacology, but ketamine research has not
avoided them.

Lastly and perhaps most importantly, are multiple
administrations of ketamine more effective in the FST than
a single administration of this drug, based on the limited data
set described in Table 1? As stated above, chronic treatment with
ketamine can increase immobility in some studies, especially
at moderate to high doses (30–100 mg/kg). Whether repeated
use of lower doses is more effective at reducing immobility
than a single administration of that same dose or a different
one, seems to be unclear at this time. Some studies that used
both single and repeated injections show an advantage for
chronic dosing over a single dose (40, 42, 58), whereas others
show the opposite pattern (47, 54) or no clear advantage
for either dosing regimen (41). The Chindo et al. (54) and
Hou et al. (47) studies found immobility increasing effects
of repeated ketamine at relatively high doses of this drug
(30–100 mg/kg), which may suggest that repeated dosing can
be more favorable than a single dose if a sufficiently low dose
(such as 10 mg/kg or lower) is used repeatedly, or perhaps
if there is a longer interval between administrations. Beyond
there being some degree of difference in dose used in these
above five studies, it is difficult to draw further conclusions
from them on the efficacy of repeated dosing due to different
experimental parameters used, such as (S)-ketamine (42) or
chronic stress (58). In general, the scarcity of studies reviewed
here that have used repeated ketamine in the FST precludes
definitive conclusions on the potential interactions between
variables such as strain, sex, stress, and dose. To better compare
a single dose with repeated dosing, future studies should
keep all other experimental variables the same, including the
time lag between the last (or only) dose of ketamine and the
start of the FST or other behavioral tests [sucrose preference,
novelty suppressed feeding, splash; as well as open field (to test
generalized hyperactivity)]. It should be noted that in a recent
study using rats selectively bred for depressive-like behavior,
repeated ketamine (10 mg/kg/day for 7 consecutive days) did
not produce favorable brain network topological effects relative
to vehicle or a single ketamine injection, calling into question
the general approach of using repeated ketamine in this animal
model (17).
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A related topic is whether the immobility decreasing effects of
repeated ketamine last longer than a single dose. For example,
studies such as Clarke et al. (40) and Neves et al. (42), which
directly compare in mice a single injection vs. multiple injections
at the same dose, suggest that the immobility decreasing effects
of repeated ketamine may last longer than those of one injection.
Another point is that repeated dosing regimens are capable of
producing a decrease in immobility when ketamine is given at
different fixed intervals, including less frequently than once a day
(40, 41, 49), exactly once a day (39, 42, 49, 50, 52, 53, 58–60), or
twice a day (36). In Sprague-Dawley rats weekly administration
of ketamine, for 5 weeks at 20 or 50 mg/kg, has previously
been shown to induce locomotor sensitization (66). All of the
experiments in Table 1 that repeatedly administered ketamine
used a fixed interval. It would also be informative to study this
drug when given at a variable interval. One possibility is that
a variable interval may be less likely to produce mood cycling
or therapeutic habituation, since drug administration would not
occur at a fixed, repeating interval.

Future reverse translational studies of ketamine in rodents
may benefit from investigating dosing regimens, such as three
times a week for 2 weeks and related protocols, that have
been used effectively in human MDD studies (1, 19, 67, 68).
Another consideration in future rodent studies, as well as clinical
trials, would be to test whether monoaminergic antidepressants
can amplify or further sustain the antidepressant properties
of ketamine (69), including the combination of esketamine
with SSRIs or SNRIs in rodents or treatment resistant human
subjects (70). Likewise, if treatment with a monoaminergic
antidepressant is initiated but only results in a weak response
for a given individual, perhaps ketamine can then be added
to amplify the response. It has already been demonstrated in
MDD that repeated intranasal esketamine plus a conventional
antidepressant can bemore effective than an antidepressant alone
(71). Several studies in the rodent literature also suggest that
SSRIs modulate the behavioral effects of ketamine. For example,
chronically administered citalopram can hasten and sustain the
anti-immobility effect of repeated ketamine (10mg/kg once every
7 days for 3 weeks) (49), although another study that gave daily
ketamine for 2 weeks at a higher dose (30 mg/kg/day) found no
effect of a single dose of fluoxetine (72). A study that reported
an increase in immobility with 30 mg/kg/day ketamine for 5
days showed that a single dose of paroxetine could attenuate this
effect (54). One or two injections of sertraline can also counteract
hyperlocomotion induced by 10 consecutive days of 15 mg/kg
ketamine (73). Combining repeated ketamine with conventional
monoaminergic antidepressants is a promising line of inquiry
that should be investigated further.

Another approach has been suggested for prolonging the
antidepressant properties of a single administration of ketamine:
using (R)-ketamine instead of the racemic mixture of this drug
or (S)-ketamine. A number of rodent studies that used a variety
of depression-related tests including the FST, have suggested that
a single administration of (R)-ketamine has greater therapeutic
potency and more sustained effects than (S)-ketamine (74–76).
These studies also suggest that (R)-ketamine has fewer side
effects, such as dissociative-like properties and hyperlocomotion,

than (S)-ketamine. A body of repeated dosing studies in rodents
also suggests that (R)-ketamine has more favorable effects on:
bone mineral density in ovariectomized mice (77), MPTP-
induced dopaminergic neurotoxicity (78), and phencyclidine-
induced cognitive deficits (79).

CONCLUSIONS

Based on our literature search, we find that administering
ketamine multiple times has prominent effects in the rodent FST.
Perhaps most importantly, several studies that directly compared
single with multiple injections of ketamine found evidence for
greater efficacy at decreasing immobility, that is possibly of longer
duration, with repeated drug administration, especially when
lower doses (10 mg/kg or lower) are used. Further, repeated
injections of this drug are capable of producing both increases in
immobility (especially at higher doses such as 30–100mg/kg) and
decreases, both acutely and in a more sustained fashion. Within
the 1st h after administration, ketamine more reliably reduces
immobility, but this may be confounded with dissociative-related
hyperactivity. In the few studies that used chronic psychosocial
stress, either single or repeated ketamine tended to reduce
immobility. Both mice and rats (including males and females) are
capable of exhibiting either increases or decreases in immobility
after repeated ketamine (depending on experimental parameters
such as dose or administration interval), and there is some
evidence that this could differ by strain. Two studies suggest
that female mice are less sensitive than males to the favorable
effects of this drug in the FST, which is an important topic
with respect to higher rates of MDD in women. Future studies
should further investigate the optimal dosing interval (and dose)
of repeated ketamine treatment in the rodent FST and related
tests. The potential sex differences in response to ketamine have
been particularly understudied at this time, and we are also
only beginning to appreciate whether certain strains such as
C57BL/6J mice are better than others for modeling depression-
related behavior and its response to ketamine (14). These future
studies should be conducted with an eye toward maximizing the
sustained antidepressant effects of this unique pharmacological
agent in the treatment of MDD in human subjects.
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Background: Scopolamine, a non-selective muscarinic acetylcholine receptor

(M1∼5-AChR) antagonist, has rapid and robust antidepressant effects in humans

and other species. However, which of the five M-AChRs mediates these therapeutic

effects has not been fully identified. Several studies implicate M2-AChR as a potential

antidepressant target of scopolamine. This study aimed to explore the role of M2-AChR

in scopolamine’s antidepressant-like effects and determine the underlying mechanisms.

Methods: We used the classic novelty suppressed feeding test (NSFT), open field test

(OFT) and forced swim test (FST) to observe antidepressant-related behaviors of normal

rats, medial prefrontal cortex (mPFC) neuron silenced rats andM2-AChR knockdown rats

treated with scopolamine. In a further experiment, the M2 cholinergic receptor antagonist

methoctramine (MCT) was injected intracerebroventricularly into normal rats. Levels of

mTORC1 and brain-derived neurotrophic factor (BDNF) in the mPFC of animals were

analyzed by Western blotting.

Results: Consistent with previous studies, mPFC was required for the

antidepressant-like effects of scopolamine, and intracerebroventricular injection of

MCT into rats could produce similar antidepressant-like effects. Use of AAV-shRNA

to knock down M2-AChR in the mPFC resulted in the antidepressant-like effects of

scopolamine being blunted. Furthermore, Western blotting demonstrated increased

expression of mTORC1 signaling and BDNF in MCT-treated rats.

Conclusion: Our results indicate that M2-AChR in the mPFC mediates the

antidepressant-like effects of scopolamine by increasing the expression of BDNF and

activating the mTORC1 signaling pathway.

Keywords: scopolamine, muscarinic acetylcholine receptor-2, medial prefrontal cortex, mammalian target of

rapamycin complex 1, brain-derived neurotrophic factor
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INTRODUCTION

Major depressive disorder (MDD) is characterized by anhedonia,
loss of motivation and depressive mood. The prevalence of
MDD in China is about 3.4%, causing an enormous economic
burden on society (1). Drug therapy is the main treatment
for MDD. However, the commonly used antidepressant drugs,
including selective serotonin reuptake inhibitors (SSRIs) and
selective serotonin and norepinephrine reuptake inhibitors
(SNRIs), usually take 4–6 weeks to become effective, reducing
the medication compliance of patients and having detrimental
effects on long-term prognosis (2). Therefore, in recent years
there has been an urgent need to research and develop novel,
faster-acting antidepressants.

Scopolamine is a non-selective muscarinic acetylcholine
receptor (M-AChR) antagonist and has affinity for five M-AChR
subtypes, being most selective for M1- and M2-AChR. As
an M-AChR antagonist, scopolamine has mainly been used
in the treatment of motion sickness, Parkinson’s disease,
and pregnancy-related vomiting (3). In recent years, however,
evidence from clinical trials indicated that scopolamine has
a rapid and robust antidepressant effect in both bipolar and
unipolar depression. Essentially, a single intravenous injection of
low dose (4.0 µg/kg, i.v.) scopolamine can significantly improve
depressive symptoms within 3 days and this effect can last for
approximately 2 weeks, without serious adverse events. The
available clinical evidence shows that it is unlikely to be addictive
(4, 5).

It is known that scopolamine exerts rapid antidepressant
effects by promoting the release of brain-derived neurotrophic
factor (BDNF) and glutamate, activating themammalian target of
rapamycin complex 1 (mTORC1) and enhancing synaptogenesis
in the medial prefrontal cortex (mPFC) (6–8). These effects
are reported to be mediated by blockade of M1-AChR (8, 9).
However, M2-AChR may also be involved in the antidepressant
effects of scopolamine (10, 11). Animal studies have shown that
scopolamine has no antidepressant-like effects in M1- or M2-
AChR knockout mice, but the effects are retained in M3-, M4- or
M5-AChR knockout mice (10). Selective M2-AChR antagonists
canmimic the antidepressant-like effects of scopolamine (10, 11).
Additionally, human studies support the association between
M2-AChR and MDD. For example, a polymorphism of the
M2-AChR encoding gene, CHRM2, is significantly correlated
with development of MDD (12, 13) and MDD patients show
reduced binding activity of M2-AChR, but not M1-, M3-
and M4-AChR, in the dorsolateral prefrontal cortex (14, 15).
Accordingly, we speculate that M2-AChR may be an important
antidepressant target of scopolamine. The present study was
therefore undertaken to confirm its key role and investigate
the underlying mechanisms of M2-AChR in scopolamine’s
antidepressant-like effects.

MATERIALS AND METHODS

Animals
SPF Sprague Dawley (SD) male rats (total 160), aged 7 weeks
and weighing 180–200 g, were pair-housed and maintained

in standard conditions with a 12-h light/dark cycle and
access to food and water ad libitum. They were purchased
from Beijing Vitalriver Experimental Animal Center, laboratory
animal license number: SCXK (Beijing) 2016-0011. Animal
procedures were under the authority of the Animal Ethics
Committee of Capital Medical University (ethical permission
number: AEEI-2018-017).

Drugs and Treatments
Scopolamine (25 µg/kg, Tocris, UK), dissolved in 0.9% saline,
was injected intraperitoneally (i.p.). Muscimol (1.25 µg/2
µl, Abcam, USA) dissolved in 0.9% saline was bilaterally
injected into the mPFC 1 h prior to scopolamine. M2-AChR
antagonist methoctramine (MCT, GlpBio, USA), dissolved
in 0.9% saline (0.5 µg/2 µl, 1 µg/2 µl or 2 µg/2 µl),
was injected intracerebroventricularly (i.c.v.) (8). M3-AChR
antagonist 4-diphenylacetoxy-N-methylpiperidine methiodide
(4-DAMP, 100 pmol, Cayman, USA) was dissolved in 0.9% saline
(1 µg/2 µl) and injected i.c.v (8). Rapamycin (Solarbio, China),
dissolved in dimethyl sulfoxide (0.2 nmol/2 µl), was delivered
i.c.v. 30min prior to MCT injection. Groups of control animals
for the above experiments received equal volumes of vehicle alone
(0.9% saline or dimethyl sulfoxide). The experimental procedures
are illustrated in Figure 1.

Behavioral Tests
Twenty-four hours after administration of scopolamine, MCT
or vehicle, rats were sequentially tested for depression-associated
behaviors using the open field test (OFT) followed by forced swim
test (FST). Animals were then put back into the cage and 48 h
later novelty suppressed feeding tests (NSFT) were conducted.

OFT

This test is used to evaluate autonomous behavior and tension
levels of rats in a novel environment (16). The rats were
individually placed in a coverless plastic square box (100 × 100
× 40 cm). A digital camera covering the entire field was placed
above the box. At the beginning of the test, animals were placed
in the center of the area and allowed to explore freely for 5min.
The total distance covered was recorded and analyzed by video
tracking software (Supermaze, Shanghai XinRuan Information
Technology Co., Ltd, China) to estimate effects of drug treatment
on locomotor activity.

FST

This test is widely used in antidepressant drug research (17).
Animals behave with desperation in this test, which is sensitive
to most antidepressants. The rats were placed individually
into a plexiglass cylinder (barrel height 50 cm, diameter 30 cm,
purchased from Wuhan ProBeCare Scientific Inc., China) filled
with room temperature water (25 ± 1◦C) to a depth of 37 cm, to
ensure that animals could not touch the bottom of the container
with their hind paws or tails. The time to immobility (only the
head of the rat above the water, body floating in the water, limbs
slightly moving but not struggling) was recorded within 5min.
The rats were placed in the same environment for 15min for pre-
swimming 24 h before the formal test. EthoVision XT software
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FIGURE 1 | Schematic diagram of experimental procedures. (A) Plastic guide cannulas were pre-implanted bilaterally into the mPFC. One week after recovery,

muscimol (1.25 µg/2µl) was bilaterally injected through the cannulas 1 h prior to scopolamine administration (i.p.), and behavior tests were conducted 24 h after

scopolamine administration. (B) Drugs (MCT or 4-DAMP) were bilaterally injected into the lateral ventricle through pre-implanted cannulas, and behavior tests were

conducted 24 h later. Then animals were sacrificed, and brains were rapidly removed. (C) Two weeks after mPFC AAV infusion, scopolamine was injected (i.p.).

Twenty-four hours later, OFT and FST were sequentially conducted. After another 48 h, NSFT were conducted. Then animals were sacrificed, and brains were rapidly

removed. (D) Rapamycin (0.2 nmol/2 µl) were bilaterally injected into the lateral ventricle through pre-implanted cannulas 30min prior to MCT administration (i.c.v.).

OFT and FST were sequentially conducted 24 h after MCT administration.

(version 10, Noldus Information Technology Co., Netherland)
was used to analyze the immobility time.

NSFT

This test is used to evaluate the anxiety and depression of animals
in novel environments (18). Rats were food-deprived for 24 h
and placed into a new dimly lit environment (100 × 100 ×

40 cm) with food in the center. A digital camera covering the
entire field was placed above the box and the latency for feeding
(reflecting anxiety-like behavior) in 5min was recorded. After
that, animals were then returned to the home cage immediately
and food consumption within 30min was recorded to eliminate
the influence of appetite.

Adeno-Associated Virus Construction
AAV-CHRM2-shRNA (pAAV-U6-shRNA (Chrm2)-CMV-
EGFP-pA) (2.41E+ 12vg/ml) purchased fromWuhan BrainVTA
Scientific Inc. (Wuhan, China) was injected bilaterally into the
mPFC (1 µl in each side). Its empty vector (pAAV-U6-
BBSI-shRNA-CMV-EGFP-pA, 2.97E + 12vg/ml) was used
as a negative control. The sequence for CHRM2-shRNA
was GCCACCTTCAGACTGTCAACA.

Stereotactic Injection
Rats were anesthetized by 3% sodium pentobarbital solution
(30 mg/kg, i.p.) and fixed in the stereotaxic apparatus. For

intracerebral injection of drugs, plastic guide cannulas were pre-
implanted bilaterally into the infralimbic cortex (IL) of mPFC
(AP = 2.8mm, ML = ±0.6mm, DV = −3.8mm) and bilateral
lateral ventricle (AP = 0.9mm, L = ± 1.5mm, DV = −3.5mm)
(19). One week after recovery, drugs were slowly injected into
the target regions at a speed of 0.2 µl/min via a syringe pump
(LongerPump Co. LTD, China). Viruses (1 µl on each side) were
directly injected bilaterally into the mPFC through a Hamilton
syringe using a syringe pump without pre-implantation of guide
cannulas. The animals were kept for 2 weeks to allow for
virus infection.

Western Blotting
Animals were sacrificed and brains were rapidly removed and
frozen in liquid nitrogen. mPFC was dissected out bilaterally
using a brain mold on ice. Homogenates of the dissected
tissue were lysed using lysis buffer (Beyotime Biotechnology,
China) containing protease inhibitors (Sigma, USA) and
phosphorylase inhibitors (Sigma, USA). Electrophoresis was
performed on 4–15% Mini-PROTEAN TGX precast gels
(Bio-Rad, USA). Primary antibodies used included anti-
BDNF (1:500, Abcam, Cat GR3227037-2, USA), -M2-AChR
(1:500, Abcam, Cat GR50911-14, USA), -mTORC1 (1:500,
Cell Signaling Technology, Cat 2983S, USA), -phospho-
mTORC (1:500, Cell Signaling Technology, Cat 5536S,
USA) and -β-Actin (1:1,000, Santa Cruz, Cat SC47778,
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USA). Secondary antibodies used included HRP anti-rabbit
antibody (1:5,000, Beyotime, China) and HRP anti-mouse
antibody (1:5,000, Beyotime, China). Bands were detected
using a chemiluminescence imaging system (Bio-Rad,
USA). Image J (NIH, USA) software was used to analyze
band densitometry.

Statistical Analysis
Data are presented as the mean ± standard deviation of the
mean (SD). Statistical analysis was conducted using two-
tailed Student’s t-tests (parametric test) and Mann-Whitney
U-test (non-parametric test) for two-group comparisons.
One-way ANOVA or two-way ANOVA was used for three
or four-group comparisons, followed by Tukey’s multiple
comparisons. GraphPad Prism software (version 8.0,
GraphPad, USA) was used and differences were considered
significant at p < 0.05.

RESULTS

The mPFC Is Required for
Antidepressant-Like Effects
of Scopolamine
Previous studies have demonstrated that scopolamine at a dose
of 25 µ/kg (i. p.) has rapid and robust antidepressant-like effects
on rats, (10, 20–22), and mPFC is a target region of these
effects. We replicated these through using a gamma-amino-
butyric acid type A (GABA-A) receptor agonist (muscimol) to
silence neurons in the mPFC. At the same time, saline and
scopolamine were used as two control groups. As shown in
Figure 2A (F = 6.624, p = 0.0053), compared with the saline
control group, immobility time in the FST was significantly
reduced by scopolamine (p= 0.0049), andmuscimol significantly
increased the immobility time of scopolamine treated rats in
the FST (p = 0.0412). But there was no significant difference
in the locomotor activity in the OFT among these three groups
(p > 0.05, Figure 2B).

M2-AChR Mediates the
Antidepressant-Like Effects
of Scopolamine
MCT, a selective M2 cholinergic receptor antagonist, was used
to further explore M2-AChR participation in antidepressant-
like effects of scopolamine. Consistent with our previous study
(23), we found that intracerebroventricular injection of 1 µg
MCT significantly reduced immobility time in the FST (p =

0.0081, t = 3.906, Figure 3A), while 4-DAMP (100 pmol, i.c.v.),
a selective M3-AChR antagonist had no such effect (p > 0.05,
Figure 3C). In addition, neither significantly affected locomotor
activity in the OFT (p> 0.05, Figures 3B,D).

To further investigate the role of M2-AChR in the
antidepressant effects of scopolamine, we injected an AAV
vector expressing CHRM2-shRNA (AAV-CHRM2-shRNA) into
the mPFC bilaterally, which produced an ∼35% reduction in
M2-AChR protein levels in the mPFC (p = 0.0253, t = 3.484,
Figures 4A,B). Compared with empty vector + saline group,
M2-AChR knockdown (KD) induced a significant decrease
of immobility time in the FST (F = 5.261, p = 0.0317,
Figure 4C). However, scopolamine could no longer reduce the
immobility time in M2-AChR KD rats (Figure 4C) and M2-
AChR KD rats showed a similar effect of scopolamine (p =

0.0351, Figure 4C). Similar results were obtained in the NSFT,
scopolamine significantly reduced the latency to feeding in the
empty vector group (F = 7.077, p = 0.0309, Figure 4D), while
M2-AChR KD blocked this effect (Figure 4D). Home cage food
consumptions among the four groups were not statistically
different. There was no statistical difference in total distance
in the OFT among these groups (p > 0.05, Figure 4E). Taken
together, these findings indicate that M2-AChR is required for
the antidepressant-like effects of scopolamine.

mTORC1 Signaling Is Essential for the
Antidepressant Effects of MCT
It has been demonstrated that scopolamine exerts rapid
antidepressant-like effects through activation of the mTORC1
signaling pathway. Here, we observed similar effects of MCT

FIGURE 2 | Results for effects of scopolamine on animal behaviors. (A) compared with saline group, scopolamine significantly reduces immobility time in the FST in

rats, but after silencing of neurons in the mPFC by muscimol, the immobility time of scopolamine is significantly increased compared with scopolamine only. (B) total

distance among the three groups shows no significant difference. n = 10/group; Crtl: control; Scop: scopolamine; Mus: muscimol; *: p < 0.05; **: p < 0.01.
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FIGURE 3 | Effects of MCT and 4-DAMP on animal behavior. (A) using 1 µg/µl MCT to block M2-AChR in the mPFC significantly reduces the immobility time in the

FST. (B) total distance between the two groups is not significantly different. (C) using 4-DAMP to block M3-AChR cannot significantly reduce the immobility time in the

FST. (D) total distance between the two groups is not significantly different. n = 7–9/group; Crtl: control; **: p <0.01.

FIGURE 4 | (A) Expression of M2-AChR in the M2-KD group was significantly reduced. (B) location of frozen section needle path, showing that AAV-CHRM2-shRNA

(pAAV-U6-shRNA (Chrm2)-CMV-EGFP-pA) was injected into the mPFC. (C) immobility time of the M2-KD-saline group and Ctrl-scop group is significantly reduced.

(D) latency of the Ctrl + saline group in NSFT is significantly reduced. (E) total distance between these groups shows no significant difference. n = 7–9/group; Crtl:

control; Scop: scopolamine; *: p < 0.05.
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on mTORC1 signaling in the mPFC (p = 0.0023, t =

5.053, Figures 5A,B). In addition, MCT significantly increased
the expression of BDNF in the mPFC (p = 0.0182, t =

3.218, Figures 5A,C). MCT induced a significant decrease
of immobility time in the FST (F = 5.371, p = 0.0131;
p = 0.0447, Figure 5D). However, after pretreatment with
the mTORC1 inhibitor rapamycin (0.2 nmol/2 µl, i.c.v,), the
antidepressant-like effect of MCT in the FST was completely
inhibited (p = 0.0163, Figure 5D). These results suggest
that the BDNF/mTORC1 signaling pathway is critical to the
antidepressant-like effects of MCT.

DISCUSSION

Both human and animal studies have demonstrated that
scopolamine has rapid and robust antidepressant activities.
However, as a non-selective M-AChR antagonist, scopolamine
acts at all five M-AChRs (M1-M5) with equal potency, and it
has not been fully determined which one of them mediates these
therapeutic effects. In the present study, we found that M2-
AChR in the mPFC is required for the antidepressant-like effects
of scopolamine, and enhancement of the BDNF/mTORC1
signaling pathway may be the downstream mechanism
antagonizing M2-AChR.

Dysfunction of the mPFC has been linked to the cognitive
and emotional deficits in depression (24). Herein, our results
reveal that silencing neurons in the mPFC could abolish

the antidepressant-like effects of scopolamine (Figure 2),
identifying the mPFC as a critical brain region for the
behavioral effects of scopolamine. This is consistent with
the finding by Voleti et al. that scopolamine administration
rapidly increased neuronal activity in the mPFC (20). Also,
ketamine, as a non-competitive glutamate N-methyl-D-aspartate
(NMDA) receptor antagonist, has been shown to rapidly
relieve depression symptoms through enhancement of α-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
(AMPA) receptor signaling in the mPFC (25). Moreover,
both scopolamine and ketamine have been demonstrated
to rapidly stimulate glutamate/GABA-glutamine cycling
in the mPFC, which is critical in initiating rapid-acting
antidepressant activity (25, 26). In addition to the mPFC, the
hippocampus may also be involved in the antidepressant like
effects of scopolamine. Several rodent studies have shown
that scopolamine induces PKA-dependent AMPA receptor
potentiation and increased expression of BDNF and the
neuropeptide VGF in the hippocampus (11, 22). Other brain
regions, such as the lateral habenula, nucleus accumbens
and others, are also reactive to scopolamine administration
(20). Therefore, it is likely that scopolamine acts on emotion-
related circuits composed by multiple brain regions to exert
its antidepressant effects, and this complexity necessitates
further study.

In relation to the specific antidepressant target of
scopolamine, most of the previous studies focus on the

FIGURE 5 | Western blot results from the mPFC and the effect of rapamycin on animal behavior. (A) Western blot images of the control group and MCT group; (B)

MCT significantly increases the ratio of p-mTORC1/mTORC1; (C) MCT significantly increases the expression of BDNF; (D) compared to the control group, MCT

significantly reduces the immobility time in the FST; (E) total distance in the OFT is not significantly different from controls, the MCT group and rapamycin + MCT

group. n = 4/group; Crtl: control; Scop: scopolamine; Rapa: rapamycin; *: p <0.05; ** p <0.01.

Frontiers in Psychiatry | www.frontiersin.org 6 May 2021 | Volume 12 | Article 60198559

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Liu et al. mTORC1-BDNF Mediates M2-AChR Antidepressant Effects

M1-AChR. In the brain, M1-AChR is mainly located in
the hippocampus, striatum medium spiny neurons, cortical
pyramidal neurons, amygdala, and thalamus postsynaptic. It
is expressed in glutamatergic pyramidal neurons and GABA
interneurons with increased excitability and its physiological
functions include learning, memory, inflammatory cytokine
production, etc. (27, 28). A recent study showed that M1-AChR
in mPFC somatostatin-GABA interneurons is antagonized by
scopolamine, leading to disinhibition of pyramidal glutamate
neurons, increased glutamate release and enhanced numbers
and function of synapses. A study of the M1- and M3-AChR
antagonist penehyclidine hydrochloride (PHC) also gave
similar results: PHC could improve depressive-like behaviors
in depression model mice and increased BDNF expression
could be observed in the hippocampus (29). By contrast,
specifically knocking down the M1-AChR of SST-GABA
interneurons weakened the rapid antidepressant-like effect of
scopolamine (9). These results show that M1-AChR is a main
target of scopolamine’s rapid antidepressant-like effects. In our
study, we found that intracerebroventricular injection of MCT
produced similar antidepressant-like effects to scopolamine
in the FST (Figure 3) and knocking down M2-AChR in the
mPFC blocked scopolamine’s antidepressant-like effects in
the FST (Figure 4). This is consistent with the results of a
previous study that M2-AChR knockout (KO) mice had a
blunted response to scopolamine in the FST and the antagonist
SCH226206, which has selectivity for M2-AChR over M1-
AChR, was effective in the FST but the effect was negated
in M2-AChR KO mice (10). M2-AChR is mainly located in
the basal forebrain, thalamus, brainstem, heart and exocrine
glands (27), and scopolamine therapy may have some dry
mouth and cardiovascular-related adverse effects. However,
no trials have been halted due to serious adverse events
(21, 30).

M1-AChR studies have found that scopolamine can stimulate
glutamate transmission or glutamate burst, resulting in a
long-term potentiation–like synaptogenic effect (8). Reports of
the downstream mechanisms of M2-AChR antidepressant-like
effects, however, are rare. Here, we found that MCT activated
mTORC1 signaling and increased BDNF expression in the
mPFC and inhibiting mTORC1 with rapamycin could block
antidepressant-like effects of MCT (Figure 5). The mTORC1
pathway is implicated in activity-dependent synaptic plasticity,
especially in neuronal dendrites and spines (31). Dong et al.
reported that scopolamine blocks M2-AChR, activating the
PKA signaling pathway, which results in mTORC1 pathway
activation and synaptic plasticity enhancement (11). The
rapid antidepressant effect of ketamine also relies on the
rapid activation of mTORC1 signaling, resulting in activation
of synapse-associated proteins, such as extracellular signal–
regulated kinase (ERK), protein kinase B (PKB/Akt) and
phosphorylated 70S6 kinase (p70S6K), increasing in spine
number in the PFC and release of BDNF in the amygdala
(32, 33). Increased expression of mTORC1 related proteins
including phosphorylated ERK 1/2, phosphorylated Akt, p70S6K
and others, is required for synaptic and antidepressant
effects (6). Animal studies have similar conclusions: both

the phosphorylation of mTORC1 and its downstream protein
p70S6K are significantly reduced in depressive model animals
(34). Protein kinase is well-known to be involved in glutamic
synaptic enhancement and synaptic plasticity and patients
with depression have altered AMPA receptor expression,
which is closely related to the pathophysiology of depression
(35). Nonetheless our study has the limitation that its
related mechanisms were not explored. As mentioned above,
scopolamine could stimulate BDNF and VGF release in the
hippocampus and PFC and after using verapamil to block L-type
voltage-dependent calcium channels (L-VDCC), antidepressant-
like behavior and upregulation of BDNF and VGF were
blunted (22). BDNF is an important neurotransmitter involved
in regulation of emotions. BDNF expression in depressive
animal models is decreased (36) and animal work has also
shown that acute administration of ketamine improves BDNF
and mTOR levels in the hippocampus, so the mTORC1-
BDNF signaling pathway is probably the target of the
rapid antidepressant effect (37). Together, these data indicate
that regulating BDNF expression and mTORC1 signaling in
the PFC and hippocampus may be involved in the rapid
antidepressant effects of scopolamine. Further research is
underway and answering these remaining questions will have
a profound impact on the development of novel rapid-
acting antidepressants.

As mentioned, there are limitations in the current study.
First, we did not directly examine whether scopolamine activates
mTORC1 and increases BDNF expression via M2-AChRs in
the mPFC. Secondly, our findings were not validated in animal
models of depression (e.g., the chronic unpredictable stress
model). Lastly, the current study used only male rats, so our
findings may not be generalizable to female rats.

CONCLUSION

Our current data from rats suggest that the antidepressant-
like behaviors of scopolamine may depend on blockade of
M2-AChR and activation of the mTORC1-BDNF signaling
pathway in the mPFC. In addition, our findings indicate
that intracerebroventricular injection of a defined dose of the
M2-AChR antagonist MCT has similar behavioral effects and
responses at a molecular level.
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The microbiota–gut–brain axis plays a critical role in the pathogenesis of major

depressive disorder (MDD) and related subclinical symptoms. However, studies on

the gut microbiota in MDD are inconsistent, and data on MDD’s effects on sleep are

lacking. This study aimed to analyze the gut microbiota composition and sleep quality

of patients with MDD. We performed 16S rRNA sequencing of stool samples from 36

patients with MDD and 45 healthy controls (HC). Sleep quality was assessed using

the Pittsburgh Sleep Quality Index, depressive severity with the Hamilton Depression

Scale, and insomnia severity using the Insomnia Severity Index. Forty-eight microbiota

targets showed significant differences between MDD and HC. In MDD, six microbiota

targets were associated with the severity of depression, 11 with sleep quality, and 3

with sleep severity. At the genus level, Dorea was simultaneously related to depression

and sleep quality, while Intestinibacter was more closely related to sleep problems.

Coprococcus and Intestinibacter were associated with sleep quality independent of the

severity of depression. In conclusion, the present findings enable a better understanding

of the relationship between gut microbiota and MDD-related symptoms. Gut microbiota

alterations may become potential biomarkers and/or treatment targets for sleep quality

in MDD.

Keywords: gut microbiome, major depressive disorder, sleep quality, 16S rRNA sequencing, insomnia

INTRODUCTION

Major depressive disorder (MDD) is a common psychiatric illness influencing∼300 million people
(1), with lifetime prevalence rates of about 10.8% as reported in a survey of 30 countries (2) and
exerting a huge clinical and social burden.

Several hypotheses, including the monoamine hypothesis, the subclinical inflammation
hypothesis (3, 4), and hypothalamic–pituitary axis (HPA) dysregulation, have been proposed
to explain its underlying etiology (5). Another promising hypothesis is gut–brain axis (GBA)
dysfunction (6). The gut microbiota affects both the gastrointestinal system and central nervous
system (CNS) function. Bacteria can produce neurotransmitters such as GABA, dopamine, and
serotonin which affect emotional and sleep states (7). Because of their neuroactive properties and
their effects on other gut–brain signaling pathways, including immune and endocrine systems, the
mainmetabolites produced by intestinal dietary fiber bacterial fermentation, short-chain fatty acids
(SCFAs), are speculated to be directly or indirectly involved in communication along the brain–gut
axis (8, 9).
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Several studies have attempted to prove the association
between the gut microbiota and depression, but with inconsistent
results. For instance, Jiang et al. found that the gut microbiome
diversity in MDD was higher than that in HC, and the
proportion of Bacteroides, Proteus, and Actinomycetes was
significantly higher than in HC (10). Chung et al. found
no significant difference in bacterial abundance and diversity
between the two groups, but found increasing Actinobacteria
and Firmicutes and decreasing Bacteroidetes and Proteobacteria
in MDD. Furthermore, they found that the severity of depression
correlated with bacterial composition (11). Aside from anhedonia
and the enduring depressed mood, sleep disturbance is a
common issue for MDD patients, present during the whole
course of the disease even as a residual symptom. More than
90% of patients with depression have sleep disorders, and a
small number of patients complain of drowsiness (12). Previous
hypothesis considered that sleep and depression were a one-
way causal relationship in which depression leads to sleep
disorders, but new evidence seems to claim a bidirectional
relationship between them. However, at present, no universally
acknowledged theory explains the pathophysiologic mechanism
between depression and sleep. In the past decade, known theories
including the S-deficiency hypothesis (13), HPA dysfunction
hypothesis (14), circadian rhythm (15, 16), rapid eye movement
(REM) phase advance hypothesis (17), and neuroimmune
mechanisms (18) can only partly explain the cause of insomnia
in depression. Therefore, a novel mechanism involving the gut–
brain axis has been proposed (12, 13, 19).

There is considerable evidence indicating that gut microbiome
can regulate sleep and mental states (20). Previous studies have
shown a positive association between sleep quality, the F/B
ratio, a greater relative abundance of Blautia and Ruminococcus
(Firmicutes), and lower proportions of Prevotella, Bacteroidetes,
and TM7-3a (21, 22). Despite the lack of research on this
topic in the context of depression, three cross-sectional studies
analyzing sleep and intestinal microbiota in bipolar disorder and
irritable bowel syndrome found negative correlations between
Faecalibacterium, Lactobacillus, and sleep quality (23, 24) among
bipolar disorder patients, while baseline intestinal and gut
microbiota diversity had a negative correlation with theHamilton
Depression Rating Scale (HAM-D) score in irritable bowel
syndrome (25). Therefore, to fill the evidence gap in MDD, the
current study focused on (1) characterizing the gut microbiota
distributions of participants with MDD and (2) determining
whether gut bacteria differentially correlate with sleep quality.

METHODS AND MATERIALS

Participants
We recruited 36 patients with MDD and 45 healthy controls
from inpatients at Peking University Huilongguan Clinical
Medical School, Beijing Huilongguan Hospital between January
2020 and October 2020. The MDD group inclusion criteria
were as follows: (1) 18–55 years of age, (2) diagnosed with
MDD and a depressive episode of at least moderate severity
according to ICD-10 criteria (F32.1, F32.2, F33.1, F33.2) by
two trained psychiatrists (26), (3) total scores of the 17-item

version HAM-D >17 (26), and (4) drug naive or without
treatment for ≥1 week and without long-acting antipsychotics
>6 months before the study. Healthy controls were recruited
from nearby communities and were screened out with any
history of psychiatric disorders or psychosis among their first-
degree relatives. The candidates of HC were hospital staff,
care workers, and patients’ accompanying family members and
friends with no consanguinity. For all participants in our study,
physical examination results, laboratory test results (blood and
urine analyses), imaging results, and past history were collected
before admission to exclude those with history of persistent
infection, allergy, or inflammatory diseases whether systematic
or local inflammation. Exclusion criteria for both patients and
control groups were as follows: (1) a prior medical history of
central nervous system disease, severe head injury, substance
abuse or dependence, intellectual disability, and other severe
medical records; (2) recent use of antibiotics or probiotic
synbiotics within 30 days of study participation; (3) history
of gastrointestinal surgery or severe congenital abnormalities;
(4) night shift or rotating schedule within the past 3 months;
(5) history of electroconvulsive therapy within the previous 6
months; (6) pregnancy; and (7) comorbidities associated with
other sleep disorders (e.g., sleep apnea).

All candidates were subjected to similar living conditions
during the entire hospitalization period and received the same
hospital diet and followed a similar daily routine.

This study was approved by the Institutional Review Board
of Beijing Huilongguan Hospital (Beijing Huilongguan Ethics
Committee # 2019-43), and all participants provided written
informed consent.

Data Collection
All participants were interviewed on the day of admission.
Patients’ clinical symptoms were assessed by trained psychiatrists
or psychologists using the 17-item HAM-D. The Pittsburgh
Sleep Quality Index (PSQI) was assessed based on self-reported
(subjective) sleep quality, including sleep duration, onset latency,
sleep efficiency, sleep quality, sleep disturbance, sedative-
hypnotic drugs, daily function, and total score over the past
month (27). We used the Insomnia Severity Index (ISI) to
evaluate the subjective perception of insomnia severity (28). As
a seven-item and five-point Likert self-report questionnaire, the
global score can range from 0 to 28 and is classified as follows: not
clinically significant insomnia (0–7), subthreshold insomnia (8–
14), moderate insomnia (15–21), and severe insomnia (22–28).

Fecal samples (≥1 g) collected within 2 days after admission or
after the elution period were placed in a sample tube containing
2ml of RNA stabilization solution (TinyGen, Bio-Tech,
Shanghai, China) and stored at−80◦C until DNA extraction.

Details on the methods for library preparation and
16S gene amplicon sequencing are provided in the
Supplementary Methods. After sequence processing, according
to different similarity levels, all sequences were divided into
operational taxonomic units (OTUs), which were usually
based on biological information statistical analysis at 97%
similarity level.
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Determination of Bacterial Counts
DNA amplification was performed in the V4–V5 regions
of the 16S rRNA gene and barcode sequences were added.
Unique fusion primers were designed based on the general
primers (515F 5′-GTGCCAGCMGCCGCGGTAA-3′, 926R 5′-
CCGTCAATTCMTTTGAGTTT-3′). Sequencing was performed
with Illumina 5′ (Illumina, San Diego, CA, USA) following
the manufacturer’s instructions (29). One unit Phusion DNA
Polymerase (New England Biolabs, USA) was used to complete
the initial PCR reactions. A DNA gel extraction kit (Axygen,
USA) was used to purify the barcodes. PCR products and the
FTC-3000TM real-time PCR (Funglyn, Shanghai) were used for
quantification. Thermal cycling included an initial denaturation
at 94◦C for 2min, followed by 25 cycles of denaturation at 94◦C
for 30 s, annealing at 56◦C for 30 s, elongation at 72◦C for 30 s,
and a final extension at 72◦C for 5min. The PCR products from
different samples were mixed at equal ratios. Eight PCR cycles
were used to incorporate two unique barcodes to either of the
ends of the amplicons. Finally, we used a DNA gel extraction kit
(Axygen, USA) to purify the library and a 2 × 250-bp paired-
end sequencing on the NovaSeq platform using NovaSeq 6000
SP 500 Cycle Reagent Kit (Illumina, USA) at TinyGen Bio-Tech
(Shanghai) Co., Ltd.

Raw pyrosequencing reads were run through Trimmomatic
(version 0.35) (30), and in order to remove low-quality base pairs,
we used the parameters—SLIDINGWINDOW: 50:20, MINLEN:
50—while the FLASH program (version 1.2.11) was used to
process default parameters. Low-quality contigs were removed
based on the screen.seqs command using the following filtering
parameters: maxambig = 0, minlength = 200, maxlength = 485,
maxhomop= 8. A combination of software mothur (31) (version
1.33.3), UPARSE (usearch version v8.1.1756, http://drive5.com/
uparse/) (32), and R (version 3.6.0) was used as quality filter. After
sequence processing, according to different similarity levels, all
sequences were divided into OTUs. Since OTUs are usually based
on biological information statistical analysis at 97% similarity
level, singleton OTUs were deleted using the UPARSE pipeline
(http://drive5.com/uparse/).

Bioinformatics and Statistical Analyses
For alpha diversity (Shannon, Simpson, and evenness indices),
rarefaction curves were calculated usingmothur and plotted by R.
Phylogenetic beta diversity measures, weighted and unweighted
UniFrac distance matrix were calculated using mothur and
visualized with principal coordinate analysis (PCoA). Bray–
Curtis and Jaccard metrics were calculated using the vegan
package in R and visualized by R as UniFrac analysis. To compare
within- and between-group similarity, analysis of similarity
(ANOSIM) was performed with “vegan” package of R, based
on (un) Weighted.unifrac distance. Canoco 5 RDA software
was used to analyze the correlation between clinical indices and
intestinal community variation.

Linear discriminant analysis effect size (LEfSe) analysis was
used to identify taxa significantly enriched in the MDD and
HC groups. The linear discriminant analysis (LDA) score
was computed for taxa differentially abundant between the

two groups. A taxon at p < 0.05 (Kruskal–Wallis test) and
log10[LDA] ≥2.0 (or ≤-2.0) were considered significant.

Demographic and clinical variables were compared between
MDD and HC using the chi-square test for categorical variables,
the independent-samples t-test for normal continuous variables,
and the Mann–Whitney U-test for non-normal continuous
variables. Taxa that have abundance >0.01% were reserved for
analysis. The MDD group and HC were compared at the levels of
phylum, class, order, family, genus, and species by the Wilcoxon
signed-rank test. We performed partial correlations (adjusted for
age, sex, and BMI) between bacterial counts and the total HAM-
D-17 score. Moreover, partial correlation analysis (adjusted for
age, sex, and BMI) was used to examine the correlations between
bacterial counts and other variables such as total PSQI and
ISI scores. Linear regression analyses were used to assess the
most influential taxa on sleep quality in MDD at the genus and
species levels after correcting for age, gender, BMI, and HAM-D
scores. Differences were considered statistically significant when
the two-tailed p < 0.05. False discovery rate (FDR, Benjamini–
Hochberg) was used for perform multiple testing. p < 0.05
was considered significant. Analysis was performed using the
Statistical Package for the Social Sciences version 25.0 (IBMCorp,
Chicago, Illinois, USA).

RESULTS

Demographic and Clinical Characteristics
Stool samples were collected from 36 patients with MDD and 45
healthy controls. Demographic and clinical characteristics were
displayed in Table 1. There were no significant demographic
differences between MDD and HC. However, the differences in
HAM-D, ISI, and PSQI between the MDD and HC groups were
significant. The mean age of onset was 31.39 ± 13.53 years,
and illness duration was 5.36 ± 6.24 years. By thorough clinical
tests, including blood and imaging examinations, participants
had no local or systemic inflammation. We also collected
the data of high-sensitivity C-reactive protein (hs-CRP) to
exclude inflammation. They were all below the clinical threshold,
and there was no significant difference between the two
groups (Table 1).

Gut Microbiota Diversity Index Between
MDD and HC
Chao, ACE, Shannon, and Simpson indices were used to
compare the alpha diversity between the MDD and HC groups.
The Chao and ACE diversity indices reflect microbial species
richness, while Shannon and Simpson diversity indices reflect
community richness and evenness. No difference in alpha
diversity between patients with MDD and HC was observed (p
> 0.05). Differences in community structure dispersion between
the two groups were measured using Bray–Curtis analysis
(Figure 1A), and community membership dispersion was
assessed by Jaccard dissimilarity (Figure 1B). We used Canoco
5 RDA software to analyze the correlation between clinical
indices and intestinal community variation. The relationship
between the distribution of microflora and clinical indices is
shown in Figure 2. PSQI, HAM-D, and ISI played important
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TABLE 1 | Demographic and clinical characteristics in MDD patients and HC.

Parameter MDD

(N = 36)

HC

(N = 45)

χ
2/t/Z p-value

Age, years 36.81 ± 13.52 39.29 ± 11.44 −1.297 0.195

Gender, female/male 15/21 26/19 2.077 0.150

BMI, kg/m2 24.47 ± 4.16 23.94 ± 3.05 −0.656 0.513

Smoking, yes/no 6/30 5/40 0.526 0.468

Age of onset, years 31.39 ± 13.53 NA

Illness duration, years 14.06 ± 3.04 NA

HAM-D 5.36 ± 6.24 0.51 ± 1.01 −22.362 <0.001***

PSQI 23.06 ± 5.98 1.93 ± 1.29 −10.407 <0.001***

ISI 13.19 ± 7.79 0.40 ± 1.01 −9.755 <0.001***

hs-CRP 1.39 ± 1.34 1.03 ± 0.60 −0.57 0.954

Data are presented as numbers or mean ± SD. MDD, major depressive disorder; HC, healthy controls (***p < 0.001). t stands for t score of independent-samples t-test. χ2 stands for

χ2 score of the chi-square test. Z stands for Z score of the Mann–Whitney U-test.

FIGURE 1 | Beta diversity as a principal coordinate analysis (PCoA) plot based on Bray–Curtis dissimilarity (A) and Jaccard dissimilarity (B).

roles on the distribution of microflora in MDD patients, while
BMI and age played important roles on HC. Among them,
HAM-D has the most significant effect on community variation
(p < 0.05) (Supplementary Table 5). Furthermore, unweighted
and weighted ANOSIMs revealed significant differences between
the two groups. Beta diversity was measured based on the
unweighted (r = 0.067, p = 0.007) and the weighted (r =

0.075, p = 0.007) UniFrac distance matrix of the differences
between groups, as shown in Figure 3, suggesting dissimilar
microbiota composition.

Composition of Microbial Communities
Between MDD and HC
We obtained 3,565,920 quality-filtered read pairs from 81 study
participants (36 MDD patients and 45 HC), with an average

of 44,024 read pairs per sample. Gut bacterial communities at
the phylum, family, and genus levels detected in MDD and
HC subjects are shown in Figure 4. In order to explore the
differences among groups, all OTUs with ≥0.01% fractional
representation in either of the groups were considered. As
expected, Bacteroidetes and Firmicutes accounted for about 93%
of all bacteria and were the two most common dominant taxa
among the two groups. At the phylum and class levels, there were
no significant differences between groups (p > 0.05).

A significant difference (Wilcoxon signed-rank test, p <

0.05) between the two groups affected two orders: Pasteurellales
and Actinomycetae. At the family level, eight families showed
significant differences between the two groups: the top four
being Bacteroidaceae, Prevotellaceae, Porphyromonadaceae,
and Rikenellaceae. At the genus level, 19 genera showed
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FIGURE 2 | RDA two-way sequence diagram of intestinal bacterial community and its main environmental factors driven by variation.

FIGURE 3 | Unweighted and weighted analyses of similarities (ANOSIMs) based on the distance matrix of UniFrac differences of the fecal microbial communities in the

MDD group and HC. r > 0 means the difference between groups is greater than that within groups.

significant differences between the two groups; the top four were
Bacteroides, Prevotella, Parabacteroides, and Escherichia. At the
species level, 18 species showed significant differences between

the two groups; the top four were uncultured_bacterium,
uncultured_organism, Bacteroides_thetaiotaomicron, and
Bacteroides_uniformis. After the strict FDR correction, at the
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FIGURE 4 | Comparison of the microbial abundance among the MDD group and HC. Dominant bacteria with relative abundances >0.01%. After exclusion, the

Wilcoxon signed-rank test was applied to identify the differentially abundant orders (A), families (B), genera (C), and species (D). Among these, the highest means of

the phylogenetic abundance in the enriched cohort were drawn as bar plots (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Frontiers in Psychiatry | www.frontiersin.org 6 May 2021 | Volume 12 | Article 64504568

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zhang et al. Microbiome With MDD and Sleep

genus level, 10 genera showed significant differences between
the two groups; the top four were Flavonifractora, Alloprevotella,
Parabacteroides, andHungatella. At the species level, four species
showed significant differences between the two groups; they were
Subdoligranulum_sp._4_3_54A2FAA, uncultured_bacterium,
Eggerthella_lenta, and uncultured_Veillonellaceae_bacterium.
No significant differences were identified at the family and order
levels. The abundance of these microbiota targets is presented in
Figure 4, Table 2, and Supplementary Table 1.

Based on the LDA score, we found that Bacteroidaceae,
Bacteroides, and uncultured_Mesorhizobium_sp. were associated
with healthy controls and uncultured_bacterium, Prevotellaceae,
and Prevotella with the MDD group (Figure 5).

Correlations of Microbiota Abundance
With Severity of Depression and Sleep
Quality in MDD
After controlling for potential confounders (age, sex, BMI), the
results of partial correlation analysis indicated no correlation
between alpha diversity and ISI and HAM-D scores, while a
moderate correlation was observed between Chao and PSQI
scores (r = −0.345, p = 0.049). At the genus level, Dorea (r =
0.355, p = 0.042), Butyricicoccus (r = 0.364, p = 0.037), and
Peptococcus (r = 0.403, p= 0.020) showed moderate correlations
with the HAM-D score, while Blautia (r = 0.406, p = 0.019),
Coprococcus (r = 0.508, p= 0.003), Dorea (r = 0.399, p= 0.022),
and Intestinibacter (r = −0.559, p = 0.001) showed moderate
to strong correlations with the PSQI score, and Intestinibacter
(r = −0.489, p = 0.004) a moderate one with the ISI score.
In addition, the species Bacteroides_stercoris (r = −0.368, p
= 0.035), Bacteroides_uniformis (r = 0.424, p = 0.014), and
Parasutterella_secunda (r = 0.358, p = 0.041) showed moderate
correlations with HAM-D score; Blautia_obeum (r = −0.392, p
= 0.024), Streptococcus_salivarius_subsp._salivarius (r=−0.352,
p= 0.045),Coprococcus_comes (r= 0.408, p= 0.018), Blautia_sp.
(r = −0.411, p = 0.018), butyrate_producing_bacterium_L250
(r = −0.357, p = 0.041), Dorea_formicigenerans (r = −0.419,
p = 0.015), and uncultured_Coprococcus_sp. (r = −0.345, p
= 0.049) show moderate correlation with PSQI score; and
uncultured_Clostridiales_bacterium (r = 0.357, p = 0.042)
and Blautia_obeum (r = −0.350, p = 0.046) show moderate
correlation with ISI. Correlations with HAM-D, PSQI, and
ISI scores are shown in Table 3 and Supplementary Table 2.
Notably, Dorea commonly correlated with HAM-D and PSQI
scores in patients with MDD. After FDR correction, at the genera
level, Intestinibacter with PSQI was still significant. At the species
level, no correlation was shown.

In HC, after controlling for potential confounders (age, sex,
BMI), the results of partial correlation analysis are shown in
Supplementary Table 2. At the genus level, Haemophilus (r =

0.517, p < 0.001) showed strong correlations with the HAM-
D score, Acidaminococcus (r = −0.345, p = 0.025) showed
moderate correlations with the PSQI score, and Haemophilus
(r = 0.753, p < 0.001) had a strong correlation with the
ISI score. In addition, the species Haemophilus_parainfluenzae
(r = 0.517, p < 0.001) showed strong correlations with

HAM-D score. Haemophilus_parainfluenzae (r = 0.752, p
< 0.001) and Clostridium_paraputrificum (r = 0.670, p
< 0.001) showed strong correlations with ISI. After FDR
correction, at the genera level, the correlations between
Haemophilus and HAM-D and ISI were still significant. At
the species level, Haemophilus_parainfluenzae with HAM-D,
Haemophilus_parainfluenzae, and Clostridium_paraputrificum
with ISI were still significant.

When adding severity of depression to potential confounding
factors, the most relevant taxa with sleep quality in MDD at
the genus levels were Coprococcus (β = −0.322, p = 0.021) and
Intestinibacter (β =−0.455, p= 0.006), and the results are shown
in Table 4.

Differences of MDD Patients With or
Without Sleep Disorder
We divided the MDD patients into two groups according
PSQI scores (>5). Figures 6A,B show the relative
abundance of all the patients at the genus level and
species level, respectively. A significant difference was
shown between the two groups (Supplementary Table 3).
At the genus level, Streptococcus, Dorea, Barnesiella, and
Intestinibacter decreased in MDD patients with sleep
disorder, while Coprococcus increased. At the species level,
Blautia_obeum, Streptococcus_salivarius_subsp._salivarius,
Dorea_formicigenerans, uncultured_Coprococcus_sp., and
Ruminococcus_lactaris decreased in MDD patients with sleep
disorder, and Clostridium_sp. increased. After FDR correction,
no significant difference was found between the two groups.

DISCUSSION

Our study demonstrated significant gut flora differences between
MDD and HC and found partially similar results to previous
studies, as well as differences. Notably, we explore the
composition of the microbiota of patients with MDD in relation
to sleep quality and the severity of insomnia. We considered
medication factors by limiting drug natural washout period, and
we enrolled patients without any treatment>1 week and without
long-acting antipsychotics >6 months.

In our study, some of the microbiota targets at the
order, family, genus, and species levels indicated significant
differences between MDD and HC. At the family level, a higher
abundance of Actinomycineae and Porphyromonadaceae and a
lower abundance of Prevotellaceae were observed in MDD (11,
33). At the genus level, higher Bacteroides, Parabacteroides, and
Alistipes and lower Prevotella and Eggerthella were observed in
MDD (11, 34–36). These results are consistent with previous
reports. Transplanting the fecal flora from depressive patients
to mice showed similar behaviors and microflora phenotype
in those mice as the donor patients, indicating that the gut
microbiome could cause depressive symptoms by affecting
the metabolism (37). Growing research supports the effect of
microbiota on brain networks and the regulation of negative
affect. Alistipes can produce indole to influence tryptophan
metabolism, which is vital for emotion regulation (38). However,
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TABLE 2 | Taxa abundances in MDD and HC.

Parameter MDD HC p-value p adj.

(N = 36) (N = 45)

Order

Pasteurellales 0.07% 0.20% 0.005** 0.082

Actinomycetales 0.02% 0.02% 0.015* 0.131

Family

Bacteroidaceae 40.00% 25.03% 0.003** 0.099

Prevotellaceae 7.36% 25.02% 0.028* 0.119

Porphyromonadaceae 3.59% 2.22% 0.017* 0.086

Rikenellaceae 2.22% 0.86% 0.046* 0.172

Clostridiaceae 0.22% 0.57% 0.015* 0.089

Peptostreptococcaceae 0.11% 0.39% 0.009** 0.086

Pasteurellaceae 0.07% 0.20% 0.005** 0.068

Actinomycetaceae 0.02% 0.02% 0.015* 0.109

Genus

Bacteroides 40.00% 25.03% 0.003** 0.045*

Prevotella 5.95% 24.29% 0.015* 0.079

Parabacteroides 2.79% 1.68% 0.005** 0.043*

Escherichia 2.53% 0.67% 0.009** 0.054

Alistipes 2.22% 0.86% 0.044* 0.155

Alloprevotella 0.47% 0.08% 0.002** 0.042*

Tyzzerella 0.35% 0.16% 0.007** 0.049*

Paraprevotella 0.20% 0.17% 0.028* 0.110

Haemophilus 0.07% 0.20% 0.006** 0.046

Flavonifractor 0.21% 0.07% <0.001** 0.010*

Anaerotruncus 0.14% 0.11% 0.033* 0.123

Hungatella 0.10% 0.01% 0.005** 0.044*

Intestinimonas 0.08% 0.01% 0.003** 0.046*

Faecalitalea 0.06% 0.02% 0.027* 0.113

Holdemania 0.04% 0.01% 0.017* 0.082

Eggerthella 0.04% 0.01% 0.002** 0.059

Actinomyces 0.02% 0.02% 0.015* 0.081

Weissella 0.00% 0.02% 0.024* 0.109

Eisenbergiella 0.01% 0.01% 0.004** 0.048*

Species

uncultured_bacterium 11.68% 29.01% <0.001*** 0.027*

uncultured_organism 11.75% 9.59% 0.049* 0.207

Bacteroides_thetaiotaomicron 4.39% 2.56% 0.006** 0.055

Bacteroides_uniformis 3.28% 1.74% 0.026* 0.134

Bacteroides_coprocola 1.23% 1.98% 0.028* 0.128

Parabacteroides_distasonis 1.89% 1.25% 0.010* 0.060

Escherichia_coli 2.53% 0.67% 0.009** 0.060

Unidentified 0.88% 0.32% 0.008** 0.061

uncultured_Firmicutes_bacterium 0.09% 0.30% 0.026* 0.128

Haemophilus_parainfluenzae 0.07% 0.20% 0.006** 0.060

Coprococcus_eutactus 0.03% 0.19% 0.005** 0.054

uncultured_Veillonellaceae_bacterium 0.00% 0.16% 0.002** 0.040*

Subdoligranulum_sp._4_3_54A2FAA 0.10% 0.01% <0.001*** <0.001***

Lachnospiraceae_bacterium_TF01–11 0.03% 0.05% 0.040* 0.017*

Eggerthella_lenta 0.04% 0.01% 0.002** 0.039*

Actinomyces_odontolyticus 0.02% 0.02% 0.016* 0.092

Weissella_confusa 0.00% 0.02% 0.024* 0.134

[Eubacterium]_eligens 0.48% 1.04% 0.005** 0.057

Data are presented as mean relative abundance of gut microbiome in MDD groups and HC (*p < 0.05, **p < 0.01, ***p < 0.001). p adj. stands for p value after FDR correction.
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FIGURE 5 | (A) Taxonomic biomarkers found by LEfSe in HC (blue) and MDD (red). Only taxa with p < 0.05 and LDA score (log10) are shown. (B) Cladogram

indicating the phylogenetic relatedness of the discriminant taxa.
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FIGURE 6 | Relative abundance distribution for MDD-S and MDD-NS at the genus level (A) and species level (B). MDD-S stands for MDD patients with sleep disorder

(PSQI > 5), and MDD-NS stands for MDD patients without sleep disorder (PSQI ≤ 5).

Frontiers in Psychiatry | www.frontiersin.org 10 May 2021 | Volume 12 | Article 64504572

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zhang et al. Microbiome With MDD and Sleep

TABLE 3 | Partial correlations between taxa and HAM-D, PSQI, and ISI scores in MDD.

Taxa HAM-D PSQI ISI

MDD MDD MDD

r p-value p adj. r p-value p adj. r p-value p adj.

Genus

Blautia 0.039 0.830 0.99 −0.406 0.019* 0.431 −0.226 0.207 0.999

Coprococcus −0.236 0.186 0.99 −0.508 0.003** 0.101 −0.242 0.174 0.999

Dorea −0.355 0.042* 0.99 −0.399 0.022* 0.374 −0.247 0.166 0.999

Butyricicoccus 0.364 0.037* 0.99 −0.069 0.705 0.888 0.065 0.720 0.999

Intestinibacter −0.215 0.229 0.99 −0.559 0.001** 0.048* −0.489 0.004** 0.272

Peptococcus 0.403 0.020* 0.99 −0.195 0.277 0.897 0.038 0.835 0.999

Species

Bacteroides_stercoris −0.368 0.035* 0.999 −0.007 0.97 0.994 0.072 0.689 0.833

Bacteroides_uniformis 0.424 0.014* 0.999 −0.025 0.89 0.994 0.231 0.196 0.838

uncultured_Clostridiales_bacterium −0.117 0.516 0.999 0.124 0.491 0.815 0.357 0.042* 0.84

Blautia_obeum −0.072 0.692 0.999 −0.392 0.024* 0.528 −0.35 0.046* 0.855

Streptococcus_salivarius_subsp._salivarius −0.192 0.284 0.999 −0.352 0.045* 0.566 −0.164 0.362 0.857

Coprococcus_comes −0.178 0.323 0.999 −0.408 0.018* 0.792 −0.061 0.736 0.863

Blautia_sp. 0.061 0.735 0.999 −0.411 0.018* 0.528 −0.098 0.588 0.864

butyrate-producing_bacterium_L2-50 −0.249 0.162 0.999 −0.357 0.041* 0.601 −0.204 0.255 0.878

Dorea_formicigenerans −0.285 0.108 0.950 −0.419 0.015* 0.994 −0.197 0.273 0.881

uncultured_Coprococcus_sp. 0.049 0.787 0.999 −0.345 0.049* 0.539 −0.192 0.284 0.881

Parasutterella_secunda 0.358 0.041* 0.999 −0.052 0.775 0.922 0.229 0.200 0.882

Partial correlation analysis between taxa and HAM-D, PSQI, and ISI in MDD or controls, after controlling for age, sex, and BMI. HAM-D, Hamilton Depression Rating Scale; PSQI,

Pittsburgh Sleep Quality Index; ISI, Insomnia Severity Index (*p < 0.05, **p < 0.01). p adj. stands for p-value after FDR correction.

TABLE 4 | Linear regression analysis results for PSQI at the genus level.

Unstandardized Standardized t p-value

Beta SE Beta

HAM−D score 0.160 0.126 0.199 1.269 0.214

Gender −1.381 1.296 −0.143 −1.066 0.295

Age 0.095 0.052 0.266 1.832 0.077

BMI −0.135 0.169 −0.117 −0.799 0.431

Intestinibacter −10505.272 3521.040 −0.455 −2.984 0.006**

Coprococcus −281.100 115.270 −0.322 −2.439 0.021*

Linear regression analyses were used to assess the most influential taxa on sleep quality in MDD at the genus and species levels after correcting for age, gender, BMI, and HAM-D

scores. PSQI, Pittsburgh Sleep Quality Index (*p < 0.05, **p < 0.01).

the lower abundance of Peptostreptococcaceaea and Rikenellaceae
in MDD was not found in our study. Rikenellaceae is a
butyrate producer that can attenuate inflammation levels in
order to improve emotion (39). Peptostreptococcaceaea belongs
to Firmicutes which can affect glucose metabolism to mediate
inflammation levels (40). A neuroimaging study found that
patients with MDD had higher concentrations of Bacteroides and
lower Prevotella and showed differences of brain structure and
function associated with emotion (41). Age, BMI, gender, nations,
diet, region, diagnostic criteria, mediation, lifestyles, sample size,
and subclinical symptoms often disturb the reproducibility and
accuracy of results (11, 42). In our study, age, BMI, and gender
were similar between the two groups, and a mediation factor

was also considered. Interestingly, our study found that Dorea,
Butyricicoccus, and Peptococcus were associated with HAM-D
scoresmeasuring the severity of depression, which has never been
reported before (9, 26, 43, 44).

Another contribution of our study was to further clarify the
correlation of gut microbiota and concomitant sleep symptoms.
We clustered the gut bacterial distributions based on existing
similarity. PSQI and ISI represent different aspects of sleep,
unlike ISI, sleep latency, sleep duration, and sleep efficiency
components based on free-text numerical responses, while ISI
concentrated on perceived feeling (45). At the genus level,
Blautia, Coprococcus, Dorea, and Intestinibacter were negatively
correlated with PSQI, with Intestinibacter being simultaneously
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negatively correlated with PSQI and ISI. Moreover, in our
study, after controlling for the HAM-D score, Coprococcus and
Intestinibacter were associated with sleep quality, independent
of the severity of depression. However, contrary to our findings,
a recent study showed that higher sleep quality was associated
with a high proportion of bacteria from the Verrucomicrobia
and Lentisphaerae phyla (46). Recent reviews have summarized
the potential mechanism of sleep andMBGA: immunoregulatory
pathway (cytokines), neuroendocrine pathway (HPA axis, CNS,
neurotransmitters), vagus nerve pathway, and gut microbial
metabolite pathway (SCFAs) (20, 47). Butyrate producers
(Blautia, Coprococcus) may influence sleep quality because
butyrate may potentially serve as a sleep-inducing signal
molecule to enhance sleep (48), and the results were consistent
with those of previous studies (49). Depressive patients were
observed to exhibit similar phenomena, indicating that the two
gut bacteria were more relevant to sleep rather than depressive
symptoms. Depression and sleep are both affected by circadian
activity, and no single hypothesis can explain the complex
mechanisms of the comorbidity of depression and insomnia (20).
Dorea was observed to decrease with HAM-D and PSQI. Thus,
altered gut microbiota composition may correlate not only with
an increased MDD severity but also with lower sleep quality.
Indeed, Huang et al. found that Dorea decreased in depressive
patients, although no previous study has reported its link with
sleep (50). Since Dorea is known for fermenting polysaccharides
into SCFAs (51) and SCFAs, including butyrate and acetate, play
important roles in clock gene expression, which is closely related
to circadian rhythm and sleep quality, it is possible that Dorea
mediates sleep deficits in MDD (52). However, it is not clear
why Intestinibacter is associated with sleep, whether via immune
inflammatory mechanisms or carbohydrate metabolism (53–55).

In our study, the correlation of gut microbiome and
clinical symptoms in patients and in cases and controls was
different. Previous studies reported the correlation between gut
microbiome and sleep quality in animals or in healthy controls.
Blautia and Ruminococcus were reported to have a negative
correlation with PSQI score, and Prevotella was positively
correlated with PSQI score in young healthy individuals (22). A
recent study reported that probiotics could improve sleep quality
and has a role in anti-inflammatory mechanism (47). Our study
identified that Acidaminococcus was associated with better sleep
quality, and it also identified the heterogeneity of microbiome in
MDD and HC. Different gut flora were associated with different
metabolites, metabolic pathways, and inflammatory pathways.
Sleep and circadian rhythms could influence microbiome
composition by inflammation and breakdown of the epithelial
barrier (56). The inflammatory reaction mechanism is induced
by the microbiome and then triggers the CNS and aggravates
insomnia and depression (57).

As for alpha diversity, our results are consistent with the
latest meta-analysis, which found no difference in alpha diversity
between patients with MDD and HC (58). History studies
showed ambiguous results of beta diversity, including increasing
and no difference due to individual heterogeneity and using
different measuring instruments and analysis software (35, 36,
59). Our results reported different microbiota compositions

between the two groups, similar to Chung et al. (11). In the
future, more extensive sampling is needed to verify the results.
Most scholars believe that the higher the microbiome diversity,
the better the health (60). Zhang et al. reported no overt changes
in microbiome richness or composition after sleep restriction
(21). However, another study indicated that alpha diversity was
positively associated with sleep efficiency and total sleep time and
negatively associated with sleep fragmentation (49). Themarginal
significance in community richness observed in our study may
be limited by the small sample size, while the short-term loss of
sleep may not affect the gut microbiome diversity (61). It is worth
noting that RDA analysis pointed out that sleep quality, severity
of insomnia, and depression were main environmental factors,
which drove the variation of microbiome in MDD patients not
in HC. Therefore, in MDD patients, clinical symptoms were
significantly related to the changes of microflora.

Considering our results, some limitations were noted. First,
part of our results did not pass strict FDR correction (p adj.
value should be <0.05), and we believe the negative results
failing multiple testing would give a systematic view regarding
our study. Also, the small sample size with limited power
makes it impossible to identify more related factors. Further
studies are needed to enlarge the sample size. Second, a cross-
sectional study cannot prove causality; therefore, a longitudinal
study is warranted. Although we controlled medication and diet
after admission to minimize confounding, long-term dietary
and medication effects should be considered. Our healthy
controls consisted of hospital workers (N = 14) and patients’
families or friends with no consanguinity (N = 31). They were
all from Beijing, with similar geographical location, and in
relatively consistent dietary habits. As a previous study pointed
out that there were differences in the microbiome of hospital
workers and non-hospital workers (62), we further compared
the difference between healthy hospital workers (HCW) and
non-hospital workers (non-HCW). There was no significant
difference between them in our study (Supplementary Table 4).
Recruiting patients focusing on the same area, applying the
dietary questionnaire, and collecting the patients’ medication
history will help increase the reliability of results. Thirdly, we
did not measure the stool moisture in our research, because
the stools were immediately placed in a sample tube containing
2ml of RNA stabilization solution. Further study should consider
the impact of stool consistency. Additionally, as a common
sequencing method, we used 16S RNA sequences, despite new
methods such as shotgun metagenomics often reflecting more
reliability and repeatability, but at a higher cost. Lastly, functional
microbiota analysis, immunological status, gut barrier integrity,
and metabolomics should also be integrated in future studies.

CONCLUSIONS

The microbiomes of patients with major depressive disorder
in China were found to be significantly different from those
of healthy controls. In summary, 48 microbiota targets were
associated with MDD, 6 with severity of depression, 11 with
sleep quality, and 3 with insomnia severity. At the genus level,

Frontiers in Psychiatry | www.frontiersin.org 12 May 2021 | Volume 12 | Article 64504574

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Zhang et al. Microbiome With MDD and Sleep

Doreawas simultaneously related to depression and sleep quality,
and Intestinibacter was more closely associated with sleep-related
problems. The most interesting finding was that the presence of
Coprococcus and Intestinibacter was associated with sleep quality
independent of the severity of depression. We identified several
specific taxa related to sleep health, which suggests that the
microbiome may be related to both sleep and severity of illness at
the same time. Overall, our findings are consistent with previous
microbiome studies on depression and constitute a preliminary
exploration of the role of dysbacteriosis in sleep disorders in
MDD patients.
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Objective: Corticosterone causes significant neurotoxicity in primary hippocampal

neurons which is associated with depression. Dysfunctional autophagy is implicated

in cognitive impairment and depressive-like behavior. The traditional Chinese medicine

Sinisan (SNS) is highly effective in clinical treatment of depression. However, the

molecular mechanisms underlying therapeutic effects of SNS are unknown.

Purpose: The aim of this study was to elucidate the protective effect of SNS and the

underlying mechanisms against corticosterone-induced neuronal damage.

Study Design: The effects of serum derived from rats containing SNS (or untreated

controls) on the expression of autophagy-related molecules in primary rat hippocampal

neurons exposed to different concentrations of corticosterone for different intervals

were explored.

Methods: CCK-8 assay, LDH assay were used to analyze cell viability and LDH activity.

Western blot, qRT-PCR, and immunofluorescence assays were used to determine

protein and mRNA expression levels of molecules such as LC3, p62, Beclin1, ULK1,

PI3K, p-PI3K, Akt p-Akt, mTOR, p-mTOR, p70S6, p-p70S6, 4ebp1 and p-4ebp1.

Results: Corticosterone induced a dose- and time-dependent reduction in

cellular viability. Moreover, corticosterone (100–400µM) treatment for 24 h increased

LC3-II/LC3-I protein ratio, increased Beclin1 and ULK1 protein expression levels,

and decreased p62, PI3K, p-PI3K, p-Akt, p-mTOR, p-p70S6, and p-4ebp1 protein

expression levels. Notably, SNS-containing serum reversed corticosterone-induced

reduction of neuronal viability, and increased p62, PI3K, p-Akt, p-mTOR, p-p70S6,

and p-4ebp1 protein and mRNA expression levels. In addition, SNS-containing serum

decreased LC3-II/LC3-I protein ratio, and downregulated Beclin1, and ULK1 protein and

mRNA expression in primary hippocampal neurons.
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Conclusion: SNS protects primary hippocampal neurons against

corticosterone-induced neurotoxicity by preventing excessive autophagy through

activation of PI3K/AKT/mTOR pathway.

Keywords: sinisan, primary hippocampal neurons, corticosterone, autophagy, depression

INTRODUCTION

Depression is a condition characterized by low mood, loss of
interest, low self- esteem, and suicidal impulse. Depression is
one of the most common mental conditions worldwide (1,
2). Incidence of depression worldwide has increased by more
than 18% between 2005 and 2015, and currently over 300
million people are living with depression. However, the cause
of increase in prevalence of depression are unknown. Excessive
stress plays an important role in development of depression
(3, 4). Hyperactivity of the hypothalamic Pituitary Adrenal
(HPA) axis is implicated in depression. Hippocampus is the
major target of corticosterone which is the final product of
HPA axis, and is correlated with pathogenesis and progression
of depression (5). Therefore, we hypothesized that drugs
used for inhibition of corticosterone-induced neurotoxicity in
the hippocampus can be applied for clinical treatment of
depression. Use of antidepressants is associated with various
side effects such as cardiac toxicity, sexual dysfunction, obesity,
and insomnia. Moreover, the rate of successful treatment of
depression is approximately 70% (6, 7). Therefore, studies should
explore better tolerated and more effective drugs for treatment
of depression.

Traditional Chinese medicine (TCM) has been used
successfully for treatment of depression. Sinisan decoction (SNS)
reported by Zhongjing Zhang in “Treatise on Febrile Diseases” in
200–201 AD contains Bupleuri Radix (BR), Paeoniae Radix Alba
(PRA), Aurantii Fructus Immaturus (AFI), and Glycyrrhizae
Radix et Rhizoma Praeparata Cum Melle (GRM) (8). SNS is
regarded as an effective and essential anti-depression therapy
in TCM (9, 10). SNS treatment improves weight loss, activity
in open field test (OFT), and sucrose preference test (SPT)
performance in mouse models with depressive-like behavior
(11). However, the mechanisms underlying the anti-depressive
effects of SNS have not been explored.

Macro-autophagy (hereafter referred to as autophagy) is
implicated in protein degradation in cells. In autophagy process,
target proteins are packaged in a double-membrane vesicle
(autophagosome), which fuses with lysosomes for degradation of
its contents. Autophagy is a cell survival mechanism involved in
removal of damaged cytosolic organelles and misfolded proteins
to maintain homeostasis. Dysfunctional autophagy results in
a variety of pathological processes. Prenatal stress induces
cognitive impairment and depressive-like behavior through
autophagy (12). Previous study reported that inhibition of
autophagy prevents depressive-like behavior induced by ecstasy
in rats (13).

PI3K/Akt/mTOR pathway is implicated in modulation of
hippocampal activities that result in long-term depression (14).
Eight-week chronic unpredictable mild stress (CUMS) exposure

downregulates mTOR and the upstream and downstream
signaling proteins (15). Therefore, PI3K/Akt/mTOR pathway is
associated with depression (16).

In this study, primary hippocampal neurons were used as
an in vitro system to explore the effects of SNS treatment
on corticosterone-induced neuronal damage and elucidate the
underlying mechanisms.

MATERIALS AND METHODS

Animals
Adult male (8 weeks old) and newborn Sprague-Dawley (SD) rats
were obtained from Guangzhou University of Chinese Medicine.
Adult animals were housed under normal environmental
conditions (12 h light/dark cycle; lights on at 8:00 a.m., 20 ±

2◦C). Rats were housed in plastic cages at a density of 5 per cage
with free access to food and tap water. Animals were allowed to
acclimatize for a week prior to experimental sessions. All animal
experiments were approved by the Animal Care and Committee
of Guangzhou University of Chinese Medicine. Experimental
protocols were designed to minimize animal suffering.

Primary Hippocampal Neuron Culture and
Treatment
Primary hippocampal neurons were obtained from newborn SD
rats (∼1 day old). Animals were euthanized and immediately
hippocampus from each animal was separated and dissected into
0.5-mmpieces in DMEM-F12 (Gibco, America). After harvesting
of hippocampus, the meninges were gently removed under sterile
conditions. The samples were treated with 0.125% trypsin (Gibco,
USA) at 37◦C for 30min with continuous shaking. Samples were
further suspended in DMEM-F12 containing 10% FBS (Gibco,
America). Disassociated neurons were centrifuged at 152 g for
5min and loaded at a density of 1.5 × 105-1 × 106 cells/well
on poly-d-lysine-coated plates (sigma, America) for cell viability,
immunofluorescence, western blot, and qRT-PCR analysis. Cells
were initially maintained in DMEM-F12 containing 10% FBS.
At 4 h post-plating, the media was replaced with neurobasal
media (Gibco, USA) containing 2% B27 (Gibco, USA) and 1%
L-glutamine (Gibco, USA). Cells were cultured at 37◦C in a
humidified 5% CO2 incubator, and half of the medium was
changed every 2 days.

Primary hippocampal neurons were cultured for 7 days,
then different concentrations and time of corticosterone were
incubated to determine the appropriate damaging concentration
of corticosterone. Neurons were then grouped including
untreated (control group), corticosterone group, corticosterone
+ normal serum group, and corticosterone + SNS-containing
serum group to explore the protective effect of SNS on
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corticosterone-induced neurons. Cells in the corticosterone +

normal serum group and corticosterone + SNS-containing
serum group were incubated in serum with corticosterone
for 24 h. Normal serum and SNS-containing-serum were
administered for 0.5 h prior to treatment with corticosterone.

Preparation of Chinese Herbal Solutions
SNS concentrate particles were provided by the Department
of Guangdong Yi Fang Pharmaceutical Company (Guangdong,
China). Concentrate particles comprised 12 g Bupleuri Radix
(BR), 12 g Paeoniae Radix Alba (PRA), 12 g Aurantii Fructus
Immaturus (AFI), and 12 g Glycyrrhizae Radix et Rhizoma
Praeparata Cum Melle (GRM). Concentrate particles were
dissolved, sealed, and stored at 4◦C. The concentration of crude
concentrations of SNS solutions was 0.49 g/mL.

Drug-Containing Serum Preparation
Twenty SD rats were randomly divided into normal serum
and SNS groups (n = 10 per group). SNS (2mL, once a
day) was administered to rats in the SNS group by gavage
methods for seven days. Equal volumes of physiological saline
solution were administered to rats in the normal serum group
for seven successive days. Rats were anesthetized using sodium
pentobarbital (40 mg/kg) 2 h after the last drug administration.
Blood was collected through the abdominal aorta, centrifuged
at 1,452 g for 10min, and allowed to stand at 4◦C for 4 h.
Supernatant serums of the same group were pooled, filtered using
a 0.22 µmol/L filter, inactivated at 56◦C for 30min, split into
several samples, and stored at−20 ◦C.

Small Interfering RNA (si-RNA)
Target sequences were 5′-GCAAGACACC ATGAACCAT-3′

for mTOR α1 sense strand, 5′-CCAAAGCACTACACTACA
A-3′ for mTOR α2, and 5′-GCTAGAAGCCTTTGTCTAT-3′

for mTOR α3. The target sequence for the mTOR α3 sense
strand was selected. A nonspecific siRNA sequence was used as
negative control. Transfection reagents (Ribobio, China) were
prepared using riboFECTTM CP Transfection Kit (Ribobio,
China) following the manufacturer’s instructions. Neurons were
transfected with 50 nM siRNA-mTOR (Ribobio, China). After
transfection for 24 h, mTOR protein expression levels were
determined using western blot.

CCK-8 Assay
Cell Counting Kit-8 (CCK-8) assay was used to determine the
viability of primary hippocampal neurons following the protocol
of the kit. Neurons were washed 3 times with PBS (Gibco,
America). After washing, 100 µL neurobasal medium and 10
µL CCK-8 solution (DOJINDO, Japan) were added to each well.
The plates were then incubated for 1.5 h at 37◦C under dark
conditions. A microplate reader (Bio-Rad, America) was used to
determine the optical density (OD) for each well at 570 nm.

LDH Assay
Neuronal injury was evaluated by determination of LDH activity
24 h after administration of corticosterone and drug-containing
serum, using colorimetric assay (Solarbio, china). Absorbance
was determined at a wavelength of 450 nm to measure LDH

activity and determine the number of damaged cells following
the manufacturer’s instructions. Data were normalized based on
LDH activity of the control culture media (100%).

Immunofluorescence
Cells were loaded in 12 well-plate, washed 3 times and neurons
fixed with 4% paraformaldehyde (Meilun, China) for 15min at
room temperature. Samples were then washed 3 times, blocked
and permeabilized with 5% normal goat serum in PBS (PBS
containing 0.2% BSA (Roche, America) and 0.2% Triton X-
100 (Solarbio, China) for 30min (PBS/BSA/Triton). Primary
antibodies against LC3 (CST, USA) were diluted to 1:200 in
PBS/BSA/Triton and added to samples and were incubated
overnight at 4◦C. Samples were then washed 3 times for
10min and incubated with Alexa-Fluor 488-labeled secondary
antibodies (CST, USA) diluted to 1:500 in PBS/BSA/Triton for 1 h
in the dark. After washing the samples 3 times for 10min, nuclei
were counterstained with DAPI stain diluted to 1:1,000 PBS
(Beyotime, China) for 5min. Coverslips were washed 3 times for
10min and mounted on glass slides with Polyvinylpyrrolidone
(Beyotime, China). Immunofluorescence was determined using
laser scanning confocal microscope (ZEISS, Germany).

Western Blot
After removal of culture medium, neurons were washed three
times with PBS, and immediately lysed using 1ml of RIPA
(Sigma, America) containing protease and phosphatase inhibitor
cocktails (Roche, America) to obtain total proteins. BCA kit
(Beyotime, China) was used to quantify proteins in the samples.
For immunoblotting, equal amounts of proteins were separated
by 8–16% SurePageTM Gels (GenScript, USA), transferred to
polyvinylidene difluoride membrane (Roche, America) and then
blocked for 1 h using 5% BSA diluted in TBS-T. Membranes
containing proteins were incubated with LC3, Beclin1, p62,
ULK1, PI3K, p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6, p-
p70S6, 4ebp1, p-4ebp1, β-actin (1:2,000; all from CST, America)
primary antibodies overnight. Membranes were then incubated
with the corresponding secondary HRP-coupled anti-rabbit
antibody (1:5,000; CST, America) for 2 h. ECL detection system
(Tanon, China) was used to visualize bands. For quantitative
analysis, the bands were analyzed using ImageJ software.

qRT-PCR
Trizol (Invitrogen, America) was used to extract total cellular
RNA following the manufacturer’s instructions. Quality
and quantity of RNA were determined using Nanodrop
One (ThermoFisher, America) at 260 nm and 260/280 nm,
respectively. One µg of total RNA was reverse transcribed to
obtain cDNA using RevertAid First Strand cDNA Synthesis Kit
(Invitrogen, USA) in the T100TM Thermal Cycler (Bio-rad,
America). Quantitative gene expression was performed following
the FastStart Universal SYBR@ Green Master (Invitrogen,
America) protocol using a CFX96TM Real-Time PCR System
(Bio-rad, America). Primer sequences used (Takara, Japan) for
qRT-PCR are presented in Table 1. qRT-PCR data was analyzed
using the 2−11Ct method with threshold cycle values.
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TABLE 1 | Sequences of qRT-PCR primers used.

Gene Primer (5′-3′)

β-actin Forward:GGAGATTACTGCCCTGGCTCCTA Reverse:GACTCATCGTACTCCTGCTTGCTG

mTOR Forward:GCTTATCAAGCAAGCGACATCTCA Reverse:TCCACTGGAAGCACAGACCAAG

LC3 Forward:AGCTCTGAAGGCAACAGCAACA Reverse:GCTCCATGCAGGTAGCAGGAA

p62 Forward:AAGCTGCCCTGTACCCACATC Reverse:ACCCATGGACAGCATCTGAGAG

P70S6 Forward:AGGATGCAGGCTCTGAGGA Reverse:ACCAAGTACCCGAAGTAGCTCAA

Beclin1 Forward:GAAACTGGACACGAGCTTCAAGA Reverse:ACCATCCTGGCGAGTTTCAATA

4ebp1 Forward:TCACTAGCCCTACCAGCGATGAG Reverse:CCAGAAGCATCACTGCGTCCTAT

ULK1 Forward:CCACTGCGTGGCTCACCTAA Reverse:TAGCCAACAGGGTCAGCAAACTC

AKT Forwar:ATGGACTTCCGGTCAGGTTC Reverse:GCCCTTGCCCAGTAGCTTCA

FIGURE 1 | (A) Viability of cells incubated with different concentrations of corticosterone (0, 5, 10, 50, 100, 200, 300, 400, 600, 800µM) for different intervals (6, 12,

24, 48 h), determined by CCK-8 assay. (n = 4). (B) Viability of cells co-incubated with 200µM corticosterone and 10%, 20%, or 30% SNS-containing serum for 24 h.

Each column represents mean ± SD (n = 6). (C) LDH assay. (n = 3) ***P < 0.01, vs. control group; #P < 0.05, ###P < 0.01 vs. 10% normal serum group; ���P

< 0.01 vs. 20% normal serum group; 1P < 0.05, 111P < 0.01 vs. 30% normal serum group.

Statistical Analysis
Experimental data were presented as mean ±

S.E.M. of at least three independent experiments.
Statistical analysis was performed using SPSS 23.0
software (SPSS, Chicago, IL, USA). Multiple group
comparisons were performed using one-way analysis
of variance (ANOVA) followed by Dunnett’s test for
inter-group differences. P < 0.05 was considered
statistically significant.

RESULTS

SNS Protects Primary Hippocampal
Neurons Against Corticosterone Induced
Neurotoxicity
Effects of different concentrations of corticosterone (0, 5, 10,
50, 100, 200, 300, 400, 600, and 800µM) were determined
at different intervals (6, 12, 24, and 48 h) using CCK-8 assay
to determine the optimal concentration and treatment time
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of corticosterone in vitro injury model. Treatment of primary
hippocampal neurons with corticosterone at a low dose (0–
50µM) did not significantly decease cell viability compared with
the control group (Figure 1A). Cell death was induced by high
corticosterone doses (100–800µM) in a concentration- and time-
dependent manner. Reduction of cell viability to ∼50% was
achieved through treatment with 200µM corticosterone for 24 h.
Therefore, 200µM corticosterone was chosen as the optimal
concentration for subsequent experiments.

CCK-8 assay and LDH assay were used to measure cell
viability and LDH release to determine the effect of SNS
on corticosterone-induced damage in neurons. Primary
hippocampal neurons were incubated with 10, 20, and
30% SNS-containing serum and 200µM corticosterone
for 24 h. Administration with 10, 20, and 30% SNS-
containing serum significantly reversed corticosterone-induced
decrease incell viability and increase in LDH release
(Figures 1B,C). Notably, 20% SNS-containing serum had
the highest neuroprotective effect, therefore it was used in
subsequent experiments.

Corticosterone Increases Autophagy and
Inactivates the PI3K/Akt/mTOR Pathway in
Primary Hippocampal Neurons
To explore the role of autophagy on corticosterone-induced
damage in primary hippocampal neurons, expression levels
of specific intracellular autophagy-related proteins such as
LC3-II/LC3-I, Beclin1, p62, ULK1, were determined. Prior to
protein level analysis, different corticosterone concentrations
(10, 50, 100, 200, and 400µM) were administered for 24 h.
Corticosterone administration significantly increased LC3-
II/LC3-I ratio Beclin1 and ULK1 protein expression levels,
and decreased p62 protein expression level in a concentration-
dependent manner (Figures 2A–E). To explore the possible
molecular mechanism of corticosterone in autophagy, PI3K,
p-PI3K, Akt, p-Akt, mTOR, p-mTOR, p70S6, p-p70S6, 4ebp1
and p-4ebp1 protein expression levels were determined.
Notably, corticosterone decreased p- PI3K/PI3K, p-Akt/Akt,
p-mTOR/mTOR, p-p70S6/p70S6, and p-4ebp1/4ebp1 protein
expression levels in a concentration- dependent manner
(Figures 2F–K).

SNS-Containing Serum Inhibits Autophagy
in Corticosterone-Treated Primary
Hippocampal Neurons
To explore the effect of SNS on autophagy in corticosterone-
induced injury, LC3-II/LC3-I protein ratio, Beclin1, p62 and
ULK1 protein expression levels in hippocampal neurons treated
with different concentrations of SNS-containing serum were
determined. Administration of 10, 20, and 30% SNS-containing
serum reduced LC3-II/LC3-I protein ratio, decreased Beclin1 and
ULK1 protein expression levels, and increased protein expression
level of p62 (Figures 3A–E). SNS-containing serum significantly
decreased mRNA levels of LC3 and Beclin1, increased mRNA
level of p62 (Figures 3F–H). In addition, SNS-containing serum
down-regulated LC3 protein expression level (Figure 3I).

Further, the relationship between protective effect of SNS
on corticosterone-treated neurons and downregulation of
autophagy-related proteins was determined. Corticosterone-
induced neurons exposed to SNS-containing serum were treated
with 3-methyladenine (3-MA), an autophagy inhibitor. Analysis
showed significant decrease in LC3-II/LC3-I protein ratio, and
decrease in Beclin1, and ULK1 protein expression levels, increase
in p62 protein expression level in the 3-MA-treated group
compared with the levels in the group treated with 20%
normal serum (Figures 4A–E). Furthermore, administration of
3-MA had no significant effect on neuronal viability, whereas a
combination of 3-MA and 20% SNS-containing serum increased
neuronal viability (Figure 4F).

SNS-Containing Serum Activates
PI3K/Akt/mTOR Pathway in
Corticosterone-Induced Injury of Primary
Hippocampal Neurons
PI3K/Akt/mTOR pathway plays an essential role in
neuroprotection (17). Therefore, we hypothesized that activation
of the PI3K/Akt/mTOR pathway may be involved in exerting
neuroprotective effects of SNS against corticosterone. Protein
expression levels of PI3K, p-Akt, p-mTOR, p-p70S6, and p-4ebp1
in corticosterone-induced primary hippocampal neurons treated
with SNS-containing serum were determined. Analysis showed
that SNS-containing serum significantly increased PI3K, p-AKT,
p-mTOR, p-p70S6, and p-4ebp1 protein and mRNA expression
levels (Figures 5A–J).

Notably, the mTOR inhibitor, rapamycin and siRNA-mTOR
significantly decreased p-mTOR, p-p70S6, and p-4ebp1 protein
levels (Figures 6A–H), implying that the PI3K/Akt/mTOR
pathway was induced by SNS-containing serum. Further,
to explore the role of PI3K/Akt/mTOR pathway on SNS-
mediated neuroprotection of corticosterone-induced neurons,
cells were treated with rapamycin. Administration of 20% SNS-
containing serum increased neuronal cell viability, whereas
neuronal viability decreased in rapamycin+20% SNS-containing
serum group compared with 20% SNS-containing serum group
(Figure 6I), (–).

DISCUSSION

In this study, pharmacological and genetic tools were used to
explore themechanisms of corticosterone-induced injury and the
protective effects of SNS in primary hippocampal neurons. The
findings of this study show that SNS protects neurons against
corticosterone-induced injury by inhibiting autophagy through
induction of PI3K/AKT/mTORpathway. These findings provides
a basis for development of a therapeutic agent for prevention or
treatment of corticosterone-induced neuronal injury.

Exogenous administration of high doses of corticosterone
causes depression and neuronal damage in rodents, thus affecting
cognitive functions. Corticosterone is used to establish models
of in vitro and in vivo depression (18, 19). In this study,
100–800µM corticosterone caused neuronal damage in vitro,
which is consistent with findings from previous studies that
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FIGURE 2 | Incubation of cells with different concentrations of corticosterone (10, 50, 100, 200, 400µM) for 24 h. (A–E) Western blot and quantitative analyses of

LC3-II/LC3-I protein ratio, and Beclin1, p62 and ULK1 protein expression levels. (F–K) Western blot and quantitative analyses of PI3K, p-PI3K, Akt, p-Akt, mTOR,

p-mTOR, p70S6, p-p70S6, 4ebp1 and p-4ebp1 protein expression. Each column represents mean ± SD (n = 3). *P < 0.05, ***P < 0.01 vs. control group.
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exposure to high doses of corticosterone is required to cause
significant neurotoxicity in primary hippocampal neurons (20).
On the contrary, Liu et al. reported that 1µM corticosterone
is sufficient to cause effects in neuronal survival (21). This
difference in susceptibility might be because, unlike hippocampal
neurons, astrocytes are more prone to injury resulting from
corticosterone-induced apoptosis, have lower levels of reactive
oxygen species and are more resistant to cytotoxic effects of
corticosterone (22).

TCM is used for treatment of depression in China for
centuries and is currently widely used in Western countries.

In addition, drug-containing serum allows study of therapeutic
effects of TCM. Normal serum subgroup and SNS-containing
serum subgroup were included for comparison to rule out the
effect of serum on experimental results (23). SNS is a traditional
Chinese herbal formula used for treatment of depression. Li Y
et al. reported that SNS is more effective in reducing depression-
associated symptoms compared with use of fluoxetine (24). The
main active chemical components in SNS include paeoniflorin
and saikosaponin. Pretreatment with paeoniflorin prevents
cell death in glutamate-induced PC12 cells (25). In addition,
saikosaponin alleviates corticosterone-induced neurotoxicity in

FIGURE 3 | Cells were incubated with 200µM corticosterone and SNS-containing serum for 24 h. (A–E) Western blot and quantitative analyses of LC3-II/LC3-I

protein ratio, and Beclin1, p62 and ULK1 protein expression levels. (n = 3). (F–I) qRT-PCR analysis of LC3, Beclin1, p62 and ULK1 expression. (n = 3). (J)

Immunofluorescence analysis of LC3 expression. *P < 0.05, ***P < 0.01 vs. control group; ###P < 0.01 vs. 10% normal serum group; △P < 0.05, △△△P < 0.01 vs.

20% normal serum group; 111P < 0.01 vs. 30% normal serum group, (n = 3). 1:control group; 2: corticosterone group; 3: 10% normal serum + corticosterone

group; 4: 10% SNS-containing serum + corticosterone group; 5: 20% normal serum + corticosterone group; 6: 20% SNS-containing serum + corticosterone group;

7: 30% normal serum + corticosterone group; 8:30% SNS-containing serum + corticosterone group.
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PC12 cells in a dose dependent manner. Notably, 10, 20, and
30% SNS-containing serum increased survival rate and inhibited
LDH release in corticosterone-induced neurons. This finding
shows that SNS protects primary hippocampal neurons against
neurotoxicity induced by corticosterone. Therefore, SNS exerts
antidepressant-like effects in vitro.

Previous studies reported that depression is associated with
autophagy. Several autophagy related genes (Atgs) play key
roles in the process of autophagy. Beclin1 is implicated in
autophagosome formation, and studies reported that the level of
autophagy is up-regulated by over-expression of Beclin1. LC3-
I is lipidated to form LC3-II on autophagosomal membranes.
LC3-II plays a key role in formation of autophagosomal
membranes, therefore, LC3-II /LC3-I is an effective indicator
of the level of autophagy activity. p62 is an autophagic
adapter that mediates selective recognition and degradation
of specific autophagy substrates, and is widely used as a
marker to monitor autophagic flux (26–28). In addition,
ULK1-FIP200-Atg13 complex formation is a characteristic of
the initial stage of autophagy. Previous studies reported that
paeoniflorin effectively protects PC12 cells from autophagic
pathways (29), and saikosaponin D and A prevent autophagy
after EV-A71 infection (30). These findings indicate that the
protective function of SNS in depression may be correlated
with autophagy.

In this study, administration of corticosterone reduced
LC3-II/LC3-I protein ratio, decreased the levels of Beclin1
and ULK1 protein, increased p62 protein expression level

in a dose-dependent manner. This finding implies that
corticosterone treatment induces autophagy in primary
hippocampal neurons. Similar findings were reported previously
that corticosterone exposure causes a dose-dependent increase
in LC3-II expression in PC12 cells (31). However, a recent
study reported a dose-dependent decrease in autophagy in
prefrontal cortex and hippocampus of CUMS mice (32).
The differences in results can be attributed to differences
in cell types and stimuli used. SNS-containing serum, 3-
MA, and a combination of SNS-containing serum and
3-MA significantly decreased LC3-II/LC3-I protein ratio,
decreased Beclin1, and ULK1 and increased p62 protein
expression levels. Notably, treatment with SNS serum-
3-MA combination showed the highest effects. These
findings indicate that SNS inhibits excessive autophagy in
corticosterone-injured neurons.

PI3K/AKT/mTOR pathway regulates protein synthesis, cell
cycle, and cell metabolism by phosphorylating downstream
proteins thus modulating cell growth, proliferation, apoptosis,
and autophagy (33). mRNA expression of AKT1 and mTOR
are downregulated in bipolar depression, and may induce
autophagy (34). Reduced mTOR signaling is reported in
major depressive disorder, compared with healthy controls
(35). mTOR pathway is a major modulator of autophagy.
PI3K and AKT are upstream targets of mTOR, which are
activated by receptors of neurotrophins and growth factors.
Activation of mTOR induces activation of twomajor downstream
substrates, p70S6 and p-4ebp1, resulting in induction of

FIGURE 4 | (A–E) Western blot and quantitative analyses of LC3II/LC3I ratio, and Beclin1, p62 and ULK1 protein expression levels. 1: 20% normal serum +

corticosterone group; 2: 20% SNS-containing serum + corticosterone group; 3: 20% normal serum + corticosterone + 3-MA group; 4: 20% SNS-containing serum

+ 3-MA + corticosterone group. (n = 3). Each column represents mean ± SD. *P < 0.05, ***P < 0.01 vs. 20% normal serum + corticosterone group; 1P < 0.05,
111P < 0.01 vs. 20% SNS-containing serum group. (F) cells were incubated with 200µM corticosterone, 1mM 3-MA, and 20% serum for 24 h. CCK-8 assay was

used to determine cell viability. ***P < 0.01 vs. 20% normal serum group, 111P < 0.01 vs. 20% normal serum + 3-MA group (n = 4).
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FIGURE 5 | Cells were incubated with 200µM corticosterone and SNS-containing serum for 24 h. (A–F) Western blot and quantitative analyses of PI3K, p-Akt,

p-mTOR, p-p70S6, and p-4ebp1 protein, (n = 3). (G–J) qRT-PCR analysis of Akt, mTOR, p70S6, and 4ebp1 expression levels. ***P < 0.01 vs. control group; ###P

< 0.01 vs. 10% normal serum group; ���P < 0.01 vs. 20% normal serum group; 1P < 0.05, 111P < 0.01 vs. 30% normal serum group (n = 3).

protein translation (36, 37). Cui L et al. reported that
saikosaponin thus inhibits autophagy in pancreatic fibrosis
through regulation of PI3K/Akt/mTOR pathway (38). Therefore,
we hypothesized that PI3K/Akt/mTOR pathway is a major target
of SNS in prevention of excessive autophagy in corticosterone-
induced neurons.

In this study, 100–400µM corticosterone decreased
expression of PI3K, p-Akt, p-mTOR, p-p70S6, and p-4ebp1,
indicating that PI3K/Akt/mTOR pathway is activated by
treatment with corticosterone. The findings of this study show
that corticosterone activates neuronal autophagy and inhibits
PI3K/AKT/mTOR pathway. Treatment with SNS-containing
serum increased PI3K, p-AKT, p-mTOR, p-p70S6, and p-4ebp1
protein and mRNA expression levels in corticosterone-induced
neurons. Notably, rapamycin and siRNA-mTOR significantly
reduced protein levels of these autophagy-related factors.
This finding implies that SNS activates the PI3K/Akt/mTOR
pathway. Further, Administration of 20% SNS-containing
serum increased neuronal cell viability, whereas neuronal
viability decreased in rapamycin +20% SNS-containing
serum group compared with 20% SNS-containing serum
group,indicating that SNS protects neurons against damage
through modulation of the PI3K/Akt/mTOR pathway. 3-MA
is a selective inhibitor of PI3K, however, it had no significant
effects on increase in neuronal viability, whereas a combination
of 3-MA and 20% SNS-containing serum increased neuronal
viability. This observation may be because other pathways,

such as AMPK/mTOR signaling pathway in addition to
PI3K/Akt/mTOR pathway may be involved in autophagy
activated by corticosterone (39) which are then modulated
by SNS.

Autophagy is a complex process and SNS comprises various
active components, therefore, further studies should explore
the effects and mechanisms of SNS-containing serum. In
addition, qualitative and quantitative profiling of SNS should
be performed using high performance liquid chromatography
(HPLC). Furthermore, a limitation of this study is that anti-
depression mechanism of SNS was only explored through in
vitro experiment. However, a previous study by our group
using CUMS model reported that SNS activates PI3K/ Akt
/mTOR pathway and reduces autophagy in hippocampus of
rats which is consistent with the findings of the current
study (40).

CONCLUSIONS

In summary, the findings of this study show that 200µM
corticosterone decreases survival rate, activates autophagy, and
inhibits PI3K/Akt/mTOR pathway in corticosterone-induced
neuronal injury. SNS-containing serum inhibits autophagy
through the PI3K/Akt/mTOR pathway. These findings provide
information on the mechanism of SNS activity on depression,
and provide a theoretical basis for future application of SNS
in clinical treatment of depression. Further studies should be
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FIGURE 6 | (A–D) Cells were incubated with 200µM corticosterone, 1µM rapamycin, and 20% serum for 24 h. Western blot and quantitative analyses of p-mTOR,

p-p70S6, and p-4ebp1 expression. 1: 20% normal serum + corticosterone group; 2: 20% SNS-containing serum + corticosterone group; 3: 20% normal serum +

corticosterone + rapamycin group; 4: 20% SNS-containing + corticosterone + rapamycin group. ***P < 0.01 vs. 20% normal serum + corticosterone group; ���P

< 0.01 vs. 20% SNS-containing serum group (n = 3). (E–H) siRNA-mTOR transfected cells were incubated with 200µM corticosterone and 20% SNS-containing

serum for 24 h. Western blot and quantitative analyses of p-mTOR, p-p70S6, and p-4ebp1 protein expression levels. 1: 20% normal serum + corticosterone group; 2:

20% SNS-containing serum + corticosterone group; 3: 20% normal serum + corticosterone + siRNA-NC group; 4: 20% normal serum + corticosterone +

siRNA-mTOR group; 5: 20% + SNS-containing serum + siRNA-mTOR group (n = 3). (I) CCK-8 assay for determination of cell viability. ***P < 0.01 vs. 20% normal

serum group + corticosterone group; ���P < 0.01 vs. 20% normal serum+ corticosterone +rapamycin;1P < 0.05 vs. 20% SNS-containing serum group+

corticosterone group (n = 4).

conducted to optimize the clinical use of SNS in management of
neurodegenerative complications.
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Aim: Intermittent theta-burst stimulation (iTBS) delivered over the dorsomedial prefrontal

cortex (DMPFC) has shown promise as a treatment for anhedonia and amotivation

in patients with depression. Here, we investigated whether this protocol modulates

cognitive performance and concurrent prefrontal blood oxygenation. We also examined

whether depressed patients exhibit cognitive dysfunction and prefrontal hypoactivity at

baseline compared to healthy controls.

Methods: This sham-controlled study comprises 52 patients randomized to either

active or sham accelerated iTBS over the DMPFC (applied twice daily) for 10

consecutive treatment days, and 55 healthy controls. Cognitive performance was

assessed at baseline and once again 4 weeks later using a cognitive test battery

targeting attention, inhibitory control, and numerical, verbal, and visual working memory.

Concurrent prefrontal oxygenated hemoglobin (oxy-Hb) was captured with functional

near-infrared spectroscopy.

Results: Active iTBS over DMPFC did not affect cognitive performance or concurrent

oxy-Hb change compared to sham iTBS in patients with depression. Compared to

controls, patients at baseline showed impaired performance in the Trail Making Test,

the Rey Auditory Verbal Learning Test, the Animal Naming Test, and the Digit Symbol

Substitution Test, however no difference in prefrontal oxy-Hb was observed.

Conclusion: Patients with treatment-resistant depression displayed cognitive deficits,

however without prefrontal hypoactivity, compared to healthy controls at baseline.

iTBS treatment did not alter cognitive performance, nor concurrent prefrontal blood

oxygenation, in patients. Taken together, iTBS can likely be considered a cognitively safe

treatment option in this sample of patients.
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INTRODUCTION

Depression, the mental health condition with the highest global
disease burden (1), is characterized by persistent low mood, loss
of interest, and low energy (2). Depression is also accompanied
by impaired cognitive functions, in domains such as processing
speed, working memory, and episodic memory (3). It is crucial
to understand the neurobiological underpinnings of cognitive
symptoms in depression, such as prefrontal hypoactivity (4), to
develop appropriate treatment options.

For treatment-resistant depression, there are some treatment
alternatives, with electroconvulsive therapy (ECT) being themost
effective. ECT is a neuromodulatory therapy with global impact
on the brain with high remission rate but also cognitive side
effects (5). Repetitive transcranial magnetic stimulation (rTMS)
over the dorsolateral prefrontal cortex (DLPFC) is an established
add-on treatment alternative, with a more focal brain impact (6).
The DLPFC is a node in the central executive network (7) and
given that rTMS modulates local excitability over the DLPFC
this in turn has effect on network signaling (8). There were
early concerns that rTMS over the DLPFC might have cognitive
side effects as well, however this could not be confirmed (9).
While rTMS has been shown to potentially even cause cognitive
enhancement in healthy subjects (10), a recent meta-analysis on
depression and DLPFC-rTMS protocols found only modest task-
specific cognitive improvement after treatment, and this only
for the Trail Making Test (11). Using the shorter intermittent
theta-burst stimulation (iTBS) (12) over theDLPFC in treatment-
resistant depression, a sham-controlled study suggests cognitive
improvement also in the Wisconsin Card Sorting Test (13).

While rTMS is effective in treatment-resistant depression,
some of the symptoms, such as anhedonia and amotivation, have
been less successful to treat with conventional rTMS protocols
targeting the DLPFC (14). Anhedonia and amotivation are
symptoms that cross over diagnostic boundaries and might have
a common origin from an emotional and cognitive network that
may be reached by instead targeting the dorsomedial prefrontal
cortex (DMPFC) (15). Based on its suggested involvement in
a depression network, the DMPFC has been proposed as an
alternative rTMS target (16). An initial open-label study has
indeed shown that the DMPFC is well-suited for rTMS treatment
of depression (17). This target might be of interest also in the
context of cognition, as DMPFC and DLPFC are involved in the
same cognitive control network, with the DMPFC monitoring
cognitive performance and the DLPFC adjusting behavior (18).

In a recent randomized clinical trial with a transdiagnostic
approach, accelerated iTBS delivered twice daily over theDMPFC
in patients with uni- or bipolar depression or schizophrenia
conducted by our group (19), we found a treatment effect only in
patients with depression and specifically for negative symptoms
such as anhedonia and amotivation, but not for depressive
symptoms overall. While we found that active and sham iTBS
were similar in their reports of subjective memory deficits,
fatigue, and headache, we do not yet know about the effects
of this specific protocol on actual cognitive performance. The
cognitive effects of iTBS over DMPFC in depression have been
assessed in an open-label case series which suggests cognitive

safety with task-specific improvement for the Trail Making Test
and the Stroop Test (20), but no sham-controlled studies have
been published yet.

Functional near-infrared spectroscopy (fNIRS) is a non-
invasive technique that can be used tomeasure changes in cortical
oxygenated hemoglobin levels (oxy-Hb) (21). Due to its relative
insensitivity to body motion, fNIRS is well-suited to be applied
during cognitive tests. This technique has indeed been used
to capture changes in oxy-Hb during cognitive performance in
patients with depression, such as prefrontal hypoactivity (22, 23).
A sham-controlled trial of iTBS for panic disorder investigated
changes in the prefrontal fNIRS signal during a verbal fluency
task (24) and the Emotional Stroop Test (25), but to our
knowledge there are yet no studies of depression in this regard.

In the present study, we explored whether accelerated iTBS
delivered over the DMPFC in depression affected cognitive
performance in a neurocognitive test battery, as well as the
concurrent blood oxygenation response by applying prefrontal
fNIRS during cognitive testing. The fNIRS signal was recorded
from sites roughly corresponding to the left and right DLPFC,
thus probing for indirect effects on the cognitive control network.
We also examined whether patients at baseline exhibited
cognitive dysfunction and prefrontal hypoactivity as measured
with oxy-Hb response, during cognitive testing, compared to a
group of healthy controls.

MATERIALS AND METHODS

Participants
This study comprised 52 patients from two randomized
controlled trials with shared methodology at the Brain
Stimulation Unit, Uppsala University Hospital, Sweden.
Parts of this data has been reported elsewhere (19). The current
patient sample included all 40 patients from our previous
study (19) plus additional 12 patients with depression from an
add-on study. Patients were recruited via the psychiatric clinic
at Uppsala University Hospital, Sweden and were required to
have a current depressive episode in either a uni- or bipolar
disorder and unchanged psychotropic medication 1 month
before treatment start. Patients’ current medication was kept
constant throughout the study and the study protocol did not
allow benzodiazepine use. Data from the patient group were
also compared with a cohort of 55 healthy controls recruited via
advertisement over the internet. An overall inclusion criterion
was age 18–59. Exclusion criterion for the control group was
any ongoing, or history of, psychiatric disorder, and for all
participants epilepsy, intracranial metallic implants, pacemaker
or implantable cardioverter defibrillator, pregnancy, or an
active substance use disorder. All participants underwent a
Mini International Neuropsychiatric Interview (M.I.N.I.) (26).
Comorbid clinical diagnoses of attention deficit hyperactivity
disorder (ADHD) or attention deficit disorder (ADD) were
collected from the medical records. Written informed consent
was obtained from all participants. The study was approved by
the Ethical Review Board, Uppsala University and performed in
accordance with the principles of The Declaration of Helsinki.
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Procedures
Patients were randomized to either active or sham iTBS
treatment. The study was double-blinded, with patients and the
symptom assessors being blinded to the treatment allocation.
To ensure blinding, the magnetic stimulator operating nurse
received a randomization code for each patient, prepared by an
independent research organization. The code was entered in the
stimulator research software upon each treatment session, which
then directed the operator which side of the TMS coil to be
angled toward the patient. At baseline, sociodemographic and
clinical data were collected. Clinical data include the Clinical
Assessment Interview for Negative Symptoms (CAINS) (27), a
clinician-rated 13-item interview on a five-point scale, ranging
from zero to four, assessing feelings of pleasure, motivation,
and emotional expression. Further, the degree of treatment
resistance was assessed with the Maudsley Staging Method for
treatment resistant depression (MSM) (28), with a maximum
score of 15, assessing duration, symptom severity, and failed
treatment attempts of the depressive episode, as well as add-
on psychotropic medications and electroconvulsive treatment.
Patients’ overall psychiatric symptoms were assessed using the
clinical-rated Brief Psychiatric Rating Scale (BPRS), a seven-point
scale, ranging from one to seven, with 24 items (29). Patients
rated their overall health on the EQ-5D VAS, a visual analog
scale ranging from 0 to 100 (30), and their depressive symptoms
on the Montgomery-Åsberg Depression Rating Scale (MADRS-
S) (31), a seven -point scale, ranging from zero to six with nine
items. Controls did not receive any iTBS and only underwent
baseline assessments. Both the cognitive test battery and the
fNIRS acquisition took place at baseline 1 day before treatment
start, and once again 4 weeks later. This time interval was chosen
to test for potential delayed treatment effects and to synchronize
with a neuroimaging study (32).

Repetitive Transcranial Magnetic
Stimulation
The rTMS procedure has been described in detail elsewhere
(19, 33). In short, the iTBS treatment was performed using the
Cool D-B80 A/P butterfly coil (MagVenture, Denmark), designed
for sham-controlled stimulation with one of the two identically
looking coil sides being internally shielded to prevent the
magnetic field from spreading. Treatment was given twice daily
on weekdays with a 15min break between the treatment sessions
(34), aiming at 10 treatment days resulting in 20 iTBS sessions
at target intensity. Target intensity was defined as 90% of resting
foot motor threshold (35). As rTMS of non-motor areas does
not systematically change the motor cortical excitability (36), the
determination of the motor threshold was performed only at
baseline. Treatment was delivered over the DMPFC following
MRI-guided neuronavigation (TMS Navigator, Localite, Bonn,
Germany), aiming at the dorsal anterior cingulate cortex (ACC)
defined as x = 0, y = 30, z = 30 in the Montreal Neurological
Institute coordinates (37) (Supplementary Figure 1). As shown
in Hayward et al. (38), the ACC may be reached via rTMS
over the medial PFC. Each iTBS session comprised 40 trains
of stimulation (2 s on, 8 s off), each train consisting of 10

bursts at 5Hz and each burst consisting of three biphasic pulses
delivered at 50Hz. For all patients, transcutaneous electrical
nerve stimulation (TENS) electrodes were applied medially on
the forehead directly beneath the TMS coil. However, only in
the sham iTBS allocation, patients received a mild TENS with a
maximum current of 4mA, proportional to stimulation intensity
and synchronous with the described rTMS pulses to mimic the
sensation of active stimulation. The sham side of the coil was
shielded to prevent magnetic stimulation to reach the cortex. No
TENS current was applied in the active iTBS allocation.

Cognitive Tests
The test battery consisted of the Trail Making Test A and B
(39), Rey Auditory Verbal Learning Test (RAVLT) (40), Animal
Naming Test (41), Digit Symbol Coding Test (42), Sternberg
Memory Test (43), Emotional Stroop Test (44), and Corsi Block
Tapping Test (45). Except for RAVLT and Animal Naming Test,
all tests were administered using the software Inquisit 4 (2015)
with computerized adaptations of the tests from the online
Millisecond Test Library1. Table 1 lists the cognitive tests in the
order they were conducted, and details on cognitive domain,
duration, outcome, maximum score, and direction of results for
each test. All participants undertook the cognitive tests in the
same order, at all time points, reflecting increasing difficulty.

Trail Making Test A and B
The TMT consists of two parts requiring to connect a set of
sequential targets by mouse press as fast as possible, with TMT
A consisting of a set of numbers to connect, and TMT B of
switching between connecting numbers and letters. The TMT
assesses executive functioning, attention and processing speed
and was operationalized as TMT B test completion speed in
seconds in the present study.

Rey Auditory Verbal Learning Test
The RAVLT consists of four parts: in the first three trials, the
same set of 15 words is read out by the test instructor and the
participant is instructed to immediately verbally recall as many
words as possible. The fourth part is a delayed free verbal recall
of the word set 30min later. The RAVLT assesses verbal learning
and memory and was operationalized as sum of the first three
parts. Two different sets of words were used at baseline and 4
weeks later.

Animal Naming Test
The participant is instructed to verbally name as many animals
as possible within a 1min time frame. The test assesses verbal
fluency and was operationalized as number of animals named.

Digit Symbol Coding Test
The participant is instructed to code via key press as many
symbols as possible to their corresponding digit with a digit-
symbol pair key within a 2min time frame. The tests assesses
attention and processing speed and was operationalized as
number of correctly coded digits.

1https://www.millisecond.com/download/library/
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TABLE 1 | Cognition domain, time or trial number, outcome measure, maximum score and result direction for each cognitive test used in the cognitive test battery.

Test Domain Time/

Trials

Outcome Maximum score Direction

Trail Making Test A and B Attention, processing speed 2 trails Test completion speed of Trail B (in s) N/A Negative

RAVLT Verbal memory and learning 15 items Remembered words (sum of parts I-III) 45 Positive

Animal Naming Test Verbal fluency 60 s Number of words N/A Positive

Digit Symbol Coding Test Attention, processing speed 120 s Total score 144 Positive

Sternberg Memory Test Numerical working memory 21 trials Proportion of correct trials 100 Positive

Emotional Stroop Test Inhibitory control 125 trials RT to negative words minus RT to

neutral words (in ms)

N/A Negative

Corsi Block Tapping Test Visuospatial working memory 16 trials Correct trials * blockspan level 144 Positive

RAVLT, Rey Auditory Verbal Learning Test; RT, Reaction time; N/A, not applicable. A “positive” direction means that higher values indicate higher performance; a “negative” direction
means that higher values indicate lower performance.

Sternberg Memory Test
Participants are presented with sequences of two to seven digits
and subsequently being prompted with a digit, and thus to
state by key press whether the digit was in the prior sequence
or not. The test assesses numerical working memory and was
operationalized as percentage of correct responses.

Emotional Stroop Test
Participants are presented with words from five different
categories (neutral, negative, positive, aggressive, and color),
written in four different colors. Patients are asked to indicate
the word color by key press, regardless of the word meaning.
The tests assesses inhibitory control and was operationalized as
reaction time to negative words subtracted from the reaction time
to neutral words (“interference effect”).

Corsi Block Tapping Test
Participants are presented with a screen of nine boxes, lighting
up sequentially in a predefined order, and ranging in sequence
length from two to nine boxes. The participant is instructed
to click on the boxes in the correct order. The test assesses
visuospatial working memory and was operationalized as the
total correct score.

fNIRS Data Acquisition
The fNIRS signal was obtained from a two-channel NIRS
system (NIRO-200 NX, Hamamatsu Photonics, Hamamatsu,
Japan). The probe holders were positioned over the left and
right forehead, aiming at a site roughly corresponding to the
DLPFC, with the detection optode lateral to the emission optode
(Supplementary Figure 2). This optode placement allowed for
probing effects in the cognitive control network (18), while
indirectly even probing for DMPFC-iTBS effects via the targeted
corticolimbic network (46). Distance between detection and
emission optode was 3.5 cm. Light attenuation changes at three
wavelengths, i.e., 735, 810, and 850 nm, were measured using the
modified Beer-Lambert law. Based on an estimated differential
path length factor of 5.93 according to the NIRS device manual,
concentration changes of oxygenated hemoglobin (oxy-Hb),
deoxygenated hemoglobin (deoxy-Hb), and total hemoglobin

were calculated. In accordance with previous fNIRS studies, oxy-
Hb was chosen as main outcome measure, but deoxy-Hb was
also reported to complement the hemodynamic picture (47).
Sampling frequency was 5 Hz.

Data were collected simultaneously to the cognitive test
battery. Signal acquisition started after the patient was seated
comfortably in the chair and the fNIRS probe holders were
attached. First, an initial 5-min resting-state measurement was
conducted with the participant being instructed to sit calmly and
rest. Subsequently, the test battery started and was conducted
in the above named order, without breaks or resting periods
in between cognitive tests. The fNIRS signal acquisition was
continuous over the whole test battery duration. Event markers,
indicated by button press on the NIRS device by the operating
staff, marked the beginning and the end of each cognition test.
Due to technical restraints in the experimental software used
for the cognition tests, it was not possible to send specific
event trigger (i.e., stimulus presentation or data entry by the
participant) to the fNIRS device.

fNIRS Data Analysis
The fNIRS data were analyzed using MATLAB R2020b. For
data preprocessing, a low-pass filter with a cutoff frequency of
0.1Hz was applied to remove potential noise stemming from
respiration or heartbeats (48). The fNIRS signal was recorded
over a long time period, thus potential changes between tasks
being rather slow. To avoid filtering out differences in mean
oxy-Hb or deoxy-Hb levels between tasks, no high-pass filter or
detrending was applied.

For participant-level analysis, baseline correction was
performed by subtracting the mean oxy-Hb or deoxy-Hb signal
of the last 60 s within the resting-state measurement, i.e., when
the signal had reached equilibrium based on visual inspection of
the grouped data, from the filtered fNIRS signal. The fNIRS data
were segmented into each cognitive test and contained the initial
60 s of each test performance. With the test length depending
on test performance in most tests, we assumed that participants
were still somewhat more comparable in their task processing
in the beginning rather than in the end of each cognitive test.
Given that the Animal Naming Test had a set length of 60 s
and thus was the shortest test in the test battery, this length
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TABLE 2 | Baseline demographic and clinical characteristics [Mean (SD)] of controls and patients, and the patients further divided into sham and active iTBS treatment

allocation, and the respective statistical tests.

Controls

(n = 55)

Patients

(n = 51)

p Sham

(n = 26)

Active

(n = 25)

p

Age, years 30.20 (10.55) 29.53 (9.31) 0.874 29.04 (8.73) 30.04 (9.84) 0.821

Sex, n male:female 18:37 23:28 0.191 12:14 11:14 0.877

CAINS – 29.18 (7.63) 30.92 (7.21) 27.36 (7.63) 0.105

EQ-5D VAS – 34.08 (15.49) 34.38 (14.44) 33.76 (16.50) 0.962

MADRS-S – 29.81 (7.57) 30.42 (6.96) 29.20 (8.10) 0.604

BPRS subscale – 20.92 (4.54) 21.19 (4.19) 20.64 (5.04) 0.925

MSM – 10.06 (1.85) 10.44 (2.00) 9.68 (1.59) 0.181

Education, n 0.050 0.127

9th year completed† 2 9 6 3

12th year completed 32 28 16 12

Higher education 21 14 4 10

Primary diagnosis, n – 0.382

Depressive episode 28 13 15

Recurrent depression 18 9 9

Bipolar depression 5 4 1

Comorbidities, n –

Anxiety disorder 21 12 9 0.461

ADHD/ADD 11 8 3 0.173

Medication, n –

Antidepressants 41 19 22 0.291

Antidopaminergic drugs 10 6 4 0.726

Mood stabilizers 14 8 6 0.588

Stimulants 8 7 1 0.050

No medication 2 0 2 0.235

†contains data by one patient (in the sham iTBS allocation) who had <9 years of education.
CAINS, Clinical Assessment Interview for Negative Symptoms; EQ-5D VAS, self-rated health status; MADRS-S, Montgomery Åsberg Depression Rating Scale, self-rating version; BPRS,
Brief Psychiatric rating scale, subscale mood disturbance including the following items: “depression,” “anxiety,” “suicidality,” “guilt,” “suspiciousness,” and “self-neglect;” MSM, Maudsley
Staging Method for Treatment Resistant Depression.

was chosen for all fNIRS data segments. Means were calculated
for each cognitive test segment, for both left and right oxy-Hb
and deoxy-Hb.

For group-level analysis, the resulting participant-level values
were entered into the statistical analysis.

Statistical Analysis
Statistical analysis was performed using MATLAB R2020b.
Demographic, clinical, and cognitive performance characteristics
were assessed by means of Mann-Whitney U-tests (age, CAINS,
EQ-5D VAS, MSM, MADRS-S, BPRS) or χ² tests (sex, education,
primary diagnosis, comorbidities, and medication), comparing
the two iTBS treatment allocations. To analyze cognitive
performance, mean oxy-Hb, and mean deoxy-Hb, linear mixed-
effects (LME) models were conducted with the fixed effect
factors treatment allocation (active/sham), time (baseline/4
weeks after iTBS), treatment allocation∗time interaction, and
random intercept per subject. To analyze differences between
the control group and the patient group (i.e., active and
sham iTBS together) at baseline, Mann-Whitney U-tests were
conducted for cognitive performance and LME models were
conducted for mean oxy-Hb, with the fixed effect factors

group (controls/patients) and random intercept per subject.
Pearson correlation analyses were calculated for (I) patients’
anhedonia symptoms and cognitive performance at baseline, (II)
patients’ negative symptoms and prefrontal oxy-Hb at baseline,
(III) patients’ cognitive performance and concurrent oxy-Hb
at baseline, and (IV) the controls’ cognitive performance and
concurrent oxy-Hb. The alpha level was set to 0.05 for all
statistical tests.

RESULTS

Demographic and Clinical Characteristics
After study inclusion, one patient allocated to active iTBS
terminated study participation, resulting in 51 patients (23 male,
28 female, mean age = 30) and 55 controls (18 male, 37 female,
mean age = 30). Twenty-five patients were randomized to active
iTBS, and 26 patients to sham iTBS. Controls had a slightly higher
education level but did not differ from patients with respect
to age or sex ratio (Table 2). Among patients, there were no
baseline differences between the two treatment allocations in
either demographic or clinical variables (Table 2).
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TABLE 3 | Cognitive performance [Mean (SD)] for controls and patients (at baseline), and the patients further divided into sham and active iTBS treatment allocation (at

baseline and 4 weeks later), and the respective statistical tests.

Baseline 4 weeks later

Controls

(n = 55)

Patients

(n = 51)

Mann-Whitney

U-test†
Sham

(n = 26)

Active

(n = 25)

Sham

(n = 26)

Active

(n = 25)

Linear

mixed-effect

model‡

Trail Making Test 62.56 (26.52) 73.91 (30.73) p = 0.026 74.89 (30.22) 72.89 (31.22) 65.15 (25.39) 72.79 (54.37) n.s.

Rey Auditory Verbal Learning Test 30.96 (4.98) 27.47 (6.10) p < 0.001 26.92 (5.95) 28.04 (6.19) 27.00 (6.89) 28.04 (5.70) n.s.

Animal Naming Test 27.78 (6.51) 24.06 (6.12) p = 0.004 23.04 (5.91) 25.12 (6.17) 24.88 (5.96) 26.12 (7.31) n.s.

Digit Symbol Coding Test 57.24 (15.88) 49.69 (18.22) p = 0.016 50.88 (16.44) 48.44 (19.83) 56.64 (20.22) 56.80 (14.94) n.s.

Sternberg Memory Test 91.15 (11.39) 92.59 (10.19) n.s. 91.24 (13.00) 93.99 (5.67) 93.37 (9.87) 95.76 (4.53) n.s.

Emotional Stroop Test −4.11 (79.98) 7.15 (113.92) n.s. −23.02

(116.80)

38.53 (104.00) −13.69

(104.56)

−26.03

(143.46)

n.s.

Corsi Block Tapping Test 64.07 (22.61) 61.45 (21.80) n.s. 60.50 (22.29) 62.44 (21.23) 64.31 (22.77) 64.96 (28.51) n.s.

For detailed test information see Table 1.
†Mann-Whitney U-Test for baseline comparison of controls (n = 55) and patients (n = 51), ‡Linear Mixed-Effect (LME) models with the fixed effect factors treatment allocation
(active/sham) and time (baseline/4 weeks later iTBS). Reported are the p-values for each group*time interaction.

Baseline Cognitive Performance (Patients
vs. Healthy Controls)
At baseline, when comparing the patient group (n = 51) with
the healthy control group, Mann-Whitney U-tests showed a
difference in cognitive performance between groups, with lower
performance scores for the patients in the Trail Making Test
(p = 0.026), the RAVLT (p < 0.001), the Animal Naming
Test (p = 0.004), and the Digit Symbol Substitution Test (p =

0.016) (Table 3). There were no performance differences between
patients and controls in the Sternberg Memory Test (p = 0.463),
the Emotional Stroop Test (p = 0.557), and the Corsi Block
Tapping Test (p= 0.571).

Cognitive Performance Following
DMPFC-iTBS (Active vs. Sham iTBS)
Cognitive performance for each cognitive test at baseline and 4
weeks later is shown in Table 3. LME models for each cognition
test showed no treatment allocation∗time interaction, reflecting
no differences in trajectories between active and sham iTBS
(Table 3).

Baseline Prefrontal Blood Oxygenation
(Patients vs. Healthy Controls)
At baseline, when comparing the whole patient group (n = 51)
with the healthy control group (n = 55), LME models for each
cognitive test showed no main effect of group, reflecting no
mean oxy-Hb change differences between patients and controls
(Figure 1, Supplementary Figures 3, 4). Similarly, LME models
showed no mean deoxy-Hb differences between the groups
(Supplementary Figure 5).

Prefrontal Blood Oxygenation Following
DMPFC-iTBS (Active vs. Sham iTBS)
For concurrent mean oxy-Hb levels, LME models showed
no main effect of treatment allocation or time, and no
treatment allocation∗time interaction for either cognitive test

(Supplementary Table 1), reflecting no differences in trajectories
from baseline to 4 weeks later between active and sham iTBS
(Figure 2, Supplementary Figures 6, 7). Similarly, LME models
showed no mean deoxy-Hb differences over the treatment course
between active and sham iTBS (Supplementary Figure 8).

Correlations
Pearson correlation analyses between baseline patients’ negative
symptoms and cognitive performance showed negative
correlations for the RAVLT (r = −0.29, p = 0.037) and the
Animal Naming Test (r = −0.28, p = 0.049), and trend-
level correlations for the Trail-Making-Test (r = 0.27, p =

0.055), reflecting worse cognitive performance with more
negative symptoms (Supplementary Table 2). However, no
correlation was found between negative symptoms and cognitive
performance assessed 4 weeks later (data not shown). For
baseline prefrontal oxy-Hb during cognitive performance,
there was a negative correlation with patients’ negative
symptoms at oxy-Hb during the Trail-Making-Test (r = −0.29,
p = 0.042), reflecting lower cortical activation with more
negative symptoms (Supplementary Table 3). However, such
correlation was no longer observed after the iTBS treatment
(data not shown). No correlations were found between
baseline cognitive performance and concurrent oxy-Hb for
either patients (Supplementary Table 4) or healthy controls
(Supplementary Table 5).

DISCUSSION

To the best of our knowledge, this is the first sham-controlled
study to investigate how iTBS over the DMPFC affects cognitive
performance, and concurrent prefrontal blood oxygenation
changes. While patients at baseline did show impaired cognitive
performance in several cognition tests, we did not see the
predicted concurrent prefrontal hypoactivity reflected in the
fNIRS signal. Further, we did not detect any differences between
active and sham iTBS regarding cognitive performance or
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FIGURE 1 | Averaged blood oxygenation (oxy-Hb) and confidence intervals in patients (gray) and controls (white) during the cognitive test battery at baseline in the left

and right fNIRS channel. TMT, Trail-Making-Test; RAVLT, Rey Auditory Verbal Learning Test; Animal, Animal Naming Test; Digit, Digit Symbol Coding Test; Stern,

Sternberg Memory Test; Stroop, Emotional Stroop Test; Corsi, Corsi Block Tapping Test.

blood oxygenation changes over time. Negative symptoms
correlated with cognitive performance to some extent, however
there were no correlations between cognitive performance and
blood oxygenation.

Our cognition results showed that active iTBS over DMPFC
did not affect cognitive performance. The Trail Making Test
performance has been reported to be positively affected by left
DLPFC-rTMS (11) as well as DMPFC-iTBS (14). Improvement
has also been observed in the Wisconsin Card sorting after
iTBS to DLPFC. However, our results are in line with several
studies showing no difference in cognitive performance following
high frequency rTMS over left DLPFC, for example in the
Digit Symbol Substitution Test (49), the Stroop Color Test (50),
the Stroop Color-Word Interference Test (51), and the digit
span (52). Further, a recent meta-analysis of the mostly small
sample size studies, revealed no overall DLPFC-rTMS effects
on attention, executive functioning, processing speed, verbal

fluency, verbal learning, and social cognition were reported (53).
DMPFC and DLPFC are engaged in the same cognitive control
network (18), and it is possible that this network is less sensitive
to manipulation by rTMS/iTBS than hitherto suggested.

Our fNIRS results showed that active iTBS over the DMPFC
did not modulate blood oxygenation during cognitive testing.
As the DLPFC is suggested as the main hub in executive
functioning (54), we chose this region for recording of the blood
oxygenation signal. With the DMPFC also being part in the
cognitive control network (18), this allowed us to probe for
indirect cognitive network effects. In a fNIRS study with iTBS
over left DLPFC in panic disorder patients, active iTBS did not
modulate prefrontal activity during a verbal fluency task (24).
This is in line with our observations during the Animal Naming
Test in the present study.

We did not observe a prefrontal hypoactivity when comparing
the fNIRS signal of our depressed patients to the controls.
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FIGURE 2 | Averaged blood oxygenation (oxy-Hb) and confidence intervals in the active (pink) and sham (blue) iTBS group during the cognitive test battery at baseline

(stripes) and 4 weeks later (full color) in the left and right fNIRS channel. TMT, Trail-Making-Test; RAVLT, Rey Auditory Verbal Learning Test; Animal, Animal Naming

Test; Digit, Digit Symbol Coding Test; Stern, Sternberg Memory Test; Stroop, Emotional Stroop Test; Corsi, Corsi Block Tapping Test.

This is somewhat surprising, as previous fMRI studies showed
hypoactivity of prefrontal regions during various cognitive
tasks, including a verbal fluency task (55) and a working
memory task (56). Also with fNIRS, such hypofrontality
has been reported in depression (57), and even with a
similar two-channel device as the one used in our study
(58). However, descriptively, our patients did exhibit lower
prefrontal blood oxygenation throughout the cognitive testing.
This trend not reaching significance however might partly be
due to that in our study, we measured fNIRS continuously
over a relatively long timespan, without applying an event-
related paradigm as the majority of studies investigating
working memory (57). Similarly, this might at least partly
explain the lack of association between the fNIRS signal and
cognitive performance.

Though patients did not show a cognitive improvement
following the active compared to sham iTBS treatment course,
it is important to stress that neither did active iTBS over

the DMPFC cause worsened cognitive performance, making it
likely to be a cognitively safe treatment option in this patient
sample. rTMS targeting the DLPFC has not been reported
to have cognitive side-effects such as temporary memory loss
(59) which is the case for electroconvulsive therapy (5), and
our study extends this observation to be also valid for iTBS
over DMPFC.

This study is subject to some limitations. First, the observation
that accelerated protocols yield a more rapid treatment response
has been questioned by a recent study (60) and it is possible
that the targeted treatment duration of 10 days thus was
too short to yield a substantial treatment effect on cognitive
functioning. In this context, the 15min intersession interval
used in our study might have been too short to increase
cortical excitability (61). While longer intervals of 60min are
more reliably linked to excitatory effects (62), there are also
reports of 15min intervals yielding increased excitability (34).
As of now, the optimal intersession interval length between
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two daily sessions to yield maximum excitatory effects is
yet to be determined. Second, we cannot fully exclude that
the sham iTBS might have been partly active, as has been
suggested by a recent rTMS study with the same coil (63).
Third, the fNIRS signal may be sensitive also to signal changes
from the skin blood flow, thus picking up psychophysiological
arousal due to the cognitive performance situation (64). Fourth,
as the patients had psychotropic medication this may have
affected the NIRS-signal (65), making comparisons with healthy
controls less reliable. However, as the patients’ medications
were unchanged 1 month before and during the blinded
randomized phase of the trial, it is unlikely that the medication
introduced any systematic bias in the comparison between sham
and active iTBS. Finally, it should be noted that our two-
channel fNIRS device only obtained signals from a limited
brain region.

This sham-controlled study did not detect any changes
in the prefrontal blood oxygenation during cognitive
performance, and no changes in cognitive performance
following a full treatment course of active iTBS over the
DMPFC in depression. Together with our previous findings
(19), showing a treatment effect for negative symptoms,
such as anhedonia, while not causing more side effects,
such as self-reported memory deficits or fatigue, than
sham iTBS, we conclude that the treatment is likely to
be considered cognitively safe in this sample of patients
with depression.
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Supplementary Figure 1 | Coil placement over the dorsomedial prefrontal cortex

(DMPFC). For detailed coil information see Methods.

Supplementary Figure 2 | Position of the fNIRS probe holders, aiming at a site

roughly corresponding to the dorsolateral prefrontal cortex (DLPFC), with the

detection optode lateral to the emission optode.

Supplementary Figure 3 | Averaged blood oxygenation (oxy-Hb) and confidence

intervals in patients (blue) and controls (yellow) during the cognitive test battery at

baseline in the left fNIRS channel. Displayed are the initial 60 s of each cognitive

test. Gaps between tests stem from time spent for test instruction. TMT,

Trail-Making-Test; RAVLT, Rey Auditory Verbal Learning Test; Animal, Animal

Naming Test; Digit, Digit Symbol Coding Test; Sternberg, Sternberg Memory Test;

Stroop, Emotional Stroop Test; Corsi, Corsi Block Tapping Test.

Supplementary Figure 4 | Averaged blood oxygenation (oxy-Hb) and confidence

intervals in patients (blue) and controls (yellow) during the cognitive test battery at

baseline in the right fNIRS channel. Displayed are the initial 60 s of each cognitive

test. Gaps between tests stem from time spent for test instruction. TMT,

Trail-Making-Test; RAVLT, Rey Auditory Verbal Learning Test; Animal, Animal

Naming Test; Digit, Digit Symbol Coding Test; Sternberg, Sternberg Memory Test;

Stroop, Emotional Stroop Test; Corsi, Corsi Block Tapping Test.

Supplementary Figure 5 | Averaged blood oxygenation (deoxy-Hb) and

confidence intervals in patients (gray) and controls (white) during the cognitive test

battery at baseline in the left and right fNIRS channel. TMT, Trail-Making-Test;

RAVLT, Rey Auditory Verbal Learning Test; Animal, Animal Naming Test; Digit, Digit

Symbol Coding Test; Stern, Sternberg Memory Test; Stroop, Emotional Stroop

Test; Corsi, Corsi Block Tapping Test.

Supplementary Figure 6 | Averaged blood oxygenation (oxy-Hb) and confidence

intervals in the active (red) and sham (blue) iTBS group during the cognitive test

battery at baseline (lighter color) and 4 weeks later (darker color) in the left fNIRS

channel. Displayed are the initial 60 s of each cognitive test. Gaps between tests

stem from time spent for test instruction. TMT, Trail-Making-Test; RAVLT, Rey

Auditory Verbal Learning Test; Animal, Animal Naming Test; Digit, Digit Symbol

Coding Test; Sternberg, Sternberg Memory Test; Stroop, Emotional Stroop Test;

Corsi, Corsi Block Tapping Test.

Supplementary Figure 7 | Averaged blood oxygenation (oxy-Hb) and confidence

intervals in the active (red) and sham (blue) iTBS group during the cognitive test

battery at baseline (lighter color) and 4 weeks later (darker color) in the right fNIRS

channel. Displayed are the initial 60 s of each cognitive test. Gaps between tests

stem from time spent for test instruction. TMT, Trail-Making-Test; RAVLT, Rey

Auditory Verbal Learning Test; Animal, Animal Naming Test; Digit, Digit Symbol

Coding Test; Sternberg, Sternberg Memory Test; Stroop, Emotional Stroop Test;

Corsi, Corsi Block Tapping Test.

Supplementary Figure 8 | Averaged blood oxygenation (deoxy-Hb) and

confidence intervals in the active (pink) and sham (blue) iTBS group during the

cognitive test battery and baseline (stripes) and 4 weeks later (full color) in the left

and right fNIRS channel. TMT, Trail-Making-Test; RAVLT, Rey Auditory Verbal

Learning Test; Animal, Animal Naming Test; Digit, Digit Symbol Coding Test; Stern,
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Sternberg Memory Test; Stroop, Emotional Stroop Test; Corsi, Corsi Block

Tapping Test.

Supplementary Table 1 | Depicted are the results of linear mixed-effects models

for concurrent oxy-Hb assessed during a cognitive test battery, i.e., the T- and

p-values of the treatment allocation (active, sham) x time (baseline, 4 weeks later)

interactions. RAVLT, Rey Auditory Verbal Learning Test. fNIRS, functional

near-infrared spectroscopy.

Supplementary Table 2 | Baseline correlations between patients’ negative

symptoms as assessed by the Clinical Assessment Interview for Negative

Symptoms (CAINS) and cognitive performance at baseline. RAVLT, Rey Auditory

Verbal Learning Test. Significant correlations are marked with an asterisk.

Supplementary Table 3 | Baseline correlation between patients’ negative

symptoms as assessed by the Clinical Assessment Interview for Negative

Symptoms (CAINS) and prefrontal oxy-Hb during cognitive performance at

baseline. RAVLT, Rey Auditory Verbal Learning Test. Significant correlations are

marked with an asterisk.

Supplementary Table 4 | Baseline correlation between patients’ cognitive

performance and concurrent prefrontal oxy-Hb at baseline. RAVLT, Rey Auditory

Verbal Learning Test.

Supplementary Table 5 | Correlations between controls’ cognitive performance

and concurrent prefrontal oxy-Hb. RAVLT, Rey Auditory Verbal

Learning Test.
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The role of circadian dysregulation is increasingly acknowledged in the background

of depressive symptoms, and is also a promising treatment target. Similarly, stress

shows a complex relationship with the circadian system. The CLOCK gene, encoding

a key element in circadian regulation has been implicated in previous candidate variant

studies in depression with contradictory findings, and only a few such studies considered

the interacting effects of stress. We investigated the effect of CLOCK variation with a

linkage-disequilibrium-based clumping method, in interaction with childhood adversities

and recent negative life events, on two phenotypes of depression, lifetime depression

and current depressive symptoms in a general population sample.

Methods: Participants in NewMood study completed questionnaires assessing

childhood adversities and recent negative life events, the Brief Symptom Inventory to

assess current depressive symptoms, provided data on lifetime depression, and were

genotyped for 1054 SNPs in the CLOCK gene, 370 of which survived quality control and

were entered into linear and logistic regressionmodels with current depressive symptoms

and lifetime depression as the outcome variable, and childhood adversities or recent

life events as interaction variables followed by a linkage disequilibrium-based clumping

process to identify clumps of SNPs with a significant main or interaction effect.

Results: No significant clumps with a main effect were found. In interaction with

recent life events a significant clump containing 94 SNPs with top SNP rs6825994 for

dominant and rs6850524 for additive models on current depression was identified, while

in interaction with childhood adversities on current depressive symptoms, two clumps,

both containing 9 SNPs were found with top SNPs rs6828454 and rs711533.

Conclusion: Our findings suggest that CLOCK contributes to depressive symptoms,

but viamediating the effects of early adversities and recent stressors. Given the increasing
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burden on circadian rhythmicity in the modern lifestyle and our expanding insight into the

contribution of circadian disruption in depression especially as a possible mediator of

stress, our results may pave the way for identifying those who would be at an increased

risk for depressogenic effects of circadian dysregulation in association with stress as

well as new molecular targets for intervention in stress-related psychopathologies in

mood disorders.

Keywords: clock gene, depression, stress, childhood adversities, negative life events, gene-environment

interactions, circadian rhythm

INTRODUCTION

In order to successfully adapt to environmental changes
including day-night cycles signaling rhythmic alterations in the
availability of resources and presence of dangers, regulation
of rhythmic metabolic, cognitive, and behavioral functions via
optimization of physiological and biological processes to 24-h
cycles is necessary (1). Circadian disruption may compromise
survival and lead to the emergence of several somatic and mental
disorders including depression (2, 3). Self-sustained biological
rhythms are controlled by the circadian system composed of
tissues expressing endogenous 24-h timekeeping activity (4). The
nucleus suprachiasmaticus acts as central pacemaker, the activity
of which is based on a transcriptional/posttranslational feedback
loop with rhythmic expression of circadian clock genes (5),
including the CLOCK gene (circadian locomotor output cycles
kaput gene) which possesses a transcriptional activator role in the
circadian clock mechanism.

Genetic mutations in clock genes may lead to disruptions in
the period, phase and amplitude of circadian rhythms (6). In
animal models, manipulation and mutation of clock genes causes
alterations in behavioral and affective phenotypes, suggesting
a direct connection between clock genes and brain functions
relevant to psychiatric illness (7). Depression has been linked
to circadian abnormalities for decades as suggested by somatic
rhythms showing disruption in depressed patients, as well
as a typical circadian rhythmicity of various symptoms (8).
Prominent circadian disturbances in mood disorders include
sleep problems, morning worsening and evening improvement
of symptoms, changes in appetite, social interactions, as well as
alteration in the circadian rhythmicity of blood pressure, body
temperature or hormone levels (9–11). These have implicated
a rhythm disruption of central origin involving the core
molecular machinery underlying circadian rhythm generation,
thus suggesting that disruption of circadian regulation is a factor
possibly underlying the development and maintenance of the
disorder (12–14).

There is a strong genetic background of mood disorders
(15, 16) and some studies point to an association betweenCLOCK
gene variation and bipolar disorder (17, 18) but weak association
with major depressive disorder (MDD) (12, 17, 19). However,
in case of depression, the heterogeneity of the disorder and
the underlying neurobiological etiological processes raised the
possibility that inaccurate or misinterpreted phenotypes (19)
and lack of differentiation between depression subtypes may

have obscured existing associations. Furthermore, the circadian
clock and stress response systems are closely related (7), and
stress/increased vulnerability to stress are risk factors for multiple
psychiatric disorders. Modulation of stress response is a common
mechanism by which circadian clock genes affect such illnesses
including depression (7). It has been suggested that effects of
SNPs in candidate gene studies and GWAS-s may be masked by
lack of consideration of the interacting effects of various types of
environmental events in spite of our increasing understanding
that the majority of genes and variants contributing to the
emergence of depression act via modulating sensitivity toward
stress (16, 20, 21).

In previous studies, only a few candidate polymorphisms in
the CLOCK gene, and most frequently rs1801260 (also known
as 3111T/C) were investigated in association with depression
with inconsistent findings. GWAS-s have not confirmed the role
of this variant or the CLOCK gene, although suggested a role
for circadian system genes (19, 22, 23). However, GWAS-s may
overlook existing association due to strict p-value criteria to
compensate for multiple testing with even true positive SNPs
not achieving genome-wide significance (19, 24). One way of
reducing multiple testing burden yet overcoming the hit-and-
miss approach of candidate variant studies is employing a gene-
wide approach focusing on variations along the CLOCK gene.

The high prevalence of depression coupled with the
remarkable lack of efficacy of currently available antidepressive
medications leaving ∼30–35% of patients treatment resistant
(25) on the one hand reflects the lack of in-depth understanding
of the etiological processes in the background of depression,
and on the other hand highlights the need for understanding
novel processes and identifying novel molecular targets for
intervention. Furthermore, given the well-known heterogeneity
of depressive disorders not only on the clinical-symptomatic
level, but also in the neurobiological and genetic background
of such divergent clinical manifestations, understanding genetic
background of various processes, such as circadian disruption,
playing a role in the development of different depressive
symptoms and syndromes may also help subtypization
and, in the end, precision and personalized treatments
of depression.

The aim of the present study was to investigate the
association between variation in the CLOCK gene, lifetime
depression, and current depressive symptoms in interaction with
childhood adversities and recent negative life events in a general
European population.
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MATERIALS AND METHODS

Study Sample
The present study was part of the NewMood study funded
by the European Union (New Molecules in Mood Disorders,
Sixth Framework Program of the EU, LSHM-CT-2004-503474).
Seven hundred sixty-seven non-related participants (238 males,
529 females) of self-reported European white ethnic origin
aged between 18 and 60 years were recruited from the general
population through advertisements, a website and general
practices; provided self-reported data on sociodemographic
factors including age and gender, as well as lifetime and current
depression, and early childhood adversities and recent negative
life events occurring in the past year; and provided genetic data
by a saliva sampling kit.

NewMood aimed to recruit participants with a diverse
exposure to different types on environmental influences and
adversities and with diverse socioeconomical background
to allow for generalisability of results to real-life settings.
Furthermore, as NewMood focused on a general population with
a continuum approach to affective symptoms and disorders, our
sample included previously depressed, currently depressed and
never depressed participants as well. A detailed description of the
study population is provided in previously published reports (26–
28). The study was carried out in accordance with the Declaration
of Helsinki, and it was approved by the Scientific and Research
Ethics Committee of the Medical Research Council, Budapest,
Hungary. All participants provided written informed consent
prior to participating in the study.

Phenotypes
The present study focused on measuring two aspects of
depression and two types of stressors. Lifetime depression
(DEP) was ascertained based on self-report using a background
questionnaire. This measure to capture the lifetime presence
of major depression has been validated previously with face-
to-face structured diagnostic interviews (SCID-I) within a
subpopulation of our sample, yielding a 91.7% sensitivity and
89.8% specificity (28).

Current level of depression (BSI-Depression) was measured
using the Brief Symptom Inventory (29), a questionnaire
measuring psychopathological symptoms in several scales with
items scored between 0 and 4 depending on the distress caused.
For the present study, only the depression subscale score was used
to reflect the actual levels of depression, calculated as the sum
of depression and additional item scores divided by the number
of completed items. Use of BSI-Depression to capture actual
depressive symptom severity has been validated in a previous
study in a subsample of our population using the Montgomery-
Asberg Depression Rating Scale (MADRS) administered by
trained interviewers (28).

The two types of stressors measured in our study included
early childhood adversities (CHA) as distal and etiological
stressors and recent negative life events (RLE) occurring in the
past year as proximal, trigger stressors. The early childhood
adversity measure was derived from the Childhood Trauma
Questionnaire (CTQ) (30), and included four items referring

to emotional and physical abuse and emotional and physical
neglect, and two items about the loss of parents. This short
childhood adversity measure has previously been validated with
the 28-item CTQ within a subpopulation of our sample, yielding
a high correlation between the original and derived measures
(28). The sum of item scores was used in the analyses. Recent
stressful life events (RLE) occurring in the past year related
to financial difficulties, illnesses/injuries, personal problems,
and intimate relationship or social network difficulties were
measured using the List of Threatening Experiences (31, 32). The
number of recent negative life events (RLEs) was used in the
statistical analyses.

Genotyping and Imputation
Participants provided buccal mucosa cells collected by a cytology
brush (Cytobrush plus C0012, Durbin PLC). Genomic DNA
was extracted according to the protocol of Freeman et al. (33).
Genotyping was performed by Illumina’s CoreExom PsychChip.
All laboratory work was performed under the ISO 9001:2000
quality management requirements and was blinded with regard
to phenotype. Variants were positioned on the genome based
on GRCh37/hg19. SHAPEIT was used to determine haplotype
information, then missing genotypes were imputed using
IMPUTE2 on the CLOCK gene with boundaries extended by 10
kilobase pairs on both sides. Imputation and subsequent filtering
were carried out in line with multiple quality control steps (34),
except that missingness rate (MR), Hardy-Weinberg equilibrium
(HWE) and minor allele frequency (MAF) steps were limited to
SNPs within the CLOCK gene. Variants with an imputation score
certainty <0.7 or info <0.5 were excluded.

Statistical Analyses
Plink v1.90 was used to calculate MR (<0.05), HWE (>1 ×

10−5) and MAF (>0.01) as part of quality control steps prior to
the analyses; for clumping; and for building linear and logistic
regression models to test for main and interaction effects of
genetic variation in the CLOCK gene. Analyses were supported
by scripts individually written in R 3.0.2 (35). R was also used to
illustrate the effects of significant findings (version 4.0.3 with the
ggplot2 package). Descriptive statistics were run using IBM SPSS
Statistics 25.

Genotyping provided a dataset incorporating 1054 SNPs
in the region of CLOCK gene (with boundaries extended by
10 kb) available in the NewMood database. Three hundred and
seventy SNPs survived quality control steps were analyzed with
linear (for current depression with BSI-dep as the outcome
variable) and logistic (for lifetime depression with DEP as the
outcome variable) regression models to test for main effects
of CLOCK variation on lifetime and current depression. To
test for gene-environment correlation (rGE) effects, the main
effects of CLOCK variants surviving quality control on childhood
adversities (CHA) and recent life events (RLE) were also analyzed
in linear regression models. After tests for main effects of
genetic variants on the outcome variables, gene × environment
interaction models with early childhood adversities (CHA) and
recent negative life events (RLE) were also run. Regression
data on all CLOCK SNPs surviving the quality control in all

Frontiers in Psychiatry | www.frontiersin.org 3 August 2021 | Volume 12 | Article 687487104

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gyorik et al. CLOCK, Stress, Depression

FIGURE 1 | Methods of investigating the effects of variation in CLOCK in interaction with childhood adversities and recent life events on lifetime and current

depression: study population, quality control steps, and statistical analyses. RLE, recent life events; CHA, Childhood adversities; BSI-Dep, Brief Symptom Inventory

depression score; ADD, additive model; DOM, dominant model; REC, recessive model; HWE, Hardy-Weinberg Equilibrium; MR, missingness rate; MAF, minor allele

frequency; DEP, lifetime depression; FDRQ, False Discovery Rate Q value.

models are shown in Supplementary Tables 1–4). Regression
models were in the next step followed by a clumping procedure
both for main effect and for GxE interaction effects based on
linkage disequilibrium (LD) estimates between the SNPs using
the CLUMP function in Plink. The four parameters used for
clumping included: (1) maximum p-value of the clump’s top SNP
was set at 0.001; (2) physical distance with top SNP was 250
kilobase; (3) minimum linkage disequilibrium R2 with top SNP
was 0.5; and (4) maximum p-value for the clump’s other SNPs
was 0.05. Results of top SNPs, that is, the most significant SNP
representing correlated SNPs in individual clumps are reported
(Figure 1).

All analyses, including main effect and interaction effect
models, were run according to additive, dominant, and recessive
models. Age and gender were covariates in all Plink regression
models. When testing an SNP × CHA/RLE interaction effect,
main effects of both the SNP and CHA/RLE were also included
as covariates in the model. Nominal significance threshold was
p < 0.05. To correct for multiple comparisons in analyses for
each of the above outcome variables, Benjamini-Hochberg False
Discovery Rate (FDR) Q-values were calculated; results with a Q
≤ 0.05 were considered significant.

The data presented in this study are openly available
in FigShare at https://doi.org/10.6084/m9.figshare.14258567.
v1 (36).

RESULTS

Descriptive Statistics
Descriptive statistics of our study sample are provided in Table 1.

Main Effects of Variation in CLOCK on
Current Depressive Symptoms and
Lifetime Depression
Linear and logistic regression models on BSI-Dep (for
current depression) and DEP (for lifetime depression),
respectively, identified a few SNPs with a nominally significant
main effect, but significant clumps could not be formed,
furthermore, all p-values exceeded the maximum threshold
for top SNP (p = 0.001) [Supplementary Tables 1, 2 for
lifetime depression (DEP) and current depressive symptoms
(BSI-Dep, respectively), but significant clumps for main
genetic effects could not be identified]. Nevertheless, top
SNPs of significant clumps emerging in the interaction
models were tested in main effect models for lifetime and
current depression as well, the results of which are shown in
Table 2.

Gene-Environment Correlation (rGE): Main
Effects of Variation in CLOCK on Recent
Life Events (RLE) and Childhood
Adversities (CHA)
Main effect linear regression models on recent life events (RLE)
and childhood adversities (CHA) did not identify any nominally
significant SNPs (Supplementary Tables 5, 6 for RLE and CHA,
respectively) suggesting no gene-environment correlation (rGE)
effects in case of either early or recent adversities. Linear
regression results for potential rGE effects on RLE or CHA in
case of top SNPs of significant clumps emerging in the interaction
models are also shown in Table 3.
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TABLE 1 | Descriptive statistics of the study sample.

Gender n %

Male 238 21.76%

Female 529 48.36%

Minimum Maximum Mean SEM

Age 18 60 30.724 0.375

Clinical data n %

Subjects reporting lifetime depression 166 21.64%

Subjects reporting previous suicide attempts or self-harm 35 4.56%

Minimum Maximum Mean SEM

BSI-depression score 0 4 0.546 0.024

Environmental influences Minimum Maximum Mean SEM

Childhood adversity 0 15 2.761 0.104

Recent negative life events 0 8 1.091 0.042

Sociodemographic descriptors n %

Employment status

Working full-time

Working part-time

Student

Retired

Housewife/househusband

Unemployed

405

27

295

13

12

15

52.80%

3.52%

38.46%

1.69%

1.56%

1.95%

Marital status

Single

Married

Cohabiting

Divorced

Separated

Widowed

Data missing

360

251

98

35

11

7

5

46.94%

32.72%

12.78%

4.56%

1.43%

0.91%

0.65%

Financial situation

Living comfortably

Just getting by

Not able to get along

Data missing

495

259

5

8

64.54%

33.76%

0.65%

0.91%

BSI-depression score, current depressive symptom scores as measured by Brief Symptom Inventory; SEM, standard error of the mean.

Gene x Environment Effects of Variation in
CLOCK on Current Depressive Symptoms:
Interaction With Recent Life Events (RLE)
Our analyses for interaction with recent stressful life events
(RLE) on current depressive symptoms (BSI-Dep) yielded one
significant clump containing 94 SNPs (Supplementary Table 3)
and with top SNPs rs6825994 for dominant and rs6850524 for
additive models, both surviving correction for multiple testing
(Table 4).

In case of rs6825994, we found a nominally significant
interaction effect with recent negative life events (RLE) on
BSI-depression in dominant (p = 0.0004) model as the lead
SNP, and its effect in the additive model was also nominally
significant (p = 0.0017), both of which remained significant
after correction for multiple testing (FDRQadd = 0.0149 and
FDRQdom = 0.0232, respectively) (Table 4). Subjects carrying
minor A allele of rs6825994 had significantly higher current
depression scores when exposed to recent stressful life events
suggesting the minor allele to be a risk allele (Figure 2).

In case of rs6850524 we found nominally significant
interaction effects with recent life events (RLE) on

BSI-depression as top SNP in the additive model (p = 0.0004)
which survived correction for multiple testing (FDRQadd
= 0.0127). This SNP, although not as a top SNP, was also
nominally significant in interaction with recent life events on
BSI-depression in dominant (p = 0.0028) and recessive (p =

0.0066) models which all remained significant after correction
for multiple testing (FDRQdom = 0.0187, FDRQrec = 0.0398)
(Table 4). In these models, presence of the minor C allele was
associated with a lower BSI-depression score if the subject was
exposed to recent negative life events indicating a risk effect
(Figure 3).

Gene × Environment Effects of Variation in
CLOCK on Current Depressive Symptoms
and Lifetime Depression: Interaction With
Childhood Adversities (CHA)
In case of gene x environment interaction models with childhood
adversity (CHA) on current depression (BSI-Dep), we identified
two clumps with top SNPs rs6828454 and rs711533 (Table 4),
both of them containing 9 SNPs (Supplementary Table 4).
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TABLE 2 | Main effects of CLOCK variants emerging as top SNPs in the interaction models on lifetime depression and on current depression (BSI-dep) severity.

Additive Dominant Recessive

Model β 95% C.I. p-value FDRQ β 95% C.I. p-value FDRQ β 95% C.I. p-value FDRQ

rs6828454 Lifetime depression 1.122 0.883 1.426 0.3482 0.497 1.034 0.710 1.506 0.8605 0.906 1.342 0.898 2.005 0.1514 0.293

BSI depression 0.015 −0.050 0.079 0.6571 0.773 0.031 −0.07 0.133 0.5456 0.668 0.006 −0.106 0.118 0.9189 0.951

rs711533 Lifetime depression 1.524 1.114 2.084 0.0084 0.042 1.497 1.045 2.144 0.0279 0.084 2.945 1.152 7.530 0.0241 0.080

BSI depression 0.070 −0.019 0.159 0.1233 0.264 0.074 −0.024 0.174 0.1463 0.293 0.129 −0.171 0.431 0.3988 0.532

rs6825994 Lifetime depression 1.465 1.149 1.868 0.0021 0.015 1.648 1.145 2.371 0.0071 0.039 1.730 1.102 2.715 0.0171 0.064

BSI depression 0.058 −0.009 0.124 0.0913 0.211 0.086 −0.010 0.181 0.0757 0.182 0.059 −0.074 0.192 0.3822 0.533

rs6850524 Lifetime depression 1.351 1.061 1.721 0.0149 0.059 1.535 1.048 2.248 0.0279 0.088 1.470 0.963 2.242 0.0741 0.185

BSI depression 0.063 −0.003 0.129 0.0608 0.159 0.106 0.007 0.205 0.0358 0.102 0.054 −0.067 0.175 0.3832 0.523

BSI-current depressive symptom scores as measured by Brief Symptom Inventory. DEP-self-reported lifetime depression. ADD, DOM, REC, additive, dominant and recessive heritability models. FDR, false discovery rate; Italic type

shows nominally significant p-values, bold type denotes significant Q-values surviving correction for multiple testing (P < 0.05, FDR Q < 0.05).

TABLE 3 | Main effects of CLOCK variants emerging as top SNPs in the interaction models on recent stressful life events and childhood adversities (rGE models).

Additive Dominant Recessive

Model β 95% C.I. p-value β 95% C.I. p-value β 95% C.I. p-value

rs6828454 RLE 0.020 −0.094 0.133 0.7341 0.061 −0.117 0.239 0.5019 −0.015 −0.212 0.181 0.8788

CHA −0.146 −0.423 0.131 0.3012 −0.269 −0.704 0.166 0.2251 −0.111 −0.592 0.369 0.6504

rs711533 RLE 0.037 −0.119 0.193 0.6441 0.0505 −0.125 0.226 0.5722 −0.037 −0.566 0.492 0.8910

CHA −0.224 −0.604 0.157 0.2494 −0.263 −0.691 0.164 0.2279 −0.177 −1.470 1.115 0.7879

rs6825994 RLE 0.005 −0.113 0.123 0.9337 0.073 −0.095 0.241 0.3967 −0.122 0.120 −0.356 0.113

CHA 0.011 −0.276 0.298 0.9417 0.113 −0.295 0.522 0.5874 −0.122 −0.356 0.113 0.3085

rs6850524 RLE 0.046 −0.071 0.164 0.4404 0.110 −0.067 0.287 0.223 −0.008 0.110 −0.223 0.207

CHA −0.014 −0.302 0.275 0.9245 0.039 −0.395 0.473 0.8597 −0.008 −0.223 0.207 0.9439

RLE, recent life stress; CHA, Childhood Adversity. ADD, DOM, REC, additive, dominant, and recessive heritability models.
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In case of rs6828454 we found a significant interaction effect
with childhood adversities (CHA) on current depression (BSI-
Dep) in the recessive model as top SNP (p = 0.0006, FDRQ
= 0.0118). Minor C allele carriers reported significantly higher
current depression levels when exposed to moderate or severe
childhood adversity indicating the minor allele to be a risk allele
(Figure 4).

In case of rs711533 we found significant interaction effects
with CHA on current depression (BSI-Dep) as top SNP in both
additive (p = 0.0008, FDRQ = 0.0092) and dominant (p =

0.0008, FDRQ = 0.0114) models remaining significant after
correcting for multiple testing (Table 4). Subjects carrying the
minor C allele scored significantly higher on BSI-depression scale
when exposed to childhood maltreatment reflecting a risk effect
for the minor allele (Figure 5).

Interaction with childhood adversity did not have a significant
effect on lifetime depression in case of any SNPs, therefore
significant clumps could not be calculated (Table 4).

In silico Characterization and Functional
Prediction of Identified Top SNPs
rs6828454, rs711533, rs6825994, and
rs6850524 as Well as SNPs in the Clumps
Showing a Significant Effect on Depression
Genomic location of significant SNPs and top SNPs identified
in the clumping procedure are shown in Figure 6. To
detect the functional effect of the top significant SNPs, we
utilized FuncPred tool (https://snpinfo.niehs.nih.gov). Two SNPs
(rs28448438, rs28463765) are located in the transcriptional-
factor-binding site of CLOCK gene, furthermore, rs726967 is
located in the microRNA-binding site. Among the significant
polymorphisms, several SNP showed high regulatory potential
and conservation score.

In the literature exploratory analyzes on SNPedia (https://
www.snpedia.com/), ClinVar (https://figshare.com/articles/
dataset/CLOCK_stress_depression/14258567), GWAS Catalog
(https://www.ebi.ac.uk/gwas/), we found some relevant sources
related to the following SNPs: rs6853192, rs11726609,
rs11133399, rs4865010, rs1000254, rs2412646, rs3736544,
rs6811520, rs11931061, rs3817444, rs6832769, rs726967, and
rs11735267. Results are shown in Supplementary Table 7 and
discussed in the Discussion part.

DISCUSSION

In our study investigating the effect of variation in the CLOCK
gene with a linkage disequilibrium-based clumping method,
we found no clumps of SNPs with a significant main effect
either on lifetime depression or current depressive symptoms.
However, we have identified significant clumps of SNPs in
interaction with both early childhood adversities and recent
negative life events on current depressive symptoms, but not
in case of lifetime depression. While our results confirm the
role of CLOCK variation in emergence of depressive symptoms,
they also indicate that this effect is observable only in case of
exposure to stress. Notably, we found that clumps of SNPs in
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FIGURE 2 | Linear regression indicated a significant interaction between top SNPs rs6825994 of a clump containing 94 SNPs in the CLOCK gene and exposure to

recent life events (RLE) on current depressive symptoms (BSI-Dep) in the dominant model, with the minor A allele as a risk allele. Linear regression indicated a

significant interaction between CLOCK rs6825994 genotype and recent stressful life events (RLE) on current depression scores according to the dominant (p =

0.0004, FDR Q = 0.023, as top SNP) and additive (p = 0.0017, FDR Q = 0.015) models. Presence of the minor A allele was associated with higher depression scores

in subjects exposed to more severe recent life events conveying a risk effect. On the vertical axis weighted depression (BSI-Dep) scores are shown. The horizontal axis

shows recent life events (RLE) occurring within the past year as measured by the List of Threatening Experiences (31). BSI-Brief symptom inventory. Gray shading

denotes 95%CI.

the CLOCK gene interacted with both distal childhood traumas
and adversities, which contribute to the emergence of a diathesis
promoting susceptibility for affective disorders, and recent,
proximal stressors, which have a role in triggering onset of the
actual symptoms or illness episodes based on a diatheses. Finally,
we detected no gene-environment correlation effects suggesting
that CLOCK variation does not influence risk of exposure to early
or recent adversities.

The Involvement of Circadian Disruption in
Depression
Circadian rhythms regulate a multitude of physiological
processes coordinating them both with each other and with the
external environment, integrating outer sensory information,
and environmental cues with internal physiological and
psychological states, thus also influencing human cognition,
affect, and behavior, which suggests that dysregulated or
disturbed circadian rhythms are involved in the etiopathology
of mental and mood disorders as well (6, 19). The presence of
circadian abnormalities in depression have been evidenced for a
long time with alterations in depressed patients in the circadian
rhythmicity of somatic functions including body temperature,
blood pressure, or urine metabolite excretion; altered hormone
rhythms including prolactin, cortisol, GH, thyrotropin, and
melatonin; and in the diurnal fluctuation of symptoms of
depression including alteration in sleep-wake cycles, timing and

structure of sleep, appetite, or social rhythms (8–14, 37). While
in clinical studies risk and severity of depression correlated with
the degree of circadian rhythmmisalignment (19, 38), there is no
definitive evidence whether circadian dysregulation precedes and
plays a causative role in, or follows and results from, or merely
coincides with depression, however, the complex relationship
between the circadian system and mood disorders appears to
be bidirectional (7, 39). Nevertheless, conditions leading to
circadian rhythm disruption such as shift work may precipitate
mood symptoms in those susceptible (40, 41), and in post-
mortem brain studies in depressed patients severe disruption
and desynchronization of daily rhythmic gene expression
patterns were reported (42). One possible linking factor between
the circadian system and mood disorders is that neural systems
playing a key role in affective illness including the HPA-axis,
limbic regions, and monoamine neurotransmitter household
are under circadian regulation, and alterations in the biological
clock could lead to neurobiological changes in neurotransmitter
systems triggering depressive states (12, 14, 42–44). While
variation in clock genes encoding elements of circadian rhythm
mechanisms is associated with smaller alterations of circadian
behaviors in healthy subjects, it appears to have a more
pronounced impact on psychopathological features in mood
disorder patients affecting key clinical and course features
such as timing of disease onset and recurrence and treatment
response (45–47).
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FIGURE 3 | Linear regression indicated a significant interaction between top SNP rs6850524 of a clump containing 94 SNPs in the CLOCK gene and exposure to

recent life events (RLE) on current depression symptoms (BSI-dep) in the additive model, with the minor C allele as a risk allele. Linear regression indicated a significant

interaction between CLOCK rs6850524 genotype and recent stressful life events (RLE) on current depression scores according to the additive model as top SNP (p =

0.0004, FDR Q = 0.013). Presence of the minor C allele was associated with higher depression scores in subjects exposed to more severe recent life events

conveying a risk effect. On the vertical axis weighted depression (BSI-Dep) scores are shown. The horizontal axis shows recent life events (RLE) occurring within the

past year as measured by the List of Threatening Experiences (31). BSI-Brief symptom inventory. Gray shading denotes 95%CI.

Variation in the CLOCK Gene Does Not
Directly Impact Lifetime Depression or
Current Depressive Symptoms
Our findings indicate that variation in the CLOCK gene exerts no
significant main effect either on lifetime depression, or current
depressive symptoms. The CLOCK gene, located at chr4q12,
is one of the chief genes in the endogenous master clock
system playing a key role in the formation of circadian rhythms.
Genomic variation in CLOCK gene in common polymorphisms
with a MAF of ≥1% in 1000 Genomes Project (48) comprises
406 SNPs for African, 271 for European, 278 for Asian, and
277 for American continental populations (49). The CLOCK
gene, as part of CLOCK(NPAS2)/ARNTL complex regulates
rhythmic transcription of clock-controlled genes (CCG) in
several tissues, including at least 15% of mammalian transcripts
many of which gene expression patterns are disrupted in
MDD (11, 19, 50, 51). The CLOCK machinery could provide
mechanisms for control of circadian gene expression and
responsivity to stimuli on cellular levels influencing activity
of brain structures which control emotions and behavior (47).
Furthermore, the function of CLOCK protein as a transcription
factor and histone acetyltransferase also implies that genetic
and epigenetic variations could contribute to physiological
changes possibly leading to altered susceptibility of psychiatric
disorders including depression (49). CLOCK in the mammalian
brain is expressed in several brain structures beyond the

master clock, the nucleus suprachiasmaticus, including the
cortex (52), and molecular and behavioral studies support that
CLOCK gene plays an important role in neuronal function
involved in the regulation of several pathways implicated in
psychiatric disorders and its genetic manipulation leads to
marked changes in neurotransmitter activity and behavior.
For example, CLOCK regulates expression of neurogenic
transcription factors influencing the differentiation of adult
neural stem cells in mice (53), controls transcription of
tyrosine hydroxylase and cholecystokinin and other regulators of
monoaminerg transmission (54), and disruption of CLOCK gene
function leads to alterations in glutamatergic and GABAergic
signaling (49, 55). Animal experiments on CLOCK gene in
psychiatric condition-related behaviors have shown biological
plausibility and promising findings (3), while in humans CLOCK
variations have been implicated in susceptibility to phenotypes
of common psychiatric disorders including autism spectrum
disorders, schizophrenia, attention deficit/hyperactivity disorder,
substance use disorder, major depressive disorder, bipolar
disorder, and anxiety (49).

Several studies suggested an association between CLOCK
and mood disorders, however, results are inconsistent in case
of unipolar depression (56, 57). Previous studies employing a
candidate variant approach focused only on a few variants and
mainly on rs1801260, speculated to affect mRNA, which has
been found to be associated with evening preference and a
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FIGURE 4 | Linear regression indicated a significant interaction between top SNP rs6828454 of a clump containing 9 SNPs in the CLOCK gene and exposure to

childhood adversities on current depression symptoms (BSI-dep) in the recessive model, with the minor C allele being a risk allele. Linear regression indicated a

significant interaction between CLOCK rs6828454 genotype and childhood adverse life events (CHA) on current depression scores according to the recessive model

as top SNP (p = 0.0006, FDR Q = 0.0118). Homozygous presence of the minor C allele was associated with higher depression scores in subjects exposed to more

severe childhood adverse events conveying a risk effect. On the vertical axis weighted depression (BSI-Dep) scores are shown. The horizontal axis shows childhood

adverse life events (CHA) as measured by an instrument derived from the CTQ (30). BSI-Brief symptom inventory. Gray shading denotes 95%CI.

FIGURE 5 | Linear regression indicated a significant interaction between top SNP rs711533 of a clump containing 9 SNPs in the CLOCK gene and exposure to

childhood adversity (CHA) on current depression symptoms (BSI-Dep) in the dominant (A) and additive (B) models, with the minor C allele being a risk allele. Linear

regression indicated a significant interaction between CLOCK rs711533 genotype and childhood adverse life events (CHA) on current depression scores according to

the dominant and additive models as top SNP (p = 0.0006, FDR Q = 0.0118). Presence of the minor C allele was associated with higher depression scores in subjects

exposed to more severe childhood adverse events conveying a risk effect. On the vertical axis weighted depression (BSI-Dep) scores are shown. The horizontal axis

shows childhood adverse life events (CHA) as measured by an instrument derived from the CTQ (30). BSI-Brief symptom inventory. Gray shading denotes 95%CI.

substantial, 10–44-min delay in preferred timing for activity and
sleep in healthy C carriers (58). In some studies rs1801260 has
been shown to be associated with clinical features mostly in

case of bipolar disorder, especially with sleep problems including
increased occurrence of lifetime and episode-related insomnia
(59), higher recurrence of initial, middle and late insomnia in
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FIGURE 6 | Genomic location of significant SNPs identified in the clumping procedure, in the analysis of variation in CLOCK in interaction with recent life events and

early childhood adversities on current depressive symptoms. In interaction with recent life events (RLE), our analyses identified one clump containing 94 SNPs with top

SNPs rs6825994 and rs6850524 (for dominant and additive models, respectively) on current depressive symptoms (BSI-Dep), marked in green. In interaction with

childhood adversities (CHA), two clumps, each with 9 SNPs and top SNPs rs6828454 and rs711533 were identified on current depression symptoms which are

shown in yellow and purple, respectively. UCSC Genome Browser on Human Feb. 2009 (GRCh37/hg19) was used to visualize the location of polymorphisms on

CLOCK gene.

both MDD and BD patients (60), number and recurrence of
manic episodes (17), and appetite disturbances in women (49),
but a meta-analysis could not confirm an association between
rs1801260 and either unipolar or bipolar mood disorder (61).
These findings suggest that this variant is not associated with
mood symptoms itself but only with certain, mainly sleep-related
symptoms accompanying mood disorders. Other, less numerous
studies focused on other CLOCK variants, with a nominally
significant relationship between rs11932595 and SSRI efficacy,
rs534654 and weight loss and rs12504300 and rs3825148 and
SSRI side effects including nausea, constipation and vomiting in
a Han Chinese population (11).

In light of the above contradictory findings and the general
lack of robust and replicable positive associations between
candidate CLOCK SNPs and depression, our present findings,
investigating variation along the CLOCK gene corroborate
previous reports suggesting that CLOCK does not have a
significant direct main effect on lifetime depression or current
depressive symptoms (61, 62).

CLOCK Variation Mediates the Effect of
Childhood Adversities and Recent
Negative Life Events on Current
Depressive Symptoms
More importantly, in spite of a lack of a main effect of CLOCK
variation on depressive phenotypes, we did detect a robust effect
of several clumps of SNPs on current depressive symptoms
in interaction with both distal, early childhood, and proximal,
recent stressors, which is in line with our paradigm postulating
that the majority of genes impact depression by increasing
susceptibility toward the negative effects of stress rather than
exerting a direct effect (16, 21).

According to the social Zeitgeber theory, mood disorders
are triggered by life stressors disrupting normal routines and
circadian rhythms thus altering mood and biological rhythms
(63). Several depression-relevant brain functions are controlled
simultaneously by the circadian clock and stress response
systems which are themselves closely connected (7). The
relationship between stress and the circadian rhythm regulation
is bidirectional, with both circadian rhythms impacting
stress response and the effects of stress impacting regulation
of circadian rhythms. Diurnal cycles of glucocorticoids,

regulating various stress response-related physiological and
behavioral responses, are one of the most prominent endocrine
manifestations of circadian rhythms and themselves play a
role in synchronizing peripheral and circadian oscillators with
promoters of several clock genes containing glucocorticoid
responsive elements (GREs) (7, 64, 65). Furthermore, many
stress-inducible genes are also under control of the circadian
clock (7). The circadian clock and stress response systems
show an extensive overlap and regulate multiple systems which
control cognition, affect, reward processing, and other systems
and functions implicated in depression (7), suggesting that
modulation of glucocorticoid-mediated stress response may
constitute a common mechanism by which circadian clock
affects mood disorders (19). Animal studies have shown that
chronic mild stress led to anhedonic behavior associated with
disturbed diurnal oscillation in circadian gene expression and
higher Clock expression in the basolateral amygdala (66) and
reduced CLOCK protein levels in the prefrontal cortex (67).
As variants of CLOCK gene show differential transcriptional
response to glucocorticoids (19), it is possible that variation
in the CLOCK gene may mediate the effects of stress on the
development of depressive symptoms.

Although only a few human studies took stressors into
consideration when investigating the effects of CLOCK variants,
some both in healthy and depressed subjects reported that,
similar to our findings, the impact of the investigated variants was
detectable only in those exposed to some type of stress. In healthy
subjects, presence of the C allele of rs1801260 has been associated
with a greater disruption of sleep patterns following stressful
life events, and a few studies in mood disorder patients found
that this variant was associated with sleep change only in case
of prior stressful experiences (10) concluding that environmental
stress may increase vulnerability to circadian rhythm disruption
(10) and suggesting an interaction between CLOCK variants in
shaping individual risk for deleterious effects of environmental
stress including depression (47). In another study in bipolar
disorder patients, a significant interaction between CLOCK
variants and early stress exposure on hopelessness and suicide
in BP patients was reported (47). In a non-clinical Chinese
population, G allele of rs11932595 was associated with altered
sleep duration only in those exposed to high job stress, but
showed no effect in case of low stress, while AA carriers showed
less daytime dysfunction under low stress and more in high stress
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conditions compared to G carriers suggesting not only a gene-
environment interaction effect, but also the role of the CLOCK
as both a vulnerability and resilience gene with both positive and
negative effects depending on stress (68).

Our present findings showing that CLOCK variation increases
depressive symptoms only in those exposed to either early
childhood adversities or recent stressful life events extend
research suggesting that CLOCK gene is involved in the
development of depressive symptoms by increasing vulnerability
toward the disruptive effects of stress. More importantly, we
found that both distal, early stressors, with a diathesis-forming
etiological role, and recent negative life events, proximal stressors
with a triggering role, interacted with CLOCK variation on
severity of actual depressive symptoms. The exact mechanisms
and phenotypes through which CLOCK in interaction with stress
influences risk or severity of depression needs further study, but
it has been suggested that CLOCK could hypothetically directly
influence neural activity in brain structures playing a key role
in generation and control of emotions and affect thus biasing
depressive cognition in depression and resilience to detrimental
effects of exposure to early stress (10, 69) and the interplay
between CLOCK variation could influence the effects of stress on
the central nervous system determining both vulnerability to or
expression of phenotypes related to depression (7).

In silico Characterization and Functional
Prediction of Top SNPs and SNPs in the
Significant Clumps
In the final step of our analysis we carried out in silico
characterization and functional prediction for the SNPs in
the three clumps significantly impacting current depressive
symptoms in interaction with either childhood adversities or
current stressors. The search yielded several relevant findings
(Supplementary Table 7). Notably, two SNPs, rs28448438
and rs28463765 are located in the transcriptional binding
site of the CLOCK gene, while a third SNP, rs726967 is
located in the microRNA-binding site possibly influencing
transcriptional activity.

Of the four top SNPs, rs6850524, which significantly
interacted with recent life events on current depressive
symptoms has previously been associated with depression-
relevant phenotypes including susceptibility to bipolar disorder
(70), sleep quality (71), and risk of sleep disorders (72),
which indicates its involvement in affective disorders and
their symptomatology. This variant has also been found to be
associated with somatic conditions including risk of obesity
(73, 74), and non-alcoholic fatty liver disease (75) which may
be clinically relevant considering the frequent comorbidity of the
above illnesses with depression (76–78).

Among SNPs in the clumps significantly interacting with
recent life events symptoms, rs6832769 has been reported to
be related to emotional prosociality and agreeableness (79, 80),
with response and remission with fluvoxamine in MDD but
was not found to be associated with affective disorders (81–
84), whereas rs2412646 has been associated with depression-
comorbid alcohol use disorders and susceptibility to restless

leg syndrome in schizophrenic patients (85–87). Several SNPs
in the clumps significantly interacting with recent life events
including rs11931061, rs3817444, and rs726967 have been
reported to be associated with ADHD (88) or sleep problems,
including rs11735267 showing a nominal association with late
insomnia (70), and rs6853192 with longer sleep duration in
general community sample of African Americans (89). In
addition, several SNPs in the clumps interacting with recent
life events were associated with risk of somatic conditions,
including rs10002541 with abdominal obesity and diabetes (74),
rs11726609 with BMI in African Americans (89), rs11133399
with gastric cancer overall survival and recurrence free survival
and also a primary risk factor contributing to prognosis (90),
rs4865010 with essential hypertension and coronary artery
disease (91) and in men with hypertonia with testosterone
levels corresponding to an androgenic deficient state itself a
risk factor for cardiovascular complications (92), and rs6811520
with myocardial infarction (93), multiple sclerosis (94), male
infertility (95).

In case of SNPs in clumps significantly interacting with
childhood adversities on current depression, rs3749473 was
associated with cognitive aging (96), rs6858749 with habitual
sleep duration in interaction with protein intake (97, 98), and
rs534654 with ADHD (88), disrupted sleep-wake cycles in BD
(70), and development of depression (11).

Possible Clinical Implications of CLOCK
Variation in Interaction With Early and
Recent Stress in Depression
The association of stress and circadian vulnerability especially
in case of mood disorders has significant clinical relevance
in case of stress chronotherapy. As circadian disruptions and
frequent stress exposure—especially in interaction—amplify
the risks of development of a wide range of health-related
disorders including mood disorders, simultaneous reduction of
circadian and classical stressors including strategies stabilizing
endogenous rhythms to counteract circadian perturbations
would be beneficial. While the majority of such practices
are hardly feasible in the modern lifestyle, there are several
effective therapies for depression which act via modulating
circadian parameters, including bright light, sleep deprivation,
and phase resetting paradigms (12, 19, 99, 100) which improve
symptoms within hours (101, 102). Scheduled meals or activity,
or specific interventions such as social rhythm therapy to
enhance circadian alignment of peripheral and central clocks
also offer means of reducing circadian stress to prevent or
improve mood disorder symptoms (103). Our study identifying
an interaction between CLOCK variation and both childhood
and recent stressors in the development of depressive symptoms
could in the future help predict those at a higher risk for
development of depression in case of circadian disruption,
and also those who would benefit from chronotherapies
for depression.

Furthermore, antidepressants including SSRIs, SNRIs and
agomelatine also directly impact circadian rhythms as part
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of their effects improving depressive symptoms (6, 104–
106). For example, fluoxetine normalizes disrupted light-
induced entrainment, fragmented ultradian rhythms and altered
hippocampal CLOCK expression in animal models of depression
(107), while agomelatine, a melatonergic antidepressant is
hypothesized to resynchronize disrupted circadian rhythms (108,
109). It has also been suggested that CLOCK expression may
predict efficacy of antidepressants exerting their effects via
influencing circadian mechanisms (68). Thus, understanding the
role of CLOCK variation in depression may help identify new
targets for pharmacological treatment possibly via modulating
the impact of stress on brain function (7) as well as
prediction of efficacy especially in subtypes of depression aiding
precision therapy.

Limitations
When interpreting the impact of our findings, several limitations
of our study must also be taken into account. First, both early
childhood adversities and recent life events occurring in the
past year were assessed retrospectively, and based on self-report
of the subjects but not ascertained by other informants, and
are thus subject to recall and reporting biases. Second, both
lifetime depression and current depression severity was similarly
based on a self-reported measure. Third, our population sample
was relatively small, consisting approximately two thirds of
female subjects, and limited to European white participants.
Fourth, scoring childhood adversity and counting the number of
recent negative life events does not take into consideration the
differing severity and subjective impact of individual life events.
Nevertheless, our study also has several strengths, including
considering several hundred variants along theCLOCK gene with
a clumping method rather than individual, hypothesis-based
candidate SNPs, employing a dimensional approach capture
current depression symptom severity, and using a GxE paradigm
with two etiologically different types of stressors.

CONCLUSION

In conclusion, the results of our study investigating variation
along the CLOCK gene with a linkage disequilibrium-based
clumping of SNPs support the role of CLOCK in the background
of depressive symptoms but only in association with recent stress
and early adversities, underlining not only the depressogenic
importance of circadian disruption but also that it acts in
interaction with both early, etiological, and recent, trigger-like
stressors. Thus, our findings strengthen the rationale of looking
at the circadian system in search of new molecular targets for
pharmacological interventions, and by specifically reporting that
effects in clock variation are only observable in interaction with
stress also helps to explain previous lack of consistent findings.
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regression models and quality control steps are shown. While there were

nominally significant SNPs, significant clumps could not be identified.

Supplementary Table 2 | Main effect of CLOCK SNPs in the NewMood

database surviving quality control on current depressive symptoms (BSI-DEP).

Results of linear regression models and quality control steps are shown. While

there were nominally significant SNPs, significant clumps could not be identified.

Supplementary Table 3 | CLOCK SNPs in the NewMood database surviving

quality control, in interaction with recent life events (RLE) on current depressive

symptoms (BSI-DEP). Results of linear regression models and quality control

steps are shown. SNPs in significant clumps are marked in red, top SNP of the

clump is marked in bold red. Results for additive, dominant, and recessive models

are shown.

Supplementary Table 4 | CLOCK SNPs in the NewMood database surviving

quality control, in interaction with childhood adversities (CHA) on current

depressive symptoms (BSI-DEP). Results of linear regression models and quality

control steps are shown. SNPs in significant clumps are marked in red, top SNP of

the clump is marked in bold red. Results for additive, dominant, and recessive

models are shown.

Supplementary Table 5 | Main effect of CLOCK SNPs in the NewMood

database surviving quality control on recent negative life events (RLE). Results of

linear regression models are shown. There were no nominally significant SNPs,

significant clumps could not be identified.

Supplementary Table 6 | Main effect of CLOCK SNPs in the NewMood

database surviving quality control on childhood adversities (CHA). Results of linear

regression models are shown. There were no nominally significant SNPs,

significant clumps could not be identified.

Supplementary Table 7 | In silico characterization and functional prediction of

SNPs in the clumps significantly interacting with recent life events (RLE) and

childhood adversities (CHA). Top SNP of each clump is marked in bold red.
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The phenomenon of female preponderance in depression has been well-reported,

which has been challenged by higher rates of suicide and addictive behaviors in

males, and a longer life-span in females. We thus propose an alternative hypothesis

“Gender differences in self-reporting symptom of depression,” suggesting mild-moderate

depression tends to be reported more often by females, and severe depression and

suicide tend to be reported more often by males. Potential mechanisms that account

for this difference may include three aspects: covariation between estrogen levels and

the incidence peak of female depression, gender differences in coping style (e.g.,

comparative emotional inexpressiveness and non-help-seeking in males), and gender

differences in symptom phenotypes (e.g., atypical symptoms in male depression).

Our newly presented hypothesis implied the overlooked under-diagnosis and under-

treatment of depression in males. For effective diagnoses and timely treatment of

male depression, it is critical to incorporate symptoms of depression in males into the

relevant diagnostic criteria, encourage males to express negative emotions, and increase

awareness of suicidal behavior in males.

Keywords: gender difference, male depression, suicide, self-reporting symptom, coping style, symptom

phenotype

INTRODUCTION

In the past several decades, gender differences in depression have been extensively discussed. A few
studies have found the gender difference in depression to be small or absent (1), and no gender
difference has been indicated in psychotic or melancholic depression (2). However, most studies
have confirmed that depression is twice as common in women than in men (3, 4), which has been
reported across different cultures (5). Depression is disproportionately reported by women (almost
twice as often as by men) during reproductive age (3, 6–8). For example, the worldwide annual
prevalence of depression in 2010 for females and males was 5.5 and 3.2%, respectively (i.e., 1.72
vs. 1) (9, 10). In Canada, the prevalence was 5.0% in women and 2.9% in men in 2002 (i.e., 1.72
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vs. 1), and it increased to 5.8% in women and 3.6% in men in
2012 (i.e., 1.61 vs. 1) (11). In the USA, women had an ∼2-fold
higher risk of depression than men, with 21.3% of women and
12.9% of men experiencing major depressive episodes during
their lifetimes (12). In a cross-sectional study of Pakistan, the
majority (78.9%) of people diagnosed withmajor depression were
women (13). Consistently, a review of studies between 1994 and
2014 with community participants from 30 countries showed
that the point prevalence of depression in the community was
significantly higher in females (14.4%) compared with males
(11.5%) (i.e., 1.25 vs. 1) (14).

Even in specific populations, a female preponderance of
depression has been confirmed. Among students of pedagogy,
9.42% of females reported depression, compared with 1.23%
males (i.e., 7.66 vs. 1) (15). In Polish adolescents, being female
was reportedly a major risk factor for depression (16). In a
study of individuals with diabetes, the prevalence of comorbid
depression was significantly higher in women (28%) than in men
(18%) (i.e., 1.56 vs. 1) (17), which was further confirmed by a
later review (18). In a similar cross-sectional study conducted in
a gastroenterology clinic, compared with males, females reported
more symptoms of depression (44 vs. 32%) (i.e., 1.38 vs. 1) (19).
In brief, women have reported depression and been diagnosed
with depression substantially more often than men (5, 20, 21).

CHALLENGES FOR THE FEMALE
PREPONDERANCE HYPOTHESIS

Although women evidently tend to report depression more than
men (3, 4), several observations raise questions as to the root
cause of this, e.g., the higher suicide rate inmales (22), longer life-
span in females (23), and greater rates of alcoholism and other
addictive behaviors in males (24).

With regard to suicide rates which correlates with age, gender,
and socioeconomic status (25), although females reported
significantly higher rates of suicidal ideation (OR 1.32) (26);
however, the ratio of male to female completed suicides was
1.97:1 (27). It has also been reported that compared with women,
men were three times more likely to die from suicide (28).
Moreover, in one study, compared with patients who attempted
suicide unsuccessfully, those who successfully committed suicide
were more likely to be male (29). The finding inspired the
argument that higher suicide rates in males may result from
the more lethal methods used by males to attempt suicide (30).
However, in this study (29), attempted suicide was defined as
“acts of self-inflicted injury or self-poisoning with overdose
drugs,” which should be more accuracy with the term of “self-
harm behavior.” Notably, in a recent review, the ratio of
male to female non-fatal attempted suicides was 1.21:1 (27).
Indeed, being male is reported significantly associated with all
types of suicidal behavior (31). The gender ratio in suicide
behavior persisted even in the elder sample (2.74:1) aged above
60 (32). Importantly, higher suicide rates are associated with
more severe depression (33, 34). Without regard for age and
socioeconomic status, if the female preponderance hypothesis
is true, these aforementioned observations suggest that women

suffer from depression more but suicide less, whereas men suffer
from depression less but suicide more. This can-not be simply
explained by weaker suicide intention in female depression due
to their social responsibility, and is conflicted with the fact that
over 90% of people who die by suicide had a psychiatric disease,
mainly depression (35). It may be thatmales withmild depression
are less likely to express it and seek help, which results in more
suicide causing by depression in males (36).

Another challenge for the female preponderance hypothesis
is the longer life-span of females. Historically, women live
longer than men in almost every country in the world (23).
The life expectancy at birth is 79.3 years for females (86.3
in Japan) and 71.9 years for males (78.3 in Japan) (37). A
recent review concluded that in developed countries women
live ∼4–7 years longer than men (38). Despite the complex
interaction of environmental, historical, and genetic factors
on age-related diseases and longevity between genders (37),
however, if the female preponderance hypothesis is true, these
results suggest that females suffer from depression more and
live longer. This challenges our understanding of depression
because that depression is detrimental to physical health (39, 40),
and is associated with a higher morbidity rate (41). It has also
recently been reported that even in depressed subpopulations,
mortality was higher in men than in women (42). Obviously,
high morbidity in males can-not attribute to pure genetic factors
or life-style, since that particular life-style (e.g., addiction and
aggression) is highly correlated with depression in males (43, 44).
Thus, the truth might be that females tend to express more
depressive symptoms (45, 46) as a way of help-seeking, even they
perceive similar symptoms as male (47).

A third challenge for the female preponderance hypothesis
is the greater rate of addictive behaviors in males such as
alcoholism and substance use disorder. Some studies indicated
that gender difference is not observed as to the intensity of
internet dependence (48). However, a gender difference in the
risk for developing an addictive behavior was confirmed, with a
significantly higher risk in males for several addiction tendencies
(49), including alcohol dependence/abuse (48.1 vs. 24.5%) (24),
substance use disorder (50) and tobacco dependence (51).
Notably, the presence of either depression or alcoholism doubled
the risks for another (OR range from 2.00 to 2.09) (52). Nearly
one-third of patients with the major depressive disorder also
suffered from substance use disorders, which yielded a higher risk
of suicide (53). Thus, if the female preponderance hypothesis is
true, these results suggest that males suffer from depression less,
but report alcoholism, substance use disorder or other addictive
behaviors more. This prompts the question as to what causes
men to be more prone to addictive behavior. In a previous study,
the incidence of depression was equal in males and females after
controlling for alcoholism (54). Therefore, addictive behaviors in
males may result in under-diagnosis of male depression, because
that addictive behavior is not a typical symptom of depression
and it can mask traditional symptoms of depression (55).

The three phenomena listed above strongly challenge the
female preponderance hypothesis of depression, and suggest a
need for a more comprehensive hypothesis. Herein we proposed
an alternative hypothesis—gender differences in self-reporting
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FIGURE 1 | Gender differences in self-reporting symptom of depression hypothesis. For females, estrogen variation during the reproductive year in female leads to

more “perceived” emotional variation in the woman. Meanwhile, feminine coping styles (e.g., help-seeking and emotional expressiveness) and social expectations for

females lead to traditional female depressive symptoms (e.g., fatigue, irritability, and sleep disturbance), which are more consistent with the current diagnosis criterion

of depression. As a result, more mild-moderate depression is diagnosed in females. For males, masculine coping style (e.g., non-help-seeking and emotional

inexpressiveness) and social expectation for males lead to more shame or stigma to express depression, results in traditional male depressive symptoms (e.g.,

aggression, alcohol, or substance abuse), which are less consistent with current diagnosis criterion of depression. As a result, mild-moderate male depression is

under-diagnosed and under-treated, which leads to more severe depression and higher suicide reporting in males, and needs immediate attention. To diagnose and

treat male depression early and effectively, it is critical to incorporate symptoms of depression in males into the relevant diagnostic criteria, encourage males to

express negative emotions, and increase awareness of suicidal behavior in males.

symptom of depression, in an effort to better reconcile the
numerous different observations and forms of evidence together.

GENDER DIFFERENCES IN
SELF-REPORTING SYMPTOM OF
DEPRESSION HYPOTHESIS

The basic tenets of the gender differences in depression severity
reporting hypothesis (Figure 1) are that women are more likely
to report mild-moderate symptoms of depression (56), and men
intend to report more severe depression (56, 57) and higher
suicide (28, 31).

More Mild-Moderate Symptom Reporting
in Females
Females evidently exhibited a greater tendency to recognize
subtle emotional changes thanmales, alternatively, theymay have
actually “perceived” more emotional symptoms (45). Similarly,

female patients with depression reported more emotional
experiences, particularly negative emotional experiences, than
male patients (58). Therefore, females constantly reported more
mild-moderate depression across all age bands (59). As a result,
more mild-moderate depression was reported and diagnosed in
females, whereas mild-moderate male depression was under-
reported and under-diagnosed (56). Consistently, a gender
difference was only significant when including minor depression
based on of the general Danish population (60), suggesting that
the female preponderance is more pronounced in less severe
depression status. Study also suggested that amongst patients
with severe depression, the gender ratio of patients was no
longer significant (i.e., the female preponderance in depression
was decreased along with the severity of depression) (59). Thus,
in a recent report, it was recommended that optimal cut-off
points for depression should be much higher for females (19/20,
sensitivity 74.5% and specificity 73.8%) than for males (13/14,
sensitivity 72.2% and specificity 64.1%) (61). Hence, with equal
depression cut-off scores for both males and females, more
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women would report symptoms and reach the diagnostic criteria
for depression, and male depression would be less likely to be
detected and diagnosed.

More Severe Depression and Higher
Suicide Reporting in Males
When untreated, 53% mild to moderate depression will remit
within 12 months (62). Meanwhile, untreated mild-moderate
depression leads to a high immediate and subsequent suicide
risk (63), which is also the largest risk factor for suicide (64).
Compared with women, men are less likely to sought treatment
due to the shame of seeking help for hegemonic masculinity
(65). Under-diagnosis and under-treatment of male depression
lead to prolonged depression and higher a suicide rate in men
(65, 66). In one recent study, experiencing social pressure not
to express negative feelings predicted increases in symptoms of
depression, which may be particularly true in males due to their
hegemonic masculinity (67). In another study, when required to
be dependent on others, men exhibited more severe depression
than women (57), in which 58% of depression occurred in men.
Indeed, severe depression was not significantly differed between
genders (59), indicating a higher male/female reporting ratio of
severe depression compared with the gender ratio of reporting
mild-moderate depression.

Higher suicide rates are associated with more severe
depression (33, 34). Despite the report of gender paradox in
suicidal behavior (26, 68, 69): Over representation of females
in non-fatal suicidal behavior and a preponderance of males in
committed suicide. However, females are only over-represented
in suicidal ideation (26, 69) or self-harm behavior (70). In fact,
the ratios of male to female attempted suicides and completed
suicides were 1.21:1 and 1.97:1, respectively (27). The gender
ratio of attempted suicide was even higher in adolescent (2.07:1)
(71), while the suicidal commitment risk continued to elders aged
60 (2.74:1) (32). Depressedmen often experience a loss of control,
a hidden self, and substance use or abuse, which may cause
them to commit suicide as a definitive means of eliminating their
sense of a loss of control (72). In a previous study, suicide rates
were significantly negatively correlated with rates of treatment
for depression (73), i.e., higher suicide rates were associated with
lower treatment rates. The above-described results suggest that
men report more severe depression and higher suicide rates than
women (56, 65, 66, 74), which may result from lower rates of
diagnosis and treatment of male depression (36).

POTENTIAL MECHANISMS

Biological Dimension: Covariation Between
Estrogen Levels and Incidence Peak of
Female Depression
Rates of depression in males and females vary during their
life-spans. Before puberty, girls and boys have similar rates of
depression or a slight higher in boys (3). The prevalence of
depression tends to be doubled in girls (3, 6, 75, 76) from the
age of 12 years, and this trend persists until the age of 45 or 54
years (26, 77), then declines after menopause (3, 8, 78). Although

one study indicated that the gender difference in depression
persisted in elders (79), most studies reported that at ages > 65
years, both men and women exhibit declines in depression rate,
which becomes similar between them again (11, 76, 80, 81). These
results indicate that the “female preponderance in depression”
could be relevant to the sex hormonal level (e.g., estrogen).

Longitudinal studies indicate that as soon as estrogen levels
rise (first menstruation of girls) (82), the rate of major depression
in girls increases in tandemly (83). Consistently, the peak
incidence of depression during childbearing years is reportedly
associated with cyclic estrogen changes, with a higher prevalence
of depression in females at the premenstrual stage, during
pregnancy, and at postpartum and peri-menopausal stages
(84). About 48% of females who suffer from premenstrual
syndrome (85) reported a depressed mood and fatigue in
the week before the onset of menstruation (86). Consistently,
during the menopausal transition, when sex hormones strongly
fluctuated, “depressed mood” and “sleeping problems” were
common complaints (87). In summary, the incidence of female
depression evidently fluctuates with estrogen levels, leading to
more “perceived” fluctuation in mood and more reporting of
depression in female.

Psychological Dimension: Gender
Differences in Coping Styles
Another explanation for the female preponderance of depression
is that women show a more feminine coping style, and they
are more willing to express affective symptoms and seek
medical help (88). As previously introduced, women evidently
report more mild depression whereas men report more severe
depression (56). In one study, females reported more symptoms
of depression than males (44 vs. 32%), and were more likely
to subsequently seek help at private clinics (23 vs. 14%) or
from a Quran therapist (11 vs. 5%) (19). Even in a 70-year-
old population, femininity was associated with higher levels of
depression (89).

In contrast, the masculine coping style was being emotionally
unexpressive (90) and reluctant to seek help (91). Indeed,
males reported less depression, even they experienced more
intense emotions (92), indicating that they need greater symptom
severity to ask for help. The results also suggested that males
intend to “omit” symptoms, while females “notice” symptoms.
Consequently, females may start to report depressed moods with
mild ormoderate severity, while males might only begin to report
depression with much severer severity (56). Similarly, it has been
reported that men were more likely to forget episodes that had
generally not reached “case” criteria, whereas women were more
likely to remember them (46). Due to the shame of seeking help
or showing weakness, males tend to hide symptoms of depression
from people and try hard to appear cheerful and exhibit
happiness in the presence of others (93). Even after stratification
by clinically significant impairment and paid employment status,
men reported fewer symptoms of depression than women, and
as a result men reached the diagnostic threshold less often (47).
Instead, they tended to mask symptoms of depression, leading
providers to under-diagnose and under-treat men for depression
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(94–96). Even thoughmales seek help, they intend to report fewer
symptoms and low severity to maintain masculine status (97, 98).
Thus, gender differences in coping style may have resulted in a
“masculine” form of depression in the general population that is
under-diagnosed and under-treated (99).

Social Dimension: Gender Differences in
Phenotypic Symptoms of Depression
Hegemonic masculinity indicates how a gender role is enacted
with depression expression, in which social expectation for males
was proactive, aggression, and violent, while female stereotype
was affective, passive, and selfless (90). Thus, although no
evidence for a gender-related somatic factor was reported in
one study (100), and the lower rate of poor appetite (OR 0.69)
in females was indicated in another study (26). Most studies
indicated a female predominance not in “pure depression” but
in a specific phenotype in women, i.e., “somatic depression”
(appetite, sleep, and fatigue) (43, 44, 101), which is generally
consistent with current diagnostic criteria for depression. The
female rates were consistently higher across all age bands only
in DSM-IV mood disorder, major depressive disorder and non-
melancholic mood disorder (59). In contrast, men exhibit more
atypical signs of depression such as aggression and antisocial
behaviors (102). In a study of 18,807 Korean, female depression
was significantly associated with fatigue, hypersomnia, and
psychomotor retardation (103). In another study, women
commonly reported concurrent symptoms consistent with
anxiety disorders, somatoform disorder, and bulimia, whereas
drug and alcohol abuse was more common in men (104).
Relatively, comorbid anxiety was reportedly more prevalent in
women, whereas comorbid alcohol abuse was a major concern
in men (20). In conclusion, women evidently exhibit more
symptoms of fatigue, irritability, and sleep disturbance (somatic
depression) which are consistent with current diagnostic criteria
for depression, whereas men exhibit more atypical symptoms of
aggression or substance addiction which are less consistent with
current diagnostic criteria for depression (44, 105, 106). Thus,
it is reasonable to assume that this results in comparatively less
diagnosis and treatment of male depression.

The social role of male, especially hegemonic masculinity
guaranteed that male depression might manifest as substance
abuse, aggressive, and/or violent practices (107). Due to the
fact that for males showing weakness is contrary to social
expectations (being strong, independent, and exhibiting self-
control), depressive symptoms (e.g., tiredness and weakness)
bring men more shame or stigma to admit or seek help (108).
Additional evidence is concordant with a “hegemonic” view—
particularly concerning independence—that men “should” be
reluctant to seek help; in fact they tend to repress symptoms
of depression and/or hide them from others (109). Research
suggests that men who are depressed may experience a
trajectory of emotional distress that results in avoidant,
numbing, and escapist behavior that can lead to substance use,
aggression, violence, and suicide (110). Constantly, males exhibit
significantly higher rates of substance use and physical violence
(111, 112). Gender roles, in particular hegemonic masculinity,

may primarily influence the expression of depression rather
than the actual experience of depression per se, and this may
in turn contribute to under-diagnosis and under-treatment of
male depression.

CLINICAL IMPLICATIONS OF THE GENDER
DIFFERENCES IN SELF-REPORTING
SYMPTOM OF DEPRESSION HYPOTHESIS

The principal value of the above newly proposed hypothesis is to
emphasize that male depression is under-diagnosed and under-
treated, which requires immediate attention and action. The
critical implication of this theory is summarized in the following
three points.

Incorporating Symptoms of Depression in
Males Into Current Diagnostic Criteria
Differential symptoms of depression in males and females (28)
and low diagnosis and treatment rates of male depression (29,
54) suggest a greater need to improve the current screening
for depression. Evidence suggests that standard assessments of
depression omit several key components of male depression,
mainly substance use and violence (107). Instead, a combination
of the Patient Health Questionnaire and the Gotland Male
Depression Scale (to be introduced1) may facilitate a more
sensitive and accurate identification of male depression (116).
It has been suggested that using gender-sensitive assessment
strategies would assure that more men would be identified
and treated for depression (117). In a study that utilized these
alternative male-oriented diagnostic tools, the prevalence of
depression was higher in men than in women (112). Notably,
the results of another study suggest that male-type depressive
symptoms may also be highly prevalent in females (118).
Collective reports to date indicate a need to incorporate typical
male symptoms of depression into the current diagnostic criteria
for depression, i.e., substance abuse, aggression or violence, stress
perception, and emotional suppression, which are suggested by
mature questionnaire (112, 119) and hegemonic masculinity
(107, 108), and need further validation.

Encouraging Males to Express Negative
Emotions and Seek Help
Empirical evidence indicates that low treatment rates in men
cannot be explained by better health, but are instead attributable

1Both Gotland Male Depression Scale (113, 114) and the Masculine Depression
Scale (115) are scales available for evaluating the presence of alternative “male-
type” depression symptoms in the clinic. Based on the above two scales, the
Male Symptoms Scale (MSS) and the Gender Inclusive Depression Scale (GIDS)
(112) have also been published on the given topic. The MSS was developed to
assess eight constructs that have been proposed in the literature as externalizing
symptoms of depression in men: irritability, anger attacks/aggression, sleep
disturbance, alcohol/other drug abuse, risk-taking behavior, hyperactivity, stress,
and loss of interest in pleasurable activities (112). The GIDS consisted of 15
symptoms, including the eight constructs contained in the Male Symptoms Scale
as well as seven traditional symptoms of depression: sad/depressed mood, loss
of vitality, tiredness, ambivalence, anxiety/uneasiness, and “complaintiveness”
(feeling pathetic) (112).
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to a discrepancy between perceptions of need and help-seeking
behavior in men. It has been well-documented that males use
drugs and alcohol to mask their depression (117, 120, 121). In
fact, the common notion that people who seek psychological
help because of mental disorders are weak or incapable (122)
brings strong stigma to people who seek psychological help,
especially for males (108), which prevents them from expressing
symptom and seeking help. To fight stigma and prejudice against
mental disorders, international campaigns were carried out
previously, with a 5.6% increase in people who access mental
health services reporting no experienced discrimination, and a
fall in average levels of reported discrimination to 28.4% from
41.6% in response to the campaigns (123). These campaigns
included an international campaign which is initiated by the
World Psychiatric Association (124), “Time to Change” which is
launched in 2007 by charities Mind and Rethink Mental Illness
(https://www.time-to-change.org.uk/sites/default/files/Stigma
%20Shout.pdf), “Heads Together” which is a campaign set up by
the Duke and Duchess of Cambridge and Prince Harry in 2016
(https://www.headstogether.org.uk/about-heads-together/), as
well as “See Me” which is a similar campaign run in Scotland
(https://www.seemescotland.org/). Efforts at the social level
deserve continuing to achieve a profound influence and effect.

The social expectation for males (being strong, independent,
and exhibiting self-control) holding in different cultures, is
contributed to form the traditional masculinity (125), which
inhibits the emotional expressiveness and help-seeking behaviors
in males (74). Thus, to better diagnose and treat male depression,
reversing general expectations shared by the ordinary population
toward males might encourage males to seek psychological help,
e.g., to allow males to be weak or ill sometimes, and need help
occasionally. Moreover, primary healthcare workers, as well as
family members should encourage males to open up emotionally
and communicate personal feelings of distress (126, 127). Using
social media to encourage men with symptoms of depression
to seek help should focus on their general trust in doctors,
accepting lack of control, and reducing feelings of weakness
associated with asking for help (128). Furthermore, as part
of recovery from depression, men could reconstruct a valued
sense of themselves and their own masculinity, and incorporate
values associated with hegemonic masculinity into narratives (re-
establishing control, and responsibility to others), which may be
useful in reducing depression as well as suicide (129).

Awareness of Suicidal Behavior in Males
With Depression
Studies suggest that undiagnosed and untreated depression in
men may be one reason why many more men than women
commit suicide (117), since that untreated or inadequately
treated depression is the largest risk factor for suicide (63) and
90% of people who die from suicide have a previous psychiatric
diagnosis mainly depression (35). Accordingly, increasing the
rates of diagnosis and treatment of male depression may be
critical to reducing the rate of male suicide. Concerning gender
differences in suicidal behaviors, the ingestion of drugs was
common for women; and hanging and use of sharp objects

for men (130). Moreover, men with depression are less likely
to mention suicide before committing suicide (29), rendering
male suicide less preventable. Thus, to prevent male suicide
more effectively, better recognition of subtle indicators of suicidal
thoughts or intentions in males with depression is required.

FUTURE STUDIES

The current study is only a theoretical proposal on the “gender
differences in self-reporting symptom of depression.” The direct
empirical evidence to supporting the above theory is lacking.
To test it, more community-based investigations worldwide
covering both genders and all age-bands are warranted, since
that data from hospitals or private clinics might be biased.
The survey tools should be more integrated considering
symptoms of male depression. Notably, different degrees of
depression (mild, moderate, and severe) and suicide (suicidal
ideation, attempted suicide, and committed suicide) need to
be clearly classified in the community sample. In addition,
study has highlighted the importance of the emotional brain
(prefrontal cortex, parietal lobe, central gyrus, and midbrain)
in causing depression for females, while the socio cognitive
brain (orbitofrontal, posterior, and cingulate cortices; insula)
for males (131). These results implied that the medicine or
brain stimulation treatment for depression should be adopted
differently for female and male patients with depression [also
see the findings of “microglia-neuro inflammation-BDNF”
interconnection (132)].

CONCLUSION

In sum, due to the above-described strong challenges to the
female preponderance of depression hypothesis, herein we
propose an alternative hypothesis of the gender differences
in self-reporting symptom of depression. The main tenets
of this alternative hypothesis are that females are more
likely to report mild-moderate symptoms of depression,
while more severe depression and higher suicide reporting
are evident in males. Potential mechanisms behind these
observations include covariation between estrogen levels and
the incidence peak of female depression, gender differences in
coping style, and gender differences in symptom phenotypes.
One of the primary aims of developing this hypothesis
presented herein is to emphasize that male depression
is under-diagnosed and under-treated. To diagnose and
treat male depression timely and effectively, it is critical to
incorporate male symptoms of depression into the relevant
diagnostic criteria, encourage males to express negative
emotions, and increase awareness of suicidal behavior in
male patients.
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in depression. Coll Antropol. (2002) 26:149–57.

85. Direkvand-Moghadam A, Sayehmiri K, Delpisheh A, Satar K. Epidemiology
of premenstrual syndrome, a systematic review and meta-analysis study. J
Clin Diagn Res. (2014) 8:106–9. doi: 10.7860/JCDR/2014/8024.4021

86. Baker FC, Driver HS. Circadian rhythms, sleep, and the menstrual cycle.
Sleep Med. (2007) 8:613–22. doi: 10.1016/j.sleep.2006.09.011

87. Soares CN. Can depression be a menopause-associated risk. BMC Med.

(2010) 8:79. doi: 10.1186/1741-7015-8-79
88. Weissman MM, Klerman GL. Sex differences and the

epidemiology of depression. Archiv Gen Psychiatry. (1977)
34:98–111. doi: 10.1001/archpsyc.1977.01770130100011

89. Rydberg Sterner T, Gudmundsson P, Falk H, Seidu N, Ahlner F, Wetterberg
H, et al. Depression in relation to sex and gender expression among
Swedish septuagenarians-results from the H70 study. PLoS ONE. (2020)
15:e0238701. doi: 10.1371/journal.pone.0238701

90. Möller-Leimkühler AM. The gender gap in suicide and premature death
or: why are men so vulnerable. Eur Arch Psychiatry Clin Neurosci. (2003)
253:1–8. doi: 10.1007/s00406-003-0397-6

91. Sen B. Adolescent propensity for depressed mood and help seeking: race and
gender differences. J Ment Health Policy Econ. (2004) 7:133–45.

92. Deng Y, Chang L, Yang M, Huo M, Zhou R. Gender differences in emotional
response: inconsistency between experience and expressivity. PLoS ONE.

(2016) 11:e0158666. doi: 10.1371/journal.pone.0158666
93. Pederson EL, Vogel DL. Male gender role conflict and willingness to seek

counseling: testing a mediation model on college-aged men. J Couns Psychol.
(2007) 54:373–84. doi: 10.1037/0022-0167.54.4.373

94. Aday LA. At Risk in America the Health and Health Care Needs of Vulnerable

Populations in the United States. San Francisco: Jossey-Bass (2001).
95. Ramirez JL, Badger TA. Men navigating inward and outward

through depression. Arch Psychiatr Nurs. (2014) 28:21–
8. doi: 10.1016/j.apnu.2013.10.001

96. Association AP. Diagnostic and Statistical Manual of Mental Disorders. 5th
ed. Arlington: American Psychiatric Publishing (2013).

97. Cleary A. Suicidal action, emotional expression, and the
performance of masculinities. Soc Sci Med. (2012) 74:498–
505. doi: 10.1016/j.socscimed.2011.08.002

98. Johnson JL, Oliffe JL, Kelly MT, Galdas P, Ogrodniczuk JS. Men’s
discourses of help-seeking in the context of depression. Sociol

Health Illn. (2012) 34:345–61. doi: 10.1111/j.1467-9566.2011.01
372.x

99. Kilmartin C. Depression in man: communication, diagnosis and therapy. J
Men’s Health Gender. (2005) 2:95–9. doi: 10.1016/j.jmhg.2004.10.010

100. Thompson AH, Bland RC. Gender similarities in somatic depression
and in DSM depression secondary symptom profiles within the
context of severity and bereavement. J Affect Disord. (2018)
227:770–6. doi: 10.1016/j.jad.2017.11.052

101. Silverstein B. Gender difference in the prevalence of clinical depression:
the role played by depression associated with somatic symptoms. Am J

Psychiatry. (1999) 156:480–2.
102. Moller-Leimkuhler A, Bottlender R, Staub A, Rutz W. Barriers to

help seek by is there evidence for a male depressive syndrome
in inpatients with major depression. J Affect Disord. (2003) 80:87–
93. doi: 10.1016/S0165-0327(03)00051-X

103. Kim JH, Cho MJ, Hong JP, Bae JN, Cho SJ, Hahm BJ, et al. Gender
differences in depressive symptom profile: results from nationwide
general population surveys in Korea. J Korean Med Sci. (2015) 30:1659–
66. doi: 10.3346/jkms.2015.30.11.1659

104. Marcus SM, Young EA, Kerber KB, Kornstein S, Farabaugh AH, Mitchell J,
et al. Gender differences in depression: findings from the STAR∗D study. J
Affect Disord. (2005) 87:141–50. doi: 10.1016/j.jad.2004.09.008

105. Romm KL, Rossberg JI, Berg AO, Barrett EA, Faerden A, Agartz I, et
al. Depression and depressive symptoms in first episode psychosis. J Nerv
Mental Dis. (2010) 198:67–71. doi: 10.1097/NMD.0b013e3181c81fc0

106. Scott C, McKinlay A, McLellan T, Britt E, Grace R, MacFarlane M,
et al. comparison of adult outcomes for males compared to females
following pediatric traumatic brain injury. Neuropsychology. (2015) 29:501–
8. doi: 10.1037/neu0000074

107. Branney P, White A. Big boys don’t cry: depression and men. Adv Psychiatr
Treat. (2008) 14:256–62. doi: 10.1192/apt.bp.106.003467

108. Lasalvia A, Zoppei S, Van Bortel T, Bonetto C, Cristofalo D, Wahlbeck K,
et al. Global pattern of experienced and anticipated discrimination reported
by people with major depressive disorder: a cross-sectional survey. Lancet.
(2013) 381:55–62. doi: 10.1016/S0140-6736(12)61379-8

109. O’Brien R, Hunt K, Hart G. ’It’s caveman stuff, but that is to a certain extent
how guys still operate’: men’s accounts ofmasculinity and help seeking. Soc
Sci Med. (2005) 61:503–16. doi: 10.1016/j.socscimed.2004.12.008

110. Brownhill S, Wilhelm K, Barclay L, Schmied V. “Big build”:
hidden depression in men. Aust N Z J Psychiatry. (2005)
39:921–31. doi: 10.1080/j.1440-1614.2005.01665.x

111. Harrison CM, Britt H, Harrison CM, Britt H. The rates and management
of psychological problems in Australian general practice. Austral N Zeal J

Psychiatry. (2004) 38:781–8. doi: 10.1080/j.1440-1614.2004.01462.x
112. Martin LA, Neighbors HW, Griffith DM. The experience of

symptoms of depression in men vs. women: analysis of the National
Comorbidity Survey Replication. J Am Med Assoc Psychiatry. (2013)
70:1100–6. doi: 10.1001/jamapsychiatry.2013.1985

113. Zierau F, Bille A, Rutz W, Bech P. The Gotland Male Depression Scale:
a validity study in patients with alcohol use disorder. Nordic J Psychiatry.
(2002) 56:265–71. doi: 10.1080/08039480260242750

114. Chu CL, Chen C-Y, Huang T-H, Chen Y, Jiang J-R, Hsieh M-L. Reliability,
validation and clinical utilization of a Chinese version of Gotland Male
Depression Scale in a men’s health jointed clinic. J Men’s Health. (2009)
6:262. doi: 10.1016/j.jomh.2009.08.136

115. Tarsuslu B, Durat G. Psychometric properties of the Masculine Depression
Scale in Turkish male University students. Perspect Psychiatr Care. (2021)
57:287–94. doi: 10.1111/ppc.12561

116. Sharpley CF, Bitsika V, Christie DR. Diagnosing “male” depression
in men diagnosed with prostate cancer: the next step in effective
translational psycho-oncology interventions. Psychooncology. (2014)
23:1042–8. doi: 10.1002/pon.3530

117. Cochran SV, Rabinowitz FE. Gender-sensitive recommendations for
assessment and treatment of depression in men. Prof Psychol Res Pract.

(2003) 34:132–40. doi: 10.1037/0735-7028.34.2.132
118. Möller-Leimkühler AM, YücelM.Male depression in females. J Affect Disord.

(2010) 121:22–9. doi: 10.1016/j.jad.2009.05.007
119. Möller-Leimkühler AM, Mühleck J. Development and preliminary

validation of a gender-sensitive depression screening (GSDS) [German].
Psychiatr Prax. (2020) 47:79–86. doi: 10.1055/a-1067-0241

120. Epperly TD, Moore KE. Health issues in men: part II common psychosocial
disorders. Am Fam Physician. (2000) 6:117–1124.

Frontiers in Psychiatry | www.frontiersin.org 9 October 2021 | Volume 12 | Article 589687127

https://doi.org/10.1007/s00127-002-0569-0
https://doi.org/10.1017/S0033291797006077
https://doi.org/10.1034/j.1600-0447.2003.00204.x
https://doi.org/10.1080/0954026021000045976
https://doi.org/10.1016/j.jagp.2012.08.015
https://doi.org/10.1542/peds.2004-2629
https://doi.org/10.1017/S003329179700593X
https://doi.org/10.7860/JCDR/2014/8024.4021
https://doi.org/10.1016/j.sleep.2006.09.011
https://doi.org/10.1186/1741-7015-8-79
https://doi.org/10.1001/archpsyc.1977.01770130100011
https://doi.org/10.1371/journal.pone.0238701
https://doi.org/10.1007/s00406-003-0397-6
https://doi.org/10.1371/journal.pone.0158666
https://doi.org/10.1037/0022-0167.54.4.373
https://doi.org/10.1016/j.apnu.2013.10.001
https://doi.org/10.1016/j.socscimed.2011.08.002
https://doi.org/10.1111/j.1467-9566.2011.01372.x
https://doi.org/10.1016/j.jmhg.2004.10.010
https://doi.org/10.1016/j.jad.2017.11.052
https://doi.org/10.1016/S0165-0327(03)00051-X
https://doi.org/10.3346/jkms.2015.30.11.1659
https://doi.org/10.1016/j.jad.2004.09.008
https://doi.org/10.1097/NMD.0b013e3181c81fc0
https://doi.org/10.1037/neu0000074
https://doi.org/10.1192/apt.bp.106.003467
https://doi.org/10.1016/S0140-6736(12)61379-8
https://doi.org/10.1016/j.socscimed.2004.12.008
https://doi.org/10.1080/j.1440-1614.2005.01665.x
https://doi.org/10.1080/j.1440-1614.2004.01462.x
https://doi.org/10.1001/jamapsychiatry.2013.1985
https://doi.org/10.1080/08039480260242750
https://doi.org/10.1016/j.jomh.2009.08.136
https://doi.org/10.1111/ppc.12561~
https://doi.org/10.1002/pon.3530
https://doi.org/10.1037/0735-7028.34.2.132
https://doi.org/10.1016/j.jad.2009.05.007
https://doi.org/10.1055/a-1067-0241
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Shi et al. Gender Differences in Self-Reporting Depression

121. Zamarripa MX, Wampold BE, Gregory E. Male gender role conflict,
depression and anxiety: clarification and generalizability to women. J Couns
Psychol. (2003) 50:333–8. doi: 10.1037/0022-0167.50.3.333

122. Tzouvara V, Papadopoulos C. Public stigma towards mental illness
in the Greek culture. J Psychiatr Ment Health Nurs. (2014) 21:931–
8. doi: 10.1111/jpm.12146

123. Corker E, Hamilton S, Robinson E, Cotney J, Pinfold V, Rose D,
et al. Viewpoint survey of mental health service users’ experiences of
discrimination in England 2008-2014. Acta Psychiatr Scand. (2016) 134:6–
13. doi: 10.1111/acps.12610

124. Sartorius N. Fighting schizophrenia and its stigma: a new World
Psychiatric Association educational programme. Br J Psychiatry. (1997)
170:297. doi: 10.1192/bjp.170.4.297

125. Pleck JH. The gender role strain paradigm: an update. In: Levant R, Pollack
W, editors, A New Psychology of Men. New York, NY: Basic Books (1995).
p. 11–32.

126. Danielsson UE, Bengs C, Samuelsson E, Johansson EE. “My greatest dream
is to be normal”: the impact of gender on the depression narratives
ofyoung Swedish men and women. Qual Health Res. (2011) 21:612–
24. doi: 10.1177/1049732310391272

127. Banks I. New models for providing men with health care. J Men’s Health

Gender. (2004) 1:155–8. doi: 10.1016/j.jmhg.2004.07.023
128. Bass SB, Muñiz J, Gordon TF, Maurer L, Patterson F.

Understanding help-seeking intentions in male military cadets:
an application of perceptualmapping. BMC Public Health. (2016)
16:413. doi: 10.1186/s12889-016-3092-z

129. Emslie C, Ridge D, Ziebland S, Hunt K. Men’s accounts of depression:
reconstructing or resisting hegemonic masculinity. Soc Sci Med. (2006)
62:2246–57. doi: 10.1016/j.socscimed.2005.10.017

130. Alves Vde M, Silva AM, Magalhães AP, Andrade TG, Faro AC, Nardi
AE. Suicide attempts in a emergency hospital. Arq Neuropsiquiatr. (2014)
72:123–8. doi: 10.1590/0004-282X20130212

131. Sundström Poromaa I, Comasco E, Georgakis MK, Skalkidou A. Sex
differences in depression during pregnancy and the postpartum period. J
Neurosci Res. (2017) 95:719–30. doi: 10.1002/jnr.23859

132. Liu LL, Li JM, Su WJ, Wang B, Jiang CL. Sex differences in
depressive-like behaviour may relate to imbalance of microglia
activation in the hippocampus. Brain Behav Immun. (2019)
81:188–97. doi: 10.1016/j.bbi.2019.06.012

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.

Copyright © 2021 Shi, Yang, Zhao, Chen, Ren and Dai. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Psychiatry | www.frontiersin.org 10 October 2021 | Volume 12 | Article 589687128

https://doi.org/10.1037/0022-0167.50.3.333
https://doi.org/10.1111/jpm.12146
https://doi.org/10.1111/acps.12610
https://doi.org/10.1192/bjp.170.4.297
https://doi.org/10.1177/1049732310391272
https://doi.org/10.1016/j.jmhg.2004.07.023
https://doi.org/10.1186/s12889-016-3092-z
https://doi.org/10.1016/j.socscimed.2005.10.017
https://doi.org/10.1590/0004-282X20130212
https://doi.org/10.1002/jnr.23859
https://doi.org/10.1016/j.bbi.2019.06.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


SYSTEMATIC REVIEW
published: 18 November 2021

doi: 10.3389/fpsyt.2021.686973

Frontiers in Psychiatry | www.frontiersin.org 1 November 2021 | Volume 12 | Article 686973

Edited by:

Mario F. Juruena,

King’s College London,

United Kingdom

Reviewed by:

Jiajia Zhu,

First Affiliated Hospital of Anhui

Medical University, China

Yan Li,

Apellis Pharmaceuticals, United States

*Correspondence:

Bing Cao

bingcao@swu.edu.cn

Peng Deng

dp088965@163.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Mood Disorders,

a section of the journal

Frontiers in Psychiatry

Received: 28 March 2021

Accepted: 19 October 2021

Published: 18 November 2021

Citation:

Fan M, Gao X, Li L, Ren Z, Lui LMW,

McIntyre RS, Teopiz KM, Deng P and

Cao B (2021) The Association

Between Concentrations of Arginine,

Ornithine, Citrulline and Major

Depressive Disorder: A Meta-Analysis.

Front. Psychiatry 12:686973.

doi: 10.3389/fpsyt.2021.686973

The Association Between
Concentrations of Arginine,
Ornithine, Citrulline and Major
Depressive Disorder: A
Meta-Analysis
Mingyue Fan 1†, Xiao Gao 2,3†, Li Li 2†, Zhongyu Ren 4, Leanna M. W. Lui 5,

Roger S. McIntyre 5, Kayla M. Teopiz 5, Peng Deng 6* and Bing Cao 2,3*
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Alterations in the peripheral (e.g., serum, plasma, platelet) concentrations of arginine

and its related catabolic products (i.e., ornithine, citrulline) in the urea and nitric oxide

cycles have been reported to be associated with major depressive disorder (MDD).

The meta-analysis herein aimed to explore the association between the concentration

of peripheral arginine, its catabolic products and MDD, as well as to discuss the

possible role of arginine catabolism in the onset and progression of MDD. PubMed,

EMBASE, PsycINFO and Web of Science were searched from inception to June 2020.

The protocol for the meta-analysis herein has been registered at the Open Science

Framework [https://doi.org/10.17605/osf.io/7fn59]. In total, 745 (47.5%) subjects with

MDD and 823 (52.5%) healthy controls (HCs) from 13 articles with 16 studies were

included. Fifteen of the included studies assessed concentrations of peripheral arginine,

eight assessed concentrations of ornithine, and six assessed concentrations of citrulline.

Results indicated that: (1) the concentrations of arginine, ornithine, and citrulline

were not significantly different between individuals with MDD and HCs when serum,

plasma and platelet are analyzed together, (2) in the subgroups of serum samples,

the concentrations of arginine were lower in individuals with MDD than HCs, and (3)

concurrent administration of psychotropic medications may be a confounding variable

affecting the concentrations of arginine, ornithine, and citrulline. Our findings herein do not

support the hypothesis that arginine catabolism between individuals with MDD and HCs

are significantly different. The medication status and sample types should be considered

as a key future research avenue for assessing arginine catabolism in MDD.
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INTRODUCTION

Major depressive disorder (MDD) is one of the most common
mental disorders affecting more than 350 million people
worldwide (1, 2). Furthermore, MDD is one of the leading causes
of global burden of disease. Major depressive disorder affects
approximately 16% of the world’s population (3), continues
to be a major cause of disability worldwide, and is the
number one cause of suicide (4). Excessive inflammation and
neurodegenerative changes have been reported in MDD, both
of which have been associated with cognitive impairment (5).
However, the underlying pathology of MDD remains poorly
understood, in part due to the heterogeneity of genetic and
environmental factors related to proposed mechanisms of
action (6). Moreover, the pathogenesis of acute depression may
be different from recurrent or chronic depression, which is
characterized by long-term decline in social or occupational
function and cognitive ability (7).

Intensified research efforts are devoted to predicting onset
of MDD and treatment response through exploring possible
biomarkers/biosignatures including but not limited to metabolic
pathways (8–10). Extensive literature indicates that amino acids
may be candidate biomarkers for a variety of diseases, including
metabolic syndrome, cancer, and mental disorders (11–16). With
increasing research focusing on the dysfunction of oxidative and
nitrosative stress in MDD, arginine catabolism regulation has
received increasing attention (17–19).

Arginine is a semi-essential amino acid and a substrate of
important metabolic pathways in the physiological processes
of the central nervous system and immune defense [e.g., urea
and nitric oxide (NO) cycles] (20, 21). Arginine is transformed
into NO and citrulline by endothelial nitric oxide synthase
(eNOS), inducible nitric oxide synthase (iNOS) and neuronal
nitric oxide synthase (22, 23). The alteration of arginine may lead
to abnormalities of NO metabolism and the urea cycle metabolic
pathway (24, 25).

The dysregulation of the L-arginine-NO metabolic pathway
has been linked to the pathogenesis of severe depression (26, 27).
For example, a study reported a positive correlation between
increased plasma NO concentrations and suicide attempts in
individuals with mild depression (28). A separate study reported
that the inhibition of NOS induced antidepressant effects in rats
(29). Hitherto, reducing or blocking the synthesis of NO (i.e.,
blocking NOS) in the brain may be protective against depression
(i.e., antidepressant effects) (29, 63).

Available clinical evidence has demonstrated that the NO
signaling pathway is associated with schizophrenia, anxiety
disorders, and affective disorders (30). Notably, the NO system
has previously been reported to be a potential target of
antidepressant and anti-anxiety drugs in acute therapy and
prevention (31).

Previous cross-sectional studies among patients with MDD
and experimental studies based on animal models of depression
have reported the altered arginine levels in blood related to
the catabolite and NO imbalance in pathophysiology of MDD
(18, 32). The dysfunction of NO signaling pathway has been
suggested as a nexus between MDD and commonly encountered

comorbidities via platelet activation, endothelial dysfunction (i.e.,
low circulating endothelial NO concentrations and impaired
vasodilation), and elevated concentrations of proinflammatory
circulating cytokines (33, 34).

Arginine, citrulline, and ornithine are key amino acids of the
urea cycle (35). Arginine is the substrate for arginase, the enzyme
that produces urea while converting arginine to ornithine (36).
Previous studies have shown that arginase activity is elevated in
people with depression (37). Moreover, L-arginine is reported
to be a risk factor for the development of mild depression (38).
It has been separately reported that patients with depression
have lower circulating L-arginine concentrations (33). Arginine
has also been reported to affect concentrations of aminobutyric
acid and glutamate in the prefrontal cortex of the brain, which
are important to cellular bioenergetics and oxidative stress
(39). In addition, two clinical trials have shown that ketamine
and esketamine, glutamatergic N-methyl-D aspartate receptor
(NMDAR) antagonists with established antidepressant effects,
contributed to the changes in arginine in the urea cycle (40, 41).
Taken together, extensive literature has supported the notion
that arginine may be implicated in mechanisms that are relevant
to MDD.

Ornithine is a metabolite of arginine (42). Citrulline is
derived not only from the production of NO but also from
the action of the enzyme ornithine carbamoyltransferase
(43). Previous findings regarding the function of arginine
catabolism underlying MDD are inconsistent. L-Arginine
competes with asymmetric dimethylarginine for NOS (44) and
increases endothelial NO production and reverses the endothelial
dysfunction associated with vascular risk factors (64). L-citrulline
can be converted to L-arginine via the citrulline-NO cycles as
well as the urea cycle. The possibility that decreased L-cirtulline
contributes to decreased L-arginine concentrations in physically
healthy patients with MDD cannot be excluded (45). It has been
previously demonstrated that L-arginine may have the potential
to treat MDD (46). Taken together, the foregoing studies provide
the rational to assess the potential association between L-arginine
concentrations and MDD.

To our knowledge, there has been no previous meta-analysis
evaluating the association between arginine catabolism and
MDD. Herein, the current meta-analysis aims to compare
peripheral arginine and its related catabolic products (i.e.,
ornithine and citrulline) between patients withMDD and healthy
controls (HCs) (i.e., healthy volunteers who do not have current
or previous history of mental illness).

METHODS

Literature Search
We performed this study according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
(47), and a systematic retrieval of literature from inception
to June 2020. The literature search was conducted using the
following online databases: PubMed, EMBASE, PsycINFO and
Web of Science. The keywords of the search strategy were “major
depressive disorder (MDD)”, “depression”, “mood disorder”,
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“arginine”, “ornithine”, “citrulline”, “L-arginine”, “amino acid”,
“argininosuccinate”. The flow diagram outlining the study
selection process is shown in Figure 1. The protocol of
current meta-analysis has been registered at the Open Science
Framework [https://doi.org/10.17605/osf.io/7fn59 (48)].

Selection Criteria
The inclusion of studies were based on the following criteria: (1)
adults (≥ 18 years old) with Diagnostic and Statistical Manual
of Mental Disorders (DSM) diagnosed MDD (i.e., DSM-III-R,
DSM-IV, DSM-IV-TR and DSM-V); (2) healthy volunteers who
are not diagnosed with psychiatric illness and do not have a
history of mental illness were used as the HC group; (3) measures
of the concentrations of arginine, citrulline, or ornithine (one of
which was sufficient) assessed in all subjects; and (4) the study
type was either a case-control study or cohort study.

Studies were excluded based on the following criteria: (1)
non-original research, articles or conference abstracts; (2) case
reports, case studies, case series studies, clinical trials and
other articles that did not meet the required research type;
(3) non-human studies, the research objective did not include
patients with MDD, or the case group contains other mental
disorders (e.g., schizophrenia, bipolar disorder); (4) comparison
of patients before and after treatment; people with other diseases
as control group; (5) concentrations of arginine, citrulline, or
ornithine were not available; (6) no full-text or studies were
repetitive publications from the same datasets by the same or
different authors.

Data Extraction and Quality Assessment
Two investigators (CB and LL) independently screened and
reviewed articles, Supplementary Materials, and extracted
relevant information. Several articles may not be captured by
our search because their keywords are not exactly matched
our search strategies. All reference lists of the retrieved articles
were reviewed to identify potential studies for inclusion. The
additional articles were manually retrieved from the official
website of the journals from the reference lists. The study
used standardized tables to extract information for each eligible
article. The following information was extracted from each study:
first author, publication year, study design, country, geographic
location, age, sex (i.e., female, male), bodymass index (BMI), type
of blood sample specimen required for test (i.e., plasma, serum,
platelet), sample detection method [i.e., High Performance
Liquid Chromatography (HPLC), Liquid Chromatography Mass
Spectrometry (LC-MS), or other], sample size, subjects’ mean
arginine or ornithine or citrulline concentrations, and standard
deviation (SD).

Statistical Analysis
All data analysis was performed using Stata (version 15.0, Stata
Corp LP, College Station, TX, USA). Forest plots was used to
estimate the association between arginine, its related catabolic
products, and MDD, which was evaluated by standardized mean
difference (SMD) with a 95% confidence interval (CI). We
assigned weights (%) based on the inverse of the variance.
The greater weights represent the greater impact on the

combined results. The heterogeneity of all studies was assessed
by chi-square statistics and the I-Squared (I2) test. If P <

0.10 or I2 > 50%, we considered that the heterogeneity had
statistical differences and a random effects model would be used.
Otherwise, the fixed effect meta-analysis would be applied (9).

Subgroup analysis was performed to explore the potential
impact of the inclusion characteristics of the studies on the
pooled effect size. The effect sizes of arginine, ornithine and
citrulline concentrations were calculated for each subgroup. The
subgroups were created based on medication status (prescribed
medication vs. medication-free), sample types (plasma, serum,
or platelet), published year (before vs. after 2010), regional
distribution (Asia, Europe, America, or Oceania) of arginine
and detection method (Amino acid Analyzer, HPLC, LC-MS).
To create subgroups based on living standards of past decade or
earlier, studies were divided into two groups according to their
publication date (i.e., before 2010 vs. after 2010) (49, 50). Meta-
regression was used to investigate the source of heterogeneity,
and the effects of both continuous and categorical factors on the
study were assessed simultaneously. Sensitivity analysis was used
to investigate whether any single study would have an effect on
the heterogeneity of total measurements in each meta-analysis.
The funnel plot with Begg’s test and Egger’s test were used to test
publication bias.

The Newcastle-Ottawa Scale was used to detect the risk of
bias in observational studies. According to the total scores of the
Newcastle-Ottawa Scale, the observational studies were divided
into three categories: extremely high risk of bias (0–3 points),
high risk of bias (4–6 points) and low risk of bias (7–9 points)
(51). The bias risk assessment of the included articles is shown in
Supplementary Table 1.

RESULTS

Basic Characteristics of Included Studies
A total of 8,227 articles were identified from the preliminary
search. After screening titles and abstracts, excluding review
articles and duplicated articles, and studies that did not meet the
inclusion criteria, 29 articles were selected for full-text review.
After evaluation, we identified 9 articles that met the inclusion
criteria and were selected for analysis. Four articles were retrieved
by manual search. The current meta-analysis includes 13 articles
with 16 studies (18, 22, 33, 41, 52–60) (Figure 1). Of the thirteen
articles included, ten articles reported the results of a single
study each, and 3 articles each of which reported results from
two studies.

The basic characteristics of included studies are illustrated
in Table 1. The current meta-analysis included 745 (47.5%)
individuals with MDD and 823 (52.5%) HCs. 15 of the
studies assessed concentrations of arginine, 8 assessed ornithine
concentrations, and 6 assessed citrulline concentrations. For
the geographic location, 5 studies were conducted in Asia, 6
studies were conducted in Europe, 4 studies were conducted
in the United States, and 1 study was conducted in Oceania.
Most studies used the detection methods of HPLC (n = 10),
followed by LC-MS (n = 4), and Amino Acid Analyses (n = 2).
Only one study conducted semi-structured interviews, and the
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FIGURE 1 | PRISMA flow diagram of study selection process.

remaining studies conducted structured interviews for diagnosis.
Participants in 9 studies had received antidepressantmedications,
and participants in 7 studies reported to be medication-free. The
sample types for 11 studies was plasma, 3 studies were serum,
and two were platelets. According to the results of the Newcastle-
Ottawa Scale, there were 2 articles defined as “high bias risk” with
scores of 6, while the others were all defined as “low bias risk”
with scores higher than 7.

Homogeneity Analysis and Effect
Estimation
Due to the high heterogeneity of arginine (I2 = 80.6%, P< 0.001),
ornithine (I2 = 87.3%, P < 0.001) and citrulline (I2 = 72.1%, P
= 0.003) reported in the included studies, random effect models
were selected for the meta-analysis. No statistical differences in

the concentrations of arginine (SMD= 0.02; 95%CI:−0.24, 0.29;
P = 0.86), ornithine (SMD = −0.01; 95%CI: −0.38, 0.36; P =

0.96) and citrulline (SMD = −0.12; 95%CI: −0.43, 0.19; P =

0.46) were found between the subjects with MDD and HCs when
serum, plasma and platelet are analyzed together. The forest
plots are shown in Figure 2. Separate meta-analyses of arginine,
ornithine and citrulline for serum, plasma and platelet are shown
in Supplementary Figures 5–7.

Subgroup Analysis and Meta-Regression
Results
Subgroup analysis were conducted to explore potential subgroup
effects. For the subgroup analysis of arginine concentrations,
the distribution trend of whether samples were prescribed
medications (medication-free: SMD = −0.25; 95%CI: −0.83,
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TABLE 1 | Characteristics of the included studies in the meta-analysis.

References Country Case Control Sample

type

Detection

method

semi-

structured

interview

Diagnosed

criteria

Disease state and illness

duration

Arginine Ornithine Citrulline Quality

Score*

Sex

(M/F)

Age

(years)

Sex

(M/F)

Age

(years)

Abou-Saleh MT et al.

(52)

Arab 33/30 36.92 ±

11.33

32/38 35.53 ±

10.12

Plasma Amino Acid

Analyser

No DSM-III-R All patients were

receiving antidepressant

medication

Female (MDD:89.15 ±

30.49 µm/L;

HCs:65.40 ±

24.13 µm/L)

Male (MDD:69.23 ±

22.6 µm/L HCs:84.69

± 25.02 µm/L);

Female (MDD:65.45 ±

24.03 µm/L

HCs:94.89 ± 40.11

µm/L)

6

Maes et al., (53) Belgium 17/18 49.65 ±

14.78

10/5 47.5 ±

15.0

Serum HPLC Yes DSM-III-R 8 Non-TRD and 27 TRD Non-TRD:132 ± 27

µmol/l; TRD:121 ± 20

µmol/ml; HCs:137 ± 28

µmol/l

7

Mauri et al., (54)a Italy 15/14 47.41 ±

10.85

12/16 42.46 ±

14.19

Plasma HPLC No DSM-IV outpatients, without

melancholia, drug-free

for at least 4 weeks

MDD:83.49 ± 100.59

nmol/ml HCs:87.58 ±

30.92 nmol/ml

7

Mauri et al., (55)b Italy NA 47.41 ±

10.85

NA 42.46 ±

14.19

Platelet HPLC No DSM-IV outpatients, without

melancholia, drug-free

for at least 4 weeks

MDD:0.86 ± 1.99

µmol/1010 HCs:1.53 ±

2.94 µmol/1010

7

Mitani et al., (56) Japan 11/12 32.78 ±

12.41

17/14 41.46 ±

19.26

Plasma HPLC No DSM-IV Six depressed patients were

drug-free. Seventeen of 23

depressed patients

were on antidepressant

medication at the time of

examination with dosages

ranging from 0 to 225mg

imipramine equivalents

Depression:116.8 (54.8)

nnol/ml; HCs: 93.2 (42.8)

nnol/ml;

6

Mauri et al., (55)a Italy 5/11 50.18 ±

11.55

9/2 39.90 ±

13.39

Plasma HPLC No DSM-IV outpatients, all affected

by recurrent unipolar

depression

MDD: 119.24 ± 129.21

nnmol/ml; HCs: 76.97 ±

32.64 nnmol/ml;

7

Mauri et al., (55)b Italy NA 50.18 ±

11.55

NA 39.90 ±

13.39

Platelet HPLC No DSM-IV outpatients, all affected

by recurrent unipolar

depression

MDD:0.93 ± 1.89

µmol/1010; HCs:1.78 ±

2.38 µmol/1010

7

Pinto et al., (33) Brazil NA 34 ± 4 NA 34 ± 3 Plasma HPLC No DSM-IV current unipolar major

depressive episode or with a

diagnosis of comorbid anxiety

disorder but no other

Axis I disorder

HCs:130 ± 8 µM/ml

MDD:104 ± 4 µM/ml

HCs:62 ± 12 µM/ml

MDD:97 ± 2 µM/ml

7

Woo et al., (57) Korea 16/52 65 4/18 68 Plasma LC-MS/MS No DSM-IV single episode or recurrent HCs:58.7(39.1–75.2)

µmol/l MDD:

69.7(49.0–94.1) µmol/l

HCs:109(88.2–132)

µmol/l; MDD: 98.1

(70.5–129) µmol/l

HCs:30.3

(25.7–36.6)

µmol/l; MDD:

34.0(25.2–

45.6)

µmol/l

7

(Continued)
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TABLE 1 | Continued

References Country Case Control Sample

type

Detection

method

semi-

structured

interview

Diagnosed

criteria

Disease state and illness

duration

Arginine Ornithine Citrulline Quality

Score*

Sex

(M/F)

Age

(years)

Sex

(M/F)

Age

(years)

Baranyi et al., (22) Austria 48/23 49.65 ±

9.84

31/17 46.23 ±

27.51

Plasma HPLC No DSM-IV all in-patients with major

depression

HCs:

97.440(86.117-104.697)

µmol/L; MDD:

101.500(86.190-

112.940) µmol/L

HCs: 94.050(72.550-

103.775) µmol/L;

MDD: 82.64(70.390-

101.290) µmol/L

HCs: 30.648 ±

7.63µmol/L;

MDD: 29.887

± 6.23µmol/L

8

Hess et al., (58) Canada 20/15 27.06 ±

9.43

20/16 25.97 ±

8.47

Serum Amino Acid

Analyser

No DSM-IV-TR current unipolar major

depressive episode or with

comorbid anxiety disorders

MDD:73.54 ± 21.53

µmol/L HCs: 84.89 ±

25.16 µmol/L

MDD:31.58 ±

6.05 µmol/L;

HCs 35.19 ±

6.85 µmol/L

7

Ali-Sisto et al., (18) Finland 43/56 39.41

±11.94

124/

129

55.28 ±

10.08

Serum LC-MS/MS No DSM-IV outpatients, 84 of the patients

used antidepressant

medication and 48 used

antipsychotic medication

MDD:99.15 (83.1–

115.92) µmol/L;

HCs:116.9

(94.87–142.18) µmol/L

MDD:86.43

(69.46–115.93)

µmol/L; HCs:86.97

(65.14–107.94) µmol/L

MDD:29.01

(22.01–33.69)

µmol/L;

HCs:29.44

(23.31–36.61)

µmol/L

8

Ogawa et al., (59)a Japan 85/79 41.77 ±

11.89

100/

117

41.2 ± 13.9 Plasma HPLC No DSM-IV currently depressed [dMDD]

and remitted [rMDD])

dMDD:77.91 ±

21.89µM; HCs:79.20 ±

25.70µM

dMDD:74.86 ±

27.37µM; HCs: 87.09

± 28.58µM

9

Ogawa et al., (59)b Japan 39/26 43.98 ±

13.10

20/45 43.4 ± 13.4 Plasma LC-MS No DSM-IV currently depressed [dMDD]

and remitted [rMDD])

rMDD:83.73 ± 24.08µM;

HCs:90.56 ± 20.67µM

9

Moaddel et al., (41) America NA NA NA NA Plasma LC-MS/MS No DSM-IV recurrent MDD without

psychotic features

HCs: 23.80 ±

7.22µM;

MDD:19.25 ±

5.17µM

7

Ozden et al., (60) America 28/49 41.01 ±

12.22

7/20 38.44 ±

12.23

Plasma HPLC No DSM-IV first or recurrent episode MDD:6.64 (7.24) µM;

HCs:1.42 (1.32) µM

MDD:7.83 (4.33) µM;

HCs:4.51 (1.88) µM

MDD:5.25

(1.85) µM;

HCs: 4.42

(1.03) µM

8

DSM, Diagnostic and Statistical Manual of Mental Disorders; MDD, major depressive disorder; HC, healthy control; HPLC, High Performance Liquid Chromatography; LC-MS, Liquid Chromatography Mass Spectrometry; TRD, treatment-

resistant depression; NA, Not Available. Mauri et al., (54)a: sample type was plasma; Mauri et al., (54)b: sample type was platelet; Mauri et al., (55)a: sample type was plasma; Mauri et al., (55)b: sample type was platelet; Ogawa et al.,

(59)a: dMDD, depressed (non-remitted) patients with major depressive disorder; Ogawa et al., (59)b: rMDD, remitted patients; *The quality score was evaluated by the Cochrane’s Newcastle–Ottawa scale.
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FIGURE 2 | Meta-analysis for the difference of the Arginine, Ornithine and Citrulline concentrations between MDD individuals and controls by random effect analysis.

(A) Arginine; (B) Ornithine. (C) Citrulline. Mauri et al. (54) a: sample type was plasma; Mauri et al., (54) b: sample type was platelet; Mauri et al., (55) a: sample type

was plasma; Mauri et al., (55) b: sample type was platelet; Ogawa et al., (59) a: dMDD, depressed (non-remitted) individuals with major depressive disorder; Ogawa

et al., (59) b: rMDD, remitted individuals.

0.33; P = 0.39; I2 = 82.9%, P < 0.001; prescribed medications:
SMD = 0.13; 95%CI: −0.17, 0.44; P = 0.39; I2 = 81.4%, P
< 0.001) and different sample types (plasma: SMD = 0.23;
95%CI: −0.07, 0.53; P = 0.14; I2 = 76.1%, P < 0.001; serum:
SMD = −0.54; P < 0.001; 95%CI: −0.74, −0.35; I2 = 0.0%,
P = 0.93; platelet: SMD = −0.11; 95%CI: −0.54, 0.32; P =

0.62; I2 = 1.8%, P = 0.313) were also analyzed (Figure 3).
The subgroup analysis results of medication status and sample
types for ornithine and citrulline concentrations were shown
in Supplementary Figure 1. We also conducted the subgroup
analyses with year of publication, regional distribution, and
detection methods (Supplementary Figure 2).

Meta-regression was performed on five aspects (i.e., published
year, medication use status, geographic location, sample
types, and detection methods) to investigate the sources of
heterogeneity. None of the variables above could explain the
heterogeneity of meta-analysis (all P > 0.05).

Sensitivity Analysis and Publication Bias
The results of our sensitivity analysis indicated that there was
no significant change by omitting a single study, indicating
that themodels were relatively robust (Supplementary Figure 3).
The Egger’s test and the Begg’s test were used to evaluate the
publication bias in the study (Supplementary Figure 4). The
publication bias test was only performed for arginine studies
since these were the only studies with a sample size greater than
10. The funnel plots of the included meta-analysis indicated that
there was no publication bias of the included studies assessing
the concentrations of arginine (Egger’s intercept = 0.82; 95%CI
= (−2.21, 3.85), P = 0.57 and Begg’s test Z= 0.10, P = 0.92).

DISCUSSION

The main findings of the meta-analysis herein are as follows:
(1) the peripheral concentrations of arginine, ornithine, and
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FIGURE 3 | Subgroup differences of the arginine concentrations in subjects with MDD and controls. (A) Medication status of arginine; (B) Sample types of arginine.

citrulline were not significantly different between patients with
MDD and HCs; (2) the peripheral concentrations of arginine
were lower in individuals with MDD than the HCs in the
subgroups of serum samples; and (3) concurrent medication
may contribute to altered peripheral concentrations of arginine,
ornithine, and citrulline.

Through subgroup analysis, we found that the status
of medication and sample types may contribute to the
reduced heterogeneity of the sample. Although no statistically
significant results were observed in the subgroup analysis
of the medication status, the various trends of prescribed
medication and medication-free were observed in arginine
concentrations between individuals with MDD and HCs (55).
Arginine concentrations reported in individuals with MDD with
prescribed medication were generally higher than that of the HC
population, while the arginine concentrations in individuals with
MDDwho were not taking medication were lower in comparison
to HCs (58). Ali-Sisto et al. did not report a significant
difference of arginine concentrations between responders and
non-responders of antidepressants at baseline (18).

The subgroup analysis of sample types indicated that the
arginine and citrulline concentrations in the serum samples were
significantly lower in individuals with MDD when compared
with HCs. The samples from plasma and serum represent
circulating concentrations of amino acids. A previous study
also illustrated that serum L-arginine concentrations do reflect
intracellular L-arginine (61). Pinto et al. reported that reduced
plasma L-arginine concentrations were associated with reduced
L-arginine flow in platelets in a small sample comparing
individuals with MDD and HCs (33).

Both the medication status and fasting status were potential
confounders for the amino acid concentrations in blood samples.
Psychotropic medications may have direct/indirect effects on
NO metabolite concentrations in individuals with MDD. For

example, medication may alter the protein-binding of amino
acids, possibly leading to dysregulation in renal clearance of
these metabolites. Additionally, antidepressants may cause the
inhibition of related enzymes (18).

Moreover, no previous research has indicated a significant
difference in amino acid concentrations between serum and
EDTA-K2 anticoagulated plasma samples in individuals with
MDD. A recent methodological study reported that the
concentrations of amino acids were higher when compared to
heparin plasma, EDTA plasma, and fluoride plasma (62). From
the current meta-analysis, we cannot determine the reasons
behind the observed L-arginine differences in serum vs. plasma
samples between cases and controls. The current findings provide
instruction from amethodological perspective on the importance
of evaluating serum vs. plasma highlighting the importance of
evaluating these variables separately.

To our knowledge, this is the first meta-analysis to explore
the associations between arginine and related catabolites and
MDD. We cannot conclude that arginine catabolism or the
bioavailability of arginine has the potential to decrease or
increase in individuals with MDD. Herein, our findings provide
a meaningful direction for researchers engaged in the study of
the metabolic mechanism of MDD. Our current findings require
replication, preferrably with a large, well-characterized sample,
sufficient to conduct disparate covariate analysis including buy
not limited to subgrouping on the basis of medication status.

Limitations
The findings in our study should be interpreted with caution
due to the following methodological aspects affecting the
outcomes of this review. Firstly, 16 studies from 13 articles
were included in the current study, thus the sample sizes
of overall and subgroup analysis were relatively small,
and the results of subgroup analysis. Secondly, there was
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high heterogeneity in data comparison and data pooling.
Through subgroup analysis and meta-regression analysis, the
heterogeneity cannot be fully explained. Thirdly, studies that
included populations categorized as “prescribed medication”
may be limited in their results as some subjects may not
have followed the medication regimen according to study
protocol and/or included subjects that did not take any of the
prescribed medication.

CONCLUSION

Taken together, using meta-analytic techniques we were unable
to identify compelling evidence that arginine and/or its catabolic
products exhibit significant alteration in adults with MDD vs.
HCs. Subgroup analysis indicated that the concentrations of
arginine were lower in individuals with MDD than HCs in the
subgroups of serum samples. Our findings do not exclude the
possibility of a type II error due to confounding factors.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

MF, XG, and BC conceived and designed the study. BC and LLi
collected the data. LLi performed the statistical analysis. MF, RM,
PD, KT, ZR, and LLui contributed to the discussion. All authors
revised the paper and approved the final version of this article.

FUNDING

This work was sponsored by the MOE (Ministry of
Education in China) Project of Humanities and Social
Sciences (21YJCZH004), Chongqing Municipal Education
Commission Project of Science and Technology Innovation
(KJCX2020003), and Chongqing Social Science Planning Project
(2019PY57). The funding agents had no role in the design
and conduct of the study; collection, management, analysis,
interpretation of the data; preparation, review, or approval of
the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.686973/full#supplementary-material

REFERENCES

1. Otte C, Gold S, Penninx B, Pariante C, Etkin A, FavaM, et al. Major depressive
disorder. Nat Rev Dis Primers. (2016) 2:16065. doi: 10.1038/nrdp.2016.65

2. James SL, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N,
et al. Global, regional, and national incidence, prevalence, and years
lived with disability for 354 diseases and injuries for 195 countries
and territories, 1990and#x2013;2017: a systematic analysis for the
Global Burden of Disease Study 2017. Lancet. (2018) 392:1789–858.
doi: 10.1016/S0140-6736(17)32154-2

3. Kessler RC, Berglund P, Demler O, Jin R, Koretz D, Merikangas KR,
et al. The epidemiology of major depressive disorder: results from the
National Comorbidity Survey Replication (NCS-R). JAMA. (2003) 289:3095–
105. doi: 10.1001/jama.289.23.3095

4. Olin B, Jayewardene AK, Bunker M, Moreno F. Mortality and
suicide risk in treatment-resistant depression: an observational
study of the long-term impact of intervention. PLoS ONE. (2012)
7:e48002. doi: 10.1371/journal.pone.0048002

5. Krishnadas R, Cavanagh J. Depression: an inflammatory illness? J Neurol

Neurosurg Psychiatry. (2012) 83:495–502. doi: 10.1136/jnnp-2011-301779
6. McIntosh A, Hall L, Zeng Y, AdamsM, Gibson J,Wigmore E, et al. Genetic and

environmental risk for chronic pain and the contribution of risk variants for
major depressive disorder: a family-based mixed-model analysis. PLoS Med.

(2016) 13:e1002090. doi: 10.1371/journal.pmed.1002090
7. Belmaker RH, Agam G. Major depressive disorder. N Engl J Med. (2008)

358:55–68. doi: 10.1056/NEJMra073096
8. Block A, Schipf S, Van der Auwera S, Hannemann A, Nauck M, John

U, et al. Sex- and age-specific associations between major depressive
disorder and metabolic syndrome in two general population samples in
Germany. Nord J Psychiatry. (2016) 70:611–20. doi: 10.1080/08039488.2016.
1191535

9. Cao B, Chen Y, Brietzke E, Cha D, Shaukat A, Pan Z, et al. Leptin and
adiponectin levels in major depressive disorder: a systematic review and
meta-analysis. J Affect Disord. (2018) 238:101–10. doi: 10.1016/j.jad.2018.
05.008

10. Nasca C, Bigio B, Lee F, Young S, Kautz M, Albright A, et al. Acetyl-l-carnitine
deficiency in patients with major depressive disorder. Proc Natl Acad Sci U S

A. (2018) 115:8627–32. doi: 10.1073/pnas.1801609115
11. Altamura C, Maes M, Dai J, Meltzer HY. Plasma concentrations of excitatory

amino acids, serine, glycine, taurine and histidine in major depression. Eur
Neuropsychopharmacol. (1995) 5:71–75. doi: 10.1016/0924-977X(95)00033-L

12. Do K, Lauer C, Schreiber W, Zollinger M, Gutteck-Amsler U, Cuénod M,
et al. gamma-Glutamylglutamine and taurine concentrations are decreased in
the cerebrospinal fluid of drug-naive patients with schizophrenic disorders. J
Neurochem. (1995) 65:2652–62. doi: 10.1046/j.1471-4159.1995.65062652.x

13. Fonteh AN, Harrington RJ, Tsai A, Liao P, Harrington MG. Free amino acid
and dipeptide changes in the body fluids from Alzheimer’s disease subjects.
Amino Acids. (2007) 32:213–24. doi: 10.1007/s00726-006-0409-8

14. Cheng S, Rhee E, Larson M, Lewis G, McCabe E, Shen
D, et al. Metabolite profiling identifies pathways associated
with metabolic risk in humans. Circulation. (2012) 125:2222–
31. doi: 10.1161/CIRCULATIONAHA.111.067827

15. Leichtle A, Nuoffer J, Ceglarek U, Kase J, Conrad T, Witzigmann H,
et al. Serum amino acid profiles and their alterations in colorectal cancer.
Metabolomics. (2012) 8:643–53. doi: 10.1007/s11306-011-0357-5

16. Xu H, Fang L, Hu Z, Chen Y, Chen J, Li F, et al. Potential clinical utility of
plasma amino acid profiling in the detection of major depressive disorder.
Psychiatry Res. (2012) 200:1054–7. doi: 10.1016/j.psychres.2012.05.027

17. Maurya P, Noto C, Rizzo L, Rios A, Nunes S, Barbosa D, et al. The role
of oxidative and nitrosative stress in accelerated aging and major depressive
disorder. Progress Neuro-Psychopharmacol Biol Psychiatr. (2016) 65:134–
44. doi: 10.1016/j.pnpbp.2015.08.016

18. Ali-Sisto T, Tolmunen T, Viinamaki H, Mantyselka P, Valkonen-Korhonen
M, Koivumaa-Honkanen H, et al. Global arginine bioavailability ratio is
decreased in patients with major depressive disorder. J Affect Disord. (2018)
229:145–51. doi: 10.1016/j.jad.2017.12.030

19. Maes M, Landucci Bonifacio K, Morelli N, Vargas H, Barbosa D, Carvalho
A, et al. Major differences in neurooxidative and neuronitrosative stress
pathways between major depressive disorder and types I and II bipolar
disorder.Mol Neurobiol. (2019) 56:141–56. doi: 10.1007/s12035-018-1051-7

Frontiers in Psychiatry | www.frontiersin.org 9 November 2021 | Volume 12 | Article 686973137

https://www.frontiersin.org/articles/10.3389/fpsyt.2021.686973/full#supplementary-material
https://doi.org/10.1038/nrdp.2016.65
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1001/jama.289.23.3095
https://doi.org/10.1371/journal.pone.0048002
https://doi.org/10.1136/jnnp-2011-301779
https://doi.org/10.1371/journal.pmed.1002090
https://doi.org/10.1056/NEJMra073096
https://doi.org/10.1080/08039488.2016.1191535
https://doi.org/10.1016/j.jad.2018.05.008
https://doi.org/10.1073/pnas.1801609115
https://doi.org/10.1016/0924-977X(95)00033-L
https://doi.org/10.1046/j.1471-4159.1995.65062652.x
https://doi.org/10.1007/s00726-006-0409-8
https://doi.org/10.1161/CIRCULATIONAHA.111.067827
https://doi.org/10.1007/s11306-011-0357-5
https://doi.org/10.1016/j.psychres.2012.05.027
https://doi.org/10.1016/j.pnpbp.2015.08.016
https://doi.org/10.1016/j.jad.2017.12.030
https://doi.org/10.1007/s12035-018-1051-7
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Fan et al. Arginine Catabolism and MDD

20. Mariotti F, Petzke K, Bonnet D, Szezepanski I, Bos C, Huneau J, et al. Kinetics
of the utilization of dietary arginine for nitric oxide and urea synthesis: insight
into the arginine-nitric oxide metabolic system in humans. Am J Clin Nutr.

(2013) 97:972–9. doi: 10.3945/ajcn.112.048025
21. Clark TC, Tinsley J, Sigholt T, Macqueen DJ, Martin SA. Arginine, ornithine

and citrulline supplementation in rainbow trout: Free amino acid dynamics
and gene expression responses to bacterial infection. Fish Shellfish Immunol.

(2020) 98:374–90. doi: 10.1016/j.fsi.2020.01.026
22. Baranyi A, Amouzadeh-Ghadikolai O, Rothenhäusler H, Theokas

S, Robier C, Baranyi M, et al. Nitric oxide-related biological
pathways in patients with major depression. PLoS ONE. (2015)
10:e0143397. doi: 10.1371/journal.pone.0143397

23. Narvik J, Vanaveski T, Innos J, Philips M-A, Ottas A, Haring L, et al.
Metabolic profile associated with distinct behavioral coping strategies of
129Sv and Bl6 mice in repeated motility test. Sci Rep. (2018) 8:1–
11. doi: 10.1038/s41598-018-21752-9

24. Guelzim N, Mariotti F, Martin P, Lasserre F, Pineau T, Hermier DJA, et al.
A role for PPARα in the regulation of arginine metabolism and nitric
oxide synthesis. Amino Acids. (2011) 41:969–79. doi: 10.1007/s00726-010-
0797-7

25. Zhang R, Zhang T, Ali A, Al Washih M, Pickard B, Watson DJC, et al.
Metabolomic profiling of post-mortem brain reveals changes in amino acid
and glucose metabolism in mental illness compared with controls. Comput

Struct Biotechnol J. (2016) 14:106–16. doi: 10.1016/j.csbj.2016.02.003
26. Papageorgiou C, Grapsa E, Christodoulou NG, Zerefos N, Stamatelopoulos

S, Christodoulou gnjp, et al. Association of serum nitric oxide levels with
depressive symptoms: a study with end-stage renal failure patients. Psychother
Psychosom. (2001) 70:216–20. doi: 10.1159/000056256

27. Suzuki E, Yagi G, Nakaki T, Kanba S, Asai MJJAD. Elevated
plasma nitrate levels in depressive states. J Affect Disord. (2001)
63:221–4. doi: 10.1016/S0165-0327(00)00164-6

28. Kim YK, Paik JW, Lee SW, Yoon D, Han C, Lee BHJP, et al. Increased
plasma nitric oxide level associated with suicide attempt in depressive
patients. Progress Neuro-Psychopharmacol Biol Psychiatr. (2006) 30:1091–
6. doi: 10.1016/j.pnpbp.2006.04.008

29. Joca SRL, Guimarães FS. Inhibition of neuronal nitric oxide synthase in the rat
hippocampus induces antidepressant-like effects. Psychopharmacology. (2006)
185:298–305. doi: 10.1007/s00213-006-0326-2

30. Harvey BH and Experimental. Affective disorders and nitric oxide: a role in
pathways to relapse and refractoriness? Human Psychopharmacol Clin Exper.

(2015) 11:309–19. doi: 10.1002/(SICI)1099-1077(199607)11:4&lt;309::AID-
HUP775&gt;3.0.CO;2-B

31. Wegener G, Volke V, Harvey BH. S.08.04 The nitric oxide pathway in
anxiety and stress-related disorders. Eur Neuropsychopharmacol. (2007)
23:S2–3. doi: 10.1016/j.eurpsy.2008.01.010

32. Jesse CR, Bortolatto CF, Savegnago L, Rocha JB, Nogueira CW. Involvement
of L-arginine-nitric oxide-cyclic guanosine monophosphate pathway in
the antidepressant-like effect of tramadol in the rat forced swimming
test. Progress Neuro-Psychopharmacol Biol Psychiatr. (2008) 32:1838–
43. doi: 10.1016/j.pnpbp.2008.08.010

33. Pinto VL, de Souza PF, Brunini TM, Oliveira MB, Moss MB,
Siqueira MA, et al. Low plasma levels of L-arginine, impaired
intraplatelet nitric oxide and platelet hyperaggregability: implications
for cardiovascular disease in depressive patients. J Affect Disord. (2012)
140:187–92. doi: 10.1016/j.jad.2012.02.008

34. Lundberg JO, Gladwin MT, Weitzberg E. Strategies to increase nitric oxide
signalling in cardiovascular disease. Nature reviews. Drug Disc. (2015) 14:623–
41. doi: 10.1038/nrd4623

35. Fromm HJ, Hargrove M. Essentials of Biochemistry. Springer Science &
Business Media. (2012). doi: 10.1007/978-3-642-19624-9

36. Bersani FS, Wolkowitz OM, Lindqvist D, Yehuda R, Flory J, Bierer
LM, et al. Global arginine bioavailability, a marker of nitric oxide
synthetic capacity, is decreased in PTSD and correlated with symptom
severity and markers of inflammation. Brain Behav Immun. (2016) 52:153–
60. doi: 10.1016/j.bbi.2015.10.015

37. Elgün S, Kumbasar H. Increased serum arginase activity in depressed
patients. Progress Neuropsychopharmacol Biol Psychiatr. (2000) 24:227–
32. doi: 10.1016/S0278-5846(99)00100-1

38. Mayoral-Mariles A, Cruz-Revilla C, Vega-Manriquez X, Aguirre-Hernandez
R, Severiano-Perez P, Aburto-Arciniega E, et al. Plasma amino acid levels
discriminate between control subjects and mildly depressed elderly women.
Arch Med Res. (2012) 43:375–82. doi: 10.1016/j.arcmed.2012.07.006

39. Liu P, Jing Y, Zhang HJN. Age-related changes in arginine and its
metabolites in memory-associated brain structures. Neuroscience. (2009)
164:611–28. doi: 10.1016/j.neuroscience.2009.08.029

40. Rotroff D, Corum D, Motsinger-Reif A, Fiehn O, Bottrel N, Drevets W,
et al. Metabolomic signatures of drug response phenotypes for ketamine
and esketamine in subjects with refractory major depressive disorder: new
mechanistic insights for rapid acting antidepressants.Transl Psychiatry. (2016)
6:e894. doi: 10.1038/tp.2016.145

41. Moaddel R, Shardell M, Khadeer M, Lovett J, Kadriu B, Ravichandran S, et al.
Plasma metabolomic profiling of a ketamine and placebo crossover trial of
major depressive disorder and healthy control subjects. Psychopharmacology

(Berl). (2018) 235:3017–30. doi: 10.1007/s00213-018-4992-7
42. Kurata K, Shigemi K, Tomonaga S, Aoki M, Furuse MJN. L-Ornithine

attenuates corticotropin-releasing factor-induced stress responses acting
at GABA A receptors in neonatal chicks. Neuroscience. (2010) 172:226–
31. doi: 10.1016/j.neuroscience.2010.10.076

43. Hoekstra R, Fekkes D, Pepplinkhuizen L, Loonen AJ, Tuinier S,
Verhoeven WM. Nitric oxide and neopterin in bipolar affective disorder.
Neuropsychobiology. (2006) 54:75–81. doi: 10.1159/000096042

44. Cooke RBSB-BASPTJCOTTBJ. Asymmetric dimethylarginine (ADMA): a
novel risk factor for endothelial dysfunction: its role in hypercholesterolemia.
Circulation. (1998) 98:1842–7. doi: 10.1161/01.CIR.98.18.1842

45. Erez A, Nagamani SCS, Shchelochkov OA, Premkumar MH, Campeau PM,
Chen Y, et al. Requirement of argininosuccinate lyase for systemic nitric oxide
production. Nat Med. (2011) 17:1619–26. doi: 10.1038/nm.2544

46. Selley ML. Increased (E)-4-hydroxy-2-nonenal and asymmetric
dimethylarginine concentrations and decreased nitric oxide concentrations
in the plasma of patients with major depression. J Affect Disord. (2004)
80:249–56. doi: 10.1016/S0165-0327(03)00135-6

47. Moher D, Liberati A, Tetzlaff J, Altman DG, Prisma Group. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
statement. PLoS Med. (2009) 6:e1000097. doi: 10.1371/journal.pmed.1000097

48. Cao B, Deng R, Wang D, Li L, Ren Z, Xu L, et al. Association between
arginine catabolism and major depressive disorder: a protocol for the
systematic review and meta-analysis of metabolic pathway. Medicine. (2020)
99:e21068. doi: 10.1097/MD.0000000000021068

49. Shariati A, DadashiM,MoghadamMT, van BelkumA, Yaslianifard S, Darban-
Sarokhalil D. Global prevalence and distribution of vancomycin resistant,
vancomycin intermediate and heterogeneously vancomycin intermediate
Staphylococcus aureus clinical isolates: a systematic review andmeta-analysis.
Sci Rep. (2020) 10:12689. doi: 10.1038/s41598-020-69058-z

50. Yi ZH, Luther Y, Xiong GH, Ni YL, Yun F, Chen J, et al. Association between
diabetes mellitus and lung cancer: Meta-analysis. Eur J Clin Invest. (2020)
50:e13332. doi: 10.1111/eci.13332

51. Lo CK, Mertz D, Loeb M. Newcastle-Ottawa Scale: comparing
reviewers’ to authors’ assessments. BMC Med Res Methodol. (2014)
14:45. doi: 10.1186/1471-2288-14-45

52. Abou-Saleh MT, Karim L, Krymsky M. The biology of
depression in Arab culture. Nord J Psychiatry. (1998) 52:177–
82. doi: 10.1080/08039489850139067

53. Maes M, Verkerk R, Vandoolaeghe E, Lin A, Scharpe S. Serum levels
of excitatory amino acids, serine, glycine, histidine, threonine, taurine,
alanine and arginine in treatment-resistant depression: modulation by
treatment with antidepressants and prediction of clinical responsivity.
Acta Psychiatr Scand. (1998) 97:302–8. doi: 10.1111/j.1600-0447.1998.tb
10004.x

54. Mauri MC, Ferrara A, Boscati L, Bravin S, Zamberlan F, Alecci M, et al.
Plasma and platelet amino acid concentrations in patients affected by major
depression and under fluvoxamine treatment. Neuropsychobiology. (1998)
37:124–9. doi: 10.1159/000026491

55. Mauri MC, Boscati L, Volonteri LS, Scalvini ME, Steinhilber CP, Laini V,
et al. Predictive value of amino acids in the treatment of major depression
with fluvoxamine. Neuropsychobiology. (2001) 44:134–8. doi: 10.1159/0000
54933

Frontiers in Psychiatry | www.frontiersin.org 10 November 2021 | Volume 12 | Article 686973138

https://doi.org/10.3945/ajcn.112.048025
https://doi.org/10.1016/j.fsi.2020.01.026
https://doi.org/10.1371/journal.pone.0143397
https://doi.org/10.1038/s41598-018-21752-9
https://doi.org/10.1007/s00726-010-0797-7
https://doi.org/10.1016/j.csbj.2016.02.003
https://doi.org/10.1159/000056256
https://doi.org/10.1016/S0165-0327(00)00164-6
https://doi.org/10.1016/j.pnpbp.2006.04.008
https://doi.org/10.1007/s00213-006-0326-2
https://doi.org/10.1002/(SICI)1099-1077(199607)11:4&lt
https://doi.org/10.1016/j.eurpsy.2008.01.010
https://doi.org/10.1016/j.pnpbp.2008.08.010
https://doi.org/10.1016/j.jad.2012.02.008
https://doi.org/10.1038/nrd4623
https://doi.org/10.1007/978-3-642-19624-9
https://doi.org/10.1016/j.bbi.2015.10.015
https://doi.org/10.1016/S0278-5846(99)00100-1
https://doi.org/10.1016/j.arcmed.2012.07.006
https://doi.org/10.1016/j.neuroscience.2009.08.029
https://doi.org/10.1038/tp.2016.145
https://doi.org/10.1007/s00213-018-4992-7
https://doi.org/10.1016/j.neuroscience.2010.10.076
https://doi.org/10.1159/000096042
https://doi.org/10.1161/01.CIR.98.18.1842
https://doi.org/10.1038/nm.2544
https://doi.org/10.1016/S0165-0327(03)00135-6
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1097/MD.0000000000021068
https://doi.org/10.1038/s41598-020-69058-z
https://doi.org/10.1111/eci.13332
https://doi.org/10.1186/1471-2288-14-45
https://doi.org/10.1080/08039489850139067
https://doi.org/10.1111/j.1600-0447.1998.tb10004.x
https://doi.org/10.1159/000026491
https://doi.org/10.1159/000054933
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Fan et al. Arginine Catabolism and MDD

56. Mitani H, Shirayama Y, Yamada T, Maeda K, Ashby CRJr, Kawahara
R. Correlation between plasma levels of glutamate, alanine and
serine with severity of depression. Prog Neuropsychopharmacol

Biol Psychiatry. (2006) 30:1155–8. doi: 10.1016/j.pnpbp.2006.
03.036

57. Woo HI, Chun MR, Yang JS, Lim SW, Kim MJ, Kim SW, et al.
Plasma amino acid profiling in major depressive disorder treated with
selective serotonin reuptake inhibitors. CNS Neurosci Ther. (2015) 21:417–
24. doi: 10.1111/cns.12372

58. Hess S, Baker G, Gyenes G, Tsuyuki R, Newman S, Le Melledo JM.
Decreased serum L-arginine and L-citrulline levels in major depression.
Psychopharmacology. (2017) 234:3241–7. doi: 10.1007/s00213-017-4712-8

59. Ogawa S, Koga N, Hattori K, Matsuo J, Ota M, Hori H, et al.
Plasma amino acid profile in major depressive disorder: Analyses in
two independent case-control sample sets. J Psychiatr Res. (2018) 96:23–
32. doi: 10.1016/j.jpsychires.2017.09.014

60. Ozden A, Angelos H, Feyza A, Elizabeth W, John P.
Altered plasma levels of arginine metabolites in depression. J

Psychiatr Res. (2020) 120:21–8. doi: 10.1016/j.jpsychires.2019.
10.004

61. Loscalzo J. An experiment of nature: genetic L-arginine deficiency and NO
insufficiency. J. Clin Invest. (2001) 108:663–4. doi: 10.1172/JCI13848

62. Sotelo-Orozco J, Chen SY, Hertz-Picciotto I, Slupsky CM. A comparison
of serum and plasma blood collection tubes for the integration of
epidemiological and metabolomics data. Front Mol Biosci. (2021)
8:682134. doi: 10.3389/fmolb.2021.682134

63. Dhir A, Kulkarni SK. Involvement of nitric oxide (NO) signaling pathway in
the antidepressant action of bupropion, a dopamine reuptake inhibitor. Eur J
Pharmacol. (2007) 568:177–85. doi: 10.1016/j.ejphar.2007.04.028

64. Wu G, Meininger CJ. Arginine nutrition and cardiovascular function. J Nutr.
(2000) 130:2626–9. doi: 10.1093/jn/130.11.2626

Conflict of Interest: RM has received research grant support
from CIHR/GACD/Chinese National Natural Research Foundation;
speaker/consultation fees from Lundbeck, Janssen, Purdue, Pfizer, Otsuka,
Takeda, Neurocrine, Sunovion, Bausch Health, Novo Nordisk, Kris, Sanofi, Eisai,
Intra-Cellular, NewBridge Pharmaceuticals, Abbvie. RM is a CEO of Braxia
Scientific Corp. KT has received personal fees from Braxia Scientific Corp. LLui is
a contractor to Braxia Scientific Corp.

The remaining 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.

Copyright © 2021 Fan, Gao, Li, Ren, Lui, McIntyre, Teopiz, Deng and Cao. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Psychiatry | www.frontiersin.org 11 November 2021 | Volume 12 | Article 686973139

https://doi.org/10.1016/j.pnpbp.2006.03.036
https://doi.org/10.1111/cns.12372
https://doi.org/10.1007/s00213-017-4712-8
https://doi.org/10.1016/j.jpsychires.2017.09.014
https://doi.org/10.1016/j.jpsychires.2019.10.004
https://doi.org/10.1172/JCI13848
https://doi.org/10.3389/fmolb.2021.682134
https://doi.org/10.1016/j.ejphar.2007.04.028
https://doi.org/10.1093/jn/130.11.2626
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover 

	Frontiers eBook Copyright Statement
	Mechanisms Underlying Mood Disorders

	Table of Contents
	Efficacy and Safety of Botulinum Toxin vs. Placebo in Depression: A Systematic Review and Meta-Analysis of Randomized Controlled Trials
	Introduction
	Materials and Methods
	Search Strategy
	Inclusion and Exclusion Criteria
	Data Extraction
	Risk of Bias Assessment
	Statistical Analysis

	Results
	Search Results and Study Characteristics
	Risk of Bias Assessment
	Efficacy of BTX-A in MDD
	Safety Assessments

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	Alterations of Cognition and Cerebral Ventricle Volume in Manic and Euthymic Pediatric Bipolar Disorder
	Introduction
	Materials and Methods
	Participants
	Clinical and Cognitive Evaluation
	MRI Acquisition and Processing
	MRI Scan
	Image Processing and Calculation of Volumes

	Statistical Analysis

	Results
	Demographic and Clinical Information
	Cognitive Variables Analysis
	Ventricle Volume Analysis
	Ventricle-To-Brain Ratio Analysis
	Correlation Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Nutrition as Metabolic Treatment for Anxiety
	Introduction
	Microbiome
	Inflammation
	Nutritional Strategies
	Artificial Sweeteners
	Gluten
	Omega-3s
	Turmeric (Curcumin)
	Vitamin D
	Ketogenic Diets
	Other Strategies

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Glymphatic Dysfunction: A Bridge Between Sleep Disturbance and Mood Disorders
	Introduction
	Sleep Disturbance and Mood Disorders
	The Model of Sleep Regulation
	Sleep Disturbance in Mood Disorders
	Disturbed Circadian Rhythms in Mood Disorders
	The Unbalanced Homeostatic Drive of Sleep in Mood Disorders
	Chronotherapeutic Treatments in Mood Disorders


	Sleep and the Glymphatic System
	Overview of the Glymphatic System
	Sleep-Dependent Glymphatic Cycling

	Glymphatic Dysfunction in Mood Disorders
	Abnormalities of Glymphatic Flow, Astrocytes, and AQP4 in Depression
	Abnormalities of Astrocytes and AQP4 in Bipolar Disorders

	Conclusion and Outlook
	Data Availability Statement
	Author Contributions
	Funding
	References

	Repeated Dosing of Ketamine in the Forced Swim Test: Are Multiple Shots Better Than One?
	Introduction
	Literature Search Details
	Summary Of Literature
	Conclusions
	Author Contributions
	Funding
	References

	M2-AChR Mediates Rapid Antidepressant Effects of Scopolamine Through Activating the mTORC1-BDNF Signaling Pathway in the Medial Prefrontal Cortex
	Introduction
	Materials and Methods
	Animals
	Drugs and Treatments
	Behavioral Tests
	OFT
	FST
	NSFT

	Adeno-Associated Virus Construction
	Stereotactic Injection
	Western Blotting
	Statistical Analysis

	Results
	The mPFC Is Required for Antidepressant-Like Effects of Scopolamine
	M2-AChR Mediates the Antidepressant-Like Effects of Scopolamine
	mTORC1 Signaling Is Essential for the Antidepressant Effects of MCT

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Gut Microbiome Composition Associated With Major Depressive Disorder and Sleep Quality
	Introduction
	Methods and Materials
	Participants
	Data Collection
	Determination of Bacterial Counts
	Bioinformatics and Statistical Analyses

	Results
	Demographic and Clinical Characteristics
	Gut Microbiota Diversity Index Between MDD and HC
	Composition of Microbial Communities Between MDD and HC
	Correlations of Microbiota Abundance With Severity of Depression and Sleep Quality in MDD
	Differences of MDD Patients With or Without Sleep Disorder

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Sinisan Protects Primary Hippocampal Neurons Against Corticosterone by Inhibiting Autophagy via the PI3K/Akt/mTOR Pathway
	Introduction
	Materials and Methods
	Animals
	Primary Hippocampal Neuron Culture and Treatment
	Preparation of Chinese Herbal Solutions
	Drug-Containing Serum Preparation
	Small Interfering RNA (si-RNA)
	CCK-8 Assay
	LDH Assay
	Immunofluorescence
	Western Blot
	qRT-PCR
	Statistical Analysis

	Results
	SNS Protects Primary Hippocampal Neurons Against Corticosterone Induced Neurotoxicity
	Corticosterone Increases Autophagy and Inactivates the PI3K/Akt/mTOR Pathway in Primary Hippocampal Neurons
	SNS-Containing Serum Inhibits Autophagy in Corticosterone-Treated Primary Hippocampal Neurons
	SNS-Containing Serum Activates PI3K/Akt/mTOR Pathway in Corticosterone-Induced Injury of Primary Hippocampal Neurons

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References

	Unchanged Cognitive Performance and Concurrent Prefrontal Blood Oxygenation After Accelerated Intermittent Theta-Burst Stimulation in Depression: A Sham-Controlled Study
	Introduction
	Materials and Methods
	Participants
	Procedures
	Repetitive Transcranial Magnetic Stimulation
	Cognitive Tests
	Trail Making Test A and B
	Rey Auditory Verbal Learning Test
	Animal Naming Test
	Digit Symbol Coding Test
	Sternberg Memory Test
	Emotional Stroop Test
	Corsi Block Tapping Test

	fNIRS Data Acquisition
	fNIRS Data Analysis
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics
	Baseline Cognitive Performance (Patients vs. Healthy Controls)
	Cognitive Performance Following DMPFC-iTBS (Active vs. Sham iTBS)
	Baseline Prefrontal Blood Oxygenation (Patients vs. Healthy Controls)
	Prefrontal Blood Oxygenation Following DMPFC-iTBS (Active vs. Sham iTBS)
	Correlations

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Every Night and Every Morn: Effect of Variation in CLOCK Gene on Depression Depends on Exposure to Early and Recent Stress
	Introduction
	Materials and Methods
	Study Sample
	Phenotypes
	Genotyping and Imputation
	Statistical Analyses

	Results
	Descriptive Statistics
	Main Effects of Variation in CLOCK on Current Depressive Symptoms and Lifetime Depression
	Gene-Environment Correlation (rGE): Main Effects of Variation in CLOCK on Recent Life Events (RLE) and Childhood Adversities (CHA)
	Gene x Environment Effects of Variation in CLOCK on Current Depressive Symptoms: Interaction With Recent Life Events (RLE)
	Gene  Environment Effects of Variation in CLOCK on Current Depressive Symptoms and Lifetime Depression: Interaction With Childhood Adversities (CHA)
	In silico Characterization and Functional Prediction of Identified Top SNPs rs6828454, rs711533, rs6825994, and rs6850524 as Well as SNPs in the Clumps Showing a Significant Effect on Depression

	Discussion
	The Involvement of Circadian Disruption in Depression
	Variation in the CLOCK Gene Does Not Directly Impact Lifetime Depression or Current Depressive Symptoms
	CLOCK Variation Mediates the Effect of Childhood Adversities and Recent Negative Life Events on Current Depressive Symptoms
	In silico Characterization and Functional Prediction of Top SNPs and SNPs in the Significant Clumps
	Possible Clinical Implications of CLOCK Variation in Interaction With Early and Recent Stress in Depression
	Limitations

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	A Hypothesis of Gender Differences in Self-Reporting Symptom of Depression: Implications to Solve Under-Diagnosis and Under-Treatment of Depression in Males
	Introduction
	Challenges for the Female Preponderance Hypothesis
	Gender Differences in Self-Reporting Symptom of Depression Hypothesis
	More Mild-Moderate Symptom Reporting in Females
	More Severe Depression and Higher Suicide Reporting in Males

	Potential Mechanisms
	Biological Dimension: Covariation Between Estrogen Levels and Incidence Peak of Female Depression
	Psychological Dimension: Gender Differences in Coping Styles
	Social Dimension: Gender Differences in Phenotypic Symptoms of Depression

	Clinical Implications of the Gender Differences in Self-Reporting Symptom of Depression Hypothesis
	Incorporating Symptoms of Depression in Males Into Current Diagnostic Criteria
	Encouraging Males to Express Negative Emotions and Seek Help
	Awareness of Suicidal Behavior in Males With Depression

	Future Studies
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	The Association Between Concentrations of Arginine, Ornithine, Citrulline and Major Depressive Disorder: A Meta-Analysis
	Introduction
	Methods
	Literature Search
	Selection Criteria
	Data Extraction and Quality Assessment
	Statistical Analysis

	Results
	Basic Characteristics of Included Studies
	Homogeneity Analysis and Effect Estimation
	Subgroup Analysis and Meta-Regression Results
	Sensitivity Analysis and Publication Bias

	Discussion
	Limitations

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Back Cover




